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ABSTRACT 

INTERPRETING BETA DIVERSITY OVER TIME  

AN ASSESSMENT OF LOCAL- AND BROAD-SCALE PATTERNS IN ARTHROPOD COMMUNITIES 

Michelle Lynn D’Souza 

University of Guelph, 2018 

Advisor:  

Paul D. N. Hebert 

 

Beta diversity, the component of regional diversity that reflects compositional heterogeneity 

among biological communities, is used to refer to numerous phenomena and is often 

misinterpreted and misapplied. Past studies have examined beta diversity from a spatial 

perspective but relatively little is known about beta diversity over time. This gap needs to be 

addressed because understanding of beta diversity can provide valuable insights into the processes 

that promote and sustain regional diversity.  

In this thesis, I explore the evolution of the beta diversity concept, evaluate the state of 

prior studies, and contribute novel data to address the gap in temporal analyses. First, with evidence 

from the tropical arthropod literature, I argue that confusion of the beta diversity concept, along 

with a lack of standardized methods of species identification and data accessibility, impede our 

capacity to discern broad-scale patterns. Recent theoretical and mathematical treatments of the 

beta diversity concept, along with DNA-based approaches for species identification and data 

preservation, provide new tools to tackle impediments in the detection of patterns. I demonstrate 

their utility through the spatio-temporal analyses of arthropod communities on a local scale in a 

tropical montane forest in Honduras, and on a broad scale at 20 sites spanning a 100° latitudinal 

gradient.  

Results indicate that while spatial gradients underlie high beta diversity in tropical 

arthropod communities, change in temporal turnover fluctuates, affecting beta diversity detected 

at the local scale. But patterns suggest that the baseline level of turnover is stable and that arthropod 

taxa partition into two groups by their temporal occupancy in the community, differing in their 

contribution to that stability over time. Broad-scale patterns further highlight the importance of 

considering time as increase in the non-random distribution of species over a year at high latitudes 

obscured the latitudinal gradient in beta diversity over time. This gradient was associated with 
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latitudinal differences in the species abundance distribution suggesting similar underlying 

community assembly mechanisms.  

This thesis has advanced understanding of beta diversity by highlighting limitations in 

current data on arthropod communities and by demonstrating the importance of including its 

temporal dimension in considerations of both local- and broad-scale patterns.  

 

Key words: Beta diversity, arthropod, insect, latitude, temporal, species turnover, time, DNA 

barcoding, tropics 
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GENERAL INTRODUCTION 

A key characteristic of biodiversity is its heterogeneity over space and time. Whittaker (1960) was 

the first to conceptualize such heterogeneity as a component of species diversity. He referred to it 

as beta diversity, and defined it as ‘the extent of change in community composition, or degree of 

community differentiation, in relation to a complex gradient of environment’. He followed this 

verbal definition with several quantitative measures. Researchers have since disagreed on which 

interpretation is correct and, subsequently, many more measures of beta diversity have been 

formulated (Chapter 1).  

More than half a century later, beta diversity has been defined, and its multiple 

interpretations organized into a common mathematical and notational framework (Tuomisto, 

2010a, 2010b). Tuomisto’s study recognized more than 30 variants of beta diversity, and revealed 

numerous inconsistencies in its interpretation. For example, rates of species turnover, distance-

decay of similarity, and species-area curves have often been used to measure beta diversity, but 

they do not. True beta diversity is defined as the number of compositionally distinct sampling units 

in a dataset (Tuomisto, 2010a), such that if each sampling unit represents a community, and all 

sampling units represent a region, true beta diversity is the number of compositionally non-

overlapping community types in the region (Introduction Figure 1). The prior confusion in 

terminology has inevitably had adverse effects on our ability to discern broad-scale patterns 

(Chapter 2), weakening our understanding of the underlying processes driving beta diversity. 

Beta diversity reflects the distribution of biodiversity among local communities. It is 

influenced by the ecological processes that determine species’ ranges, including niche 

differentiation, competition, and dispersal, as well as by the contemporary environment in which 

these processes occur, and by the biogeographical history of the regional fauna (Vellend, 2010). 

However, most of our understanding of beta diversity is based on community ‘snapshots’ that 

overlook the fluctuation of community composition through time (Godfray & May, 2014). While 

all ecosystems experience natural fluctuations over time due to various stochastic processes (e.g., 

drift and colonization-extinction dynamics) (Magurran, 2016), relatively little is known about the 

baseline level of beta diversity in various ecosystems, particularly in the hyper-diverse tropics 

(Chapter 3). Moreover, beyond natural baseline levels of beta diversity, various external factors 

http://doi.wiley.com/10.2307/1943563
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.06148.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://www.journals.uchicago.edu/doi/10.1086/652373
http://bmcbiol.biomedcentral.com/articles/10.1186/1741-7007-12-22
http://www.sciencemag.org/cgi/doi/10.1126/science.aad6758
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can lead to non-random changes across ecosystems (e.g., variation in disturbance and connectivity) 

that shift the extent of beta diversity on community structure over time (Ruhí, Datry & Sabo, 2017).  

An understanding of the natural variation in beta diversity is certainly necessary to detect 

changes caused by anthropogenic disturbance (Mihoub et al., 2017). Recent meta-analyses across 

biomes and taxonomic groups indicate increasing change in species composition over time at rates 

exceeding background levels (Dornelas et al., 2014). Similarly, large shifts in species composition 

associated with climate change accelerate the biotic homogenization of marine ecosystems 

(Magurran, Dornelas, Moyes, Gotelli & McGill, 2015). Yet, despite a steady change in species 

composition, no systematic change in species richness over time has been documented (Dornelas 

et al., 2014; Magurran et al., 2015). As a result, measuring beta diversity in ecosystems may be 

critical to detecting compositional changes that might otherwise be masked by an apparent 

constancy in species richness. While such changes are frequently detected at the local scale, they 

also have consequences on regional diversity dynamics (Socolar, Gilroy, Kunin & Edwards, 2016). 

Thus, a critical component of accurately measuring beta diversity is the consideration of temporal 

factors and processes occurring across broad-spatial scales (Chapter 4).  

The challenges involved in accurately quantifying beta diversity are magnified for taxa 

with limited temporal and spatial distribution data. The data currently available for arthropod 

communities indicates that insect biomass is severely declining (Hallmann et al., 2017). It is even 

more alarming that these declines were detected in protected areas, questioning our ability to 

recognize or even acquire areas appropriate to effectively conserve biodiversity. Amidst rapid 

environmental change, an accurate understanding of beta diversity is critical to making informed 

conservation and management decisions while also considering expanding human needs and 

limited resources.  

In this thesis, I use arthropod taxa to develop a better understanding of the temporal factors 

influencing patterns of beta diversity. I first explore the conceptual foundation of beta diversity, 

then evaluate the state of prior empirical studies on arthropods, and finally, contribute novel data 

to examine how interpreting beta diversity over time advances understanding of local- and broad-

scale patterns. As beta diversity is undoubtedly driven by multiple ecological processes, testable 

hypotheses regarding the determinants of beta diversity can only effectively be generated with 

knowledge of such patterns. Therefore, the main objective of my thesis is not to evaluate specific 

http://doi.wiley.com/10.1111/cobi.12906
http://www.nature.com/articles/srep41591
http://www.sciencemag.org/cgi/doi/10.1126/science.1248484
http://www.nature.com/doifinder/10.1038/ncomms9405
http://www.sciencemag.org/cgi/doi/10.1126/science.1248484
http://www.sciencemag.org/cgi/doi/10.1126/science.1248484
http://www.nature.com/doifinder/10.1038/ncomms9405
http://linkinghub.elsevier.com/retrieve/pii/S016953471500289X
http://dx.plos.org/10.1371/journal.pone.0185809
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hypotheses of beta diversity, but instead to assess the effects interpreting beta diversity over time 

will have on the evaluation of spatial patterns.  

In Chapter 1, I provide a brief history of terminology employed in the beta diversity 

literature, and trace the origins of the uses and various interpretations of this term. In Chapter 2, I 

examine publications that have measured beta diversity in communities of tropical arthropods, and 

determine whether the confusion in terminology has impeded our ability to discern patterns of beta 

diversity in space and time. In Chapter 3, I investigate the spatial and temporal factors that 

influence our ability to detect local patterns of beta diversity in the arthropod communities of a 

tropical montane forest. This research involved four years of sampling arthropod communities 

using Townes-style Malaise traps (Figure SI.1) in Cusuco National Park, Honduras. It also 

included laboratory work involving sorting, sequencing, imaging, and identifying many thousands 

of specimens using DNA barcoding and its associated analytical pipeline at the Centre for 

Biodiversity Genomics, Guelph. Finally, in Chapter 4, I explore temporal patterns at a broad-

spatial scale by examining the annual variation of arthropod communities across latitude and 

determining the effects of time on the latitudinal diversity gradient. This research considered data 

from the Global Malaise Program, a collaboration between various international contributors and 

the Centre for Biodiversity Genomics (Perez, Sones, deWaard & Hebert, 2017). Overall, my thesis 

addresses the state of beta diversity research, and provides insight into how the neglected temporal 

axis can affect the measurement and detection of beta diversity patterns across spatial scales. 

  

http://biodiversitygenomics.net/
http://biodiversitygenomics.net/
http://globalmalaise.org/
http://www.nrcresearchpress.com/doi/10.1139/gen-2017-0178
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Introduction Figure 1: Diversity components applied to a hypothetical region (red box). When 

quantifying the species diversity of a region, all individuals it contains are first classified into 

species. True species diversity (D) is the number of equally-abundant virtual species (effective 

species) (spE) needed to obtain the same mean proportional species abundance as that observed in 

the region. True gamma diversity Dγ is the number of effective species in the region. Then, all 

individuals are further classified into communities (black boxes). The number of effective 

communities in a region represents the number of equally-abundant virtual communities needed 

to obtain the same mean number of individuals as in the actual communities. True gamma diversity 

can then be multiplicatively partitioned into the number of compositionally non-overlapping 

effective communities (true beta diversity Dβ) (CU) and the true species diversity per CU (true 

alpha diversity Dα) (spE/CU). Often called beta diversity, effective species turnover (Δc) represents 

each species replaced by another when moving from one compositional unit to the next (yellow 

arrow) while true beta diversity represents the number of effective compositional units (black 

boxes) themselves.
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1 CHAPTER 1: EVOLUTION OF THE BETA DIVERSITY CONCEPT  

Abstract 

When Whittaker first defined beta diversity he did so in a vague sense referring to compositional 

heterogeneity among places, and then quantified it using multiple measures. Subsequently, 

researchers have argued about its most accurate quantitative interpretation, and have generated 

many additional measures. First, I trace the conceptual evolution of beta diversity, highlighting the 

confusion and proliferation of terminology. Then, I outline efforts made to clarify the diversity 

concept, and argue that confusion in its interpretation has been largely due to the misunderstanding 

of diversity itself. Finally, I discuss recent advances in beta diversity research. 

Introduction 

The concept of compositional heterogeneity, typically approached through the relative similarity 

or dissimilarity of two communities in space, was well established by researchers prior to the 1960s 

(see Whittaker & Fairbanks, 1958). However, Whittaker was the first to conceptualize such 

heterogeneity as a component of species diversity. In a pivotal paper, Whittaker (1960) defined 

beta diversity as ‘the extent of change in community composition, or degree of community 

differentiation, in relation to a complex gradient of environment, or a pattern of environments’. 

This definition, in a vague sense referring to compositional heterogeneity in space, was followed 

by several quantitative measures. Subsequently, others have formulated more ways to quantify 

beta diversity.  

More than half a century after Whittaker defined beta diversity, Tuomisto (2010a, 2010b) 

published a comprehensive two-part review that organized conceptual and mathematical concepts 

related to beta diversity, providing a strong framework for further development. She took on this 

arduous task after realizing that a review of beta diversity patterns in tropical plant communities 

was near impossible given the inconsistent measures used for their quantification (Tuomisto, 

pers.comm.). Unfortunately, the scientific community has yet to fully appreciate the value of this 

review as it has only been cited 404 times, while 10 times more studies (4,712) on ‘beta diversity’ 

have appeared since its publication (ISI Web of Science, 2018-01-07). 

http://www.jstor.org/stable/1929966?origin=crossref
http://doi.wiley.com/10.2307/1943563
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.06148.x
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In this chapter, I aim to provide a concise history of the conceptual development of beta 

diversity. In the first section, I focus on the creation, and subsequent confusion of the beta diversity 

concept, along with a brief overview of the period where multiple definitions and measures of beta 

diversity proliferated. In the second section, I focus on the efforts made to resolve past confusion 

and, in the final section, I discuss further advances of beta diversity research.  

Conception, confusion, and proliferation of the beta diversity concept and its 

measures 

1960: The creation of a concept 

While examining the vegetation of the Great Smoky Mountains in the eastern United States, 

Whittaker observed that the species diversity within a variety of habitats consisted of two 

components (Whittaker, 1960). He termed the first alpha diversity α, after Fisher’s alpha index 

(Fisher, Corbet & Williams, 1943), and defined it as the average diversity within a community or 

habitat. He defined the second component, beta diversity β, as the extent of change in community 

composition between communities or habitats. Finally, he defined gamma diversity γ as the total 

species diversity of samples for a range of habitats. His ‘simplest measurement’ posited that:  

1.1  𝛽 = 𝛾 𝛼⁄  (1.1) 

However, Whittaker also provided other measurements for beta diversity that attempted to 

not only generalize these components to discrete habitat types but also to continuous patterns along 

habitat gradients. They include the coefficient of community (i.e., the Jaccard index) (Equation 

1.2), percentage similarity (Equation 1.3), and the number of half-changes (Equation 1.4): 

1.2 𝑐 𝑎 + 𝑏 − 𝑐⁄  (1.2) 

where a and b are the number of species in two samples while c is the number of species shared 

by them, 

1.3 1 − 0.5 ∑|𝑎 − 𝑏| = ∑ min(𝑎, 𝑏)  (1.3) 

where a and b are the relative percentages of the total species in two samples, 

1.4 (log 𝑎 − log 𝑧) log 2⁄  (1.4) 

http://doi.wiley.com/10.2307/1943563
http://www.jstor.org/stable/1411?origin=crossref
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where a is the sample similarity at 0 distance and z is the similarity between sample extremes as 

extrapolated from a straight line. 

The first two cases (Equation 1.2 & 1.3) measure similarity between vegetation samples 

differing in geological formation and local moisture condition, while the latter (Equation 1.4) 

measures ‘ecological distance’ along a transect where similarity between two sampling units 

decreases to a half of the value estimated for a similar environment. Under these various 

definitions, beta diversity is calculated for sampling units representing habitats or an external 

gradient of habitats. Thus, Whittaker’s broad definition when presented with numerous 

quantitative measures created an unstable foundation for a complex concept. 

1965-1990: The confusion of a concept 

While Whittaker researched environmental gradients in plant communities, MacArthur focused on 

vegetation structure and its relationship to avian diversity. Both Whittaker and MacArthur, while 

taking slightly different approaches, recognized the important relationship between species 

composition and environmental change, attributing observed differences to the habitat 

diversification of species. MacArthur also divided diversity into components, introducing the 

terms within-habitat and between-habitat diversity, conceptually identical to Whittaker’s alpha 

and beta diversity (MacArthur, 1965). Addressing the two principal drawbacks of using species 

richness to measure alpha diversity, i.e., the failure to incorporate species abundance data and 

sensitivity to sample size, MacArthur advocated for the use of information theory to convert 

samples to an ‘equivalent number of equally common species’ (MacArthur, 1965). This idea was 

later reintroduced by Hill (1973) and forms the basis for number equivalents or effective species 

as the standard unit for the species diversity concept (Ellison, 2010).  

Both Whittaker and MacArthur focused on variation in species composition within local 

communities. But in the 1970s, Cody expanded the spatial scale of beta diversity inquiry to larger 

geographic areas by comparing compositional change of local habitats to similar habitats that were 

more distant (Cody, 1970). He also introduced the term species turnover when referring to 

compositional differences between habitats (Cody, 1970). Then, more than ten years after 

introducing beta diversity, Whittaker (1972) published a major article devoted to diversity 

components and their measurement. While he initially used raw values of Fisher’s alpha 

http://doi.wiley.com/10.1111/j.1469-185X.1965.tb00815.x
http://doi.wiley.com/10.1111/j.1469-185X.1965.tb00815.x
http://doi.wiley.com/10.2307/1934352
http://doi.wiley.com/10.1890/09-1692.1
http://doi.wiley.com/10.2307/1935380
http://doi.wiley.com/10.2307/1935380
http://www.jstor.org/stable/1218190


Michelle D’Souza – PhD Thesis   Chapter 1: Beta diversity concepts 

9 

(Whittaker, 1960), he subsequently realized the benefits of number equivalents (Whittaker, 1972). 

In addition, he incorporated the term species turnover to express changes in species composition 

from one community to another along external gradients. Subsequently, it became commonly used 

and intimately linked to the notion of change along a gradient where, even today, the two terms – 

beta diversity and species turnover – are often used synonymously.  

Cody (1975) would later redefine beta diversity as the rate of compositional turnover along 

a habitat gradient, and gamma diversity as the rate of compositional turnover with geographic 

distance within one habitat in different biogeographic areas. His new measure of beta diversity 

was based on using species accumulation curves to assess differences in the rate at which species 

are gained and lost along a gradient (Cody, 1975). Bratton (1975) also suggested a similar metric 

and subtle improvements on measures based on the idea of species gain and loss soon followed 

(Routledge, 1977).  

Accepting the expansion of beta diversity as a measurement of rate, Whittaker (1977) 

redefined it as the ‘extent or rate of change in composition’. He also applied his diversity 

components across seven hierarchical levels to account for different spatial scales: point for within-

community diversity, pattern for between-community diversity, alpha for within-habitat diversity, 

beta for between-habitat diversity, gamma for within-landscape diversity, delta for between-

landscape diversity, and epsilon for within-region diversity (Whittaker, 1977). While partitioning 

diversity in such a way was based on the recognition that distinct processes affect compositional 

change at different spatial scales, it blurred the concept of diversity components. For although 

spatial scale and the extrapolation of existing datasets to larger unexplored areas are important 

practical aspects of sampling, if discrete sampling units are embedded in a region, the actual size 

of the sampling unit (grain) or region (extent) is arbitrary (Tuomisto, 2010a). That is, delta and 

epsilon simply refer to beta and gamma diversity, respectively, in a dataset with a larger grain and 

extent.  

With the number of beta diversity measures steadily increasing, the first reviews began to 

appear. Routledge (1977) mathematically linked the discrete habitat measures of Whittaker (1960) 

and MacArthur (1965) and addressed limitations in Cody’s (1975) and Bratton’s (1975) definitions 

of beta diversity as turnover rates along continuous gradients. Then, Wilson and Shmida (1984) 

reviewed six measures, judging them on conformity with previous understanding of community 

http://doi.wiley.com/10.2307/1943563
http://www.jstor.org/stable/1218190
http://www.hup.harvard.edu/catalog.php?isbn=9780674224445
http://www.hup.harvard.edu/catalog.php?isbn=9780674224445
http://www.jstor.org/stable/2484413?origin=crossref
http://doi.wiley.com/10.2307/1936932
http://www.worldcat.org/title/evolutionary-biology-vol-10/oclc/912322494?referer=br&ht=edition
http://www.worldcat.org/title/evolutionary-biology-vol-10/oclc/912322494?referer=br&ht=edition
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.2307/1936932
http://doi.wiley.com/10.2307/1943563
http://doi.wiley.com/10.1111/j.1469-185X.1965.tb00815.x
http://www.hup.harvard.edu/catalog.php?isbn=9780674224445
http://www.jstor.org/stable/2484413?origin=crossref
http://www.jstor.org/stable/2259551?origin=crossref
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turnover (i.e., the number of community changes), additivity, and independence from alpha 

diversity and sample size.  

1990-2010: The proliferation of a concept 

Along with the number of beta diversity studies (Figure 1.1), the formulation of beta diversity 

measures rapidly increased through the 1990s, and when the third review of beta diversity was 

published, 24 different measures were evaluated (Koleff, Gaston & Lennon, 2003). Moreover, this 

review was limited to incidence-based measures, disregarding other quantifications of beta 

diversity such as the use of the first axis of detrended correspondence analysis (Økland, Eilertsen 

& Økland, 1990) and the slope of the entropy accumulation curve (Rosenzweig, 1995). Although, 

it was increasing apparent that the variety of measures being used to quantify beta diversity was 

impeding the comparison of results among studies (Koleff, Lennon & Gaston, 2003; Vellend, 

2001), still more measures were formulated. For example, beta diversity was also being measured 

as the total variance of species composition data at various sites (Legendre, Borcard & Peres-Neto, 

2005) and multivariate dispersion (Anderson, Ellingsen & McArdle, 2006). These and other 

methods were reviewed, and largely oversimplified into two categories (Jurasinski, Retzer & 

Beierkuhnlein, 2009), but, by 2015 another 29 abundance-based measures were evaluated 

(Barwell, Isaac & Kunin, 2015).  

Clarification of the species diversity concept and the foundation of true beta 

diversity 

During the 1970s, as compositional heterogeneity was being introduced as a component of 

diversity, the concept of diversity itself was in a state of disarray. Hurlbert (1971) argued that 

‘species diversity’ had been defined in so many ways that it now represented a term that conveyed 

no information other than ‘something to do with community structure’ and so referred to it as a 

‘nonconcept’. Hill (1973) argued for a logical and unified concept of diversity defined as the 

effective number of species (later referred to as Hill numbers). Jost (2006, 2007) revived Hill 

numbers, emphasizing that they provided a unified and intuitive interpretation of the diversity 

concept. He proposed that this measure be used as the only definition of diversity, referring to it 

as true species diversity (Jost, 2006, 2007). Discussions finally led to the consensus that diversity 

be defined by Hill numbers (Ellison, 2010). Nearly four decades after Hill called for unity, the 

http://doi.wiley.com/10.1046/j.1365-2656.2003.00710.x
http://link.springer.com/10.1007/BF00042954
http://link.springer.com/10.1007/BF00042954
https://doi.org/10.1017/CBO9780511623387
http://doi.wiley.com/10.1046/j.1466-822X.2003.00056.x
http://doi.wiley.com/10.2307/3237006
http://doi.wiley.com/10.2307/3237006
http://doi.wiley.com/10.1890/05-0549
http://doi.wiley.com/10.1890/05-0549
http://doi.wiley.com/10.1111/j.1461-0248.2006.00926.x
http://link.springer.com/10.1007/s00442-008-1190-z
http://link.springer.com/10.1007/s00442-008-1190-z
http://doi.wiley.com/10.1111/1365-2656.12362
http://doi.wiley.com/10.2307/1934145
http://dx.doi.org/10.2307/1934352
http://doi.wiley.com/10.1111/j.2006.0030-1299.14714.x
http://onlinelibrary.wiley.com/doi/10.1890/06-1736.1/abstract
http://doi.wiley.com/10.1111/j.2006.0030-1299.14714.x
http://onlinelibrary.wiley.com/doi/10.1890/06-1736.1/abstract
http://doi.wiley.com/10.1890/09-1692.1
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concept of diversity was defined, making a clear distinction between true species diversity and the 

different numerical indices that quantify it.  

Defining true species diversity and its beta component 

True species diversity, the number of effective species, is defined as follows (Tuomisto, 2010a). 

First, the proportional abundance of species i in the dataset equals pi = mi / m, where mi is the 

number of individuals of species i, and m is the number of all individuals in the dataset. True 

species diversity is then defined as the number of equally-abundant species that would be needed 

to obtain the same mean proportional species abundance as that observed in the dataset and is 

calculated as follows: 

1.5 
𝐷 = 1

√∑ 𝑝𝑖𝑝𝑖
𝑞−1𝑅

𝑖=1

𝑞−1⁄0
𝑞

 
(1.5) 

Here qD is true species diversity of order q. When calculating the mean, each pi value is nominally 

weighted (i.e., multiplied) by itself, and the exponent q – 1 modifies this weighting (Figure 1.2). 

When q = 1, the final weights equal the nominal weights and each species contributes to the mean 

in proportion to the number of individuals it contributes to the dataset. When q < 1, the abundance 

differences among species are de-emphasized and rare species are given more weight than implied 

by their pi. By comparison, for q > 1, the abundance differences among species are exaggerated so 

abundant species are disproportionately weighted.  

The conceptualization of true species diversity laid the foundation for a better 

understanding of its beta component. Tuomisto (2010a, 2010b) published a comprehensive two-

part review that organized concepts related to beta diversity. She clearly defined the beta 

component of diversity, organizing its multiple interpretations into a common mathematical and 

notational framework. Much of the confusion surrounding beta diversity was based on how 

diversity itself, its alpha component, and the relationship between the gamma and alpha 

components were defined (Tuomisto, 2010a). Once organized, true beta diversity qDβ was defined 

as the number of compositionally distinct units in a dataset (Tuomisto, 2010a), such that if each 

unit represents a community and all units represent a region, true beta diversity is the number of 

compositionally non-overlapping community types in the region. It corresponds to Whittaker’s 

simplest multiplicative definition (Equation 1.1), obtained when true gamma diversity qDγ (the 

http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.06148.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
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number of effective species in a dataset) is multiplicatively partitioned into its beta qDβ and alpha 

qDα (number of effective species per compositional unit) components as follows: 

1.6 𝐷𝛾 =  𝐷𝛼 ∗ 𝐷𝛽 0
𝑞  0

𝑞
0
𝑞

  (1.6) 

Further advances in beta diversity research 

Research exploring the dominant processes influencing beta diversity is increasing, with an 

evolving emphasis on four distinct processes: selection, speciation, drift, and dispersal (Vellend, 

2010). In the 1960s, Whittaker and MacArthur introduced the concept of beta diversity through an 

appreciation for the deterministic outcomes of local interactions between species and their 

environments, i.e., ecological selection. While the emphasis on local-scale selective processes 

(e.g., ecological niche differences) dominated the beta diversity literature for some time, the 

importance of considering processes at larger spatial scales soon followed (Cody, 1975). A key 

contribution was the recognition that even beta diversity patterns at the local scale fundamentally 

depend on the diversity of the regional species pool that is itself dependent on the process of 

speciation (Brown, 1995). Hubbell (2001) subsequently introduced the neutral theory of 

biodiversity that proposed the importance of ecological drift and challenged the widely held view 

that environmentally-mediated selection was the central determinant of beta diversity. Ecological 

drift is the random fluctuation of species abundances due to random mortality, and stochastic but 

spatially-restricted dispersal. Subsequently, the importance of dispersal was further highlighted 

with the rise of the metacommunity concept (Leibold et al., 2004), which explores how dispersal 

influences broad-scale community patterns. 

 To better understand the influences of these mechanisms, theoretical research has also 

increased, such as the development of null models (Bennett & Gilbert, 2016), the evaluation of 

scale-dependency (Barton et al., 2013), and efforts to bridge the gap between true beta diversity 

and other resemblance measures (Chao & Chiu, 2016). Research is also beginning to explore how 

beta diversity is affected by undersampling (Beck, Holloway & Schwanghart, 2013), and how it 

should inform the conservation of biodiversity (Socolar, Gilroy, Kunin & Edwards, 2016). 

Our capacity to understand diversity issues and to communicate that understanding 

depends on whether we choose to use consistent terminology for diversity-related concepts. 

http://www.journals.uchicago.edu/doi/10.1086/652373
http://www.journals.uchicago.edu/doi/10.1086/652373
http://www.hup.harvard.edu/catalog.php?isbn=9780674224445
http://press.uchicago.edu/ucp/books/book/chicago/M/bo3632297.html
http://www.worldcat.org/title/unified-neutral-theory-of-biodiversity-and-biogeography-mpb-32/oclc/956448724&referer=brief_results
http://dx.doi.org/10.1111/j.1461-0248.2004.00608.x
http://doi.wiley.com/10.1111/geb.12413
http://doi.wiley.com/10.1111/geb.12031
http://doi.wiley.com/10.1111/2041-210X.12551
http://doi.wiley.com/10.1111/2041-210x.12023
http://linkinghub.elsevier.com/retrieve/pii/S016953471500289X
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Anderson et al. (2011) provided a hypothesis-driven framework for the analysis of beta diversity. 

They described the ecologically relevant properties of commonly used resemblance measures, 

providing links between them and other ‘classical’ measures of beta diversity. However, while 

citing Tuomisto (2010a, 2010b), they misinterpret the very thesis of her review – ‘true beta 

diversity’ is the diversity concept itself, while the numerous other measures in use (but not all) 

quantify the concept and thus are just a surrogate for the concept itself. In doing so, Anderson et 

al. (2011) refer to phenomena that are not themselves diversities using the term ‘diversity’. In 

doing so, they fail to clearly indicate what exactly they are referring to with each phenomenon they 

describe in each of their mission statements (see Tuomisto 2011). Using the term beta diversity for 

several non-diversity phenomena causes confusion, erroneous ecological inferences, and impedes 

accurate comparisons among studies. 

Conclusion 

The understanding of compositional heterogeneity has suffered considerably from the confusion 

associated with the early years of its development when several distinct phenomena were all 

viewed as ‘beta diversity’. Only after true species diversity was defined could a clear distinction 

be drawn between true beta diversity and the varied numerical indices developed to quantify it. A 

consistent terminology for diversity-related concepts is now readily available, thus significantly 

improving our capacity to understand diversity and to effectively communicate that understanding.  

https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1461-0248.2010.01552.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.06148.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1461-0248.2010.01552.x
https://link.springer.com/article/10.1007%2Fs00442-011-2128-4
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Table and Figures 

 

Figure 1.1: Number of studies related to beta diversity from 1960 – 2017 based on the ISI Web of 

Science (2018-01-08). The dark grey portion represents the number of studies found using the 

topic ‘beta diversity’ OR ‘β diversity’ and the light grey portion represents the additional studies 

found using AND ‘species turnover’. Studies are accumulated by decade. Note the break in the y-

axis. 
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Figure 1.2: True species diversity profiles for three hypothetical communities with species equal 

(solid line), moderately disproportional (dotted line), and highly disproportional (dashed line) in 

abundance. The shape of the diversity profile reflects differences in the proportional abundance of 

species in the community. 
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2 CHAPTER 2: ASSESSING BETA DIVERSITY IN TROPICAL ARTHROPOD COMMUNITIES 

Abstract 

The term ‘beta diversity’ has been used to refer to different aspects of the compositional 

heterogeneity that exists among biological communities. Confusion of concepts and measures in 

the beta diversity literature has impeded comparisons among studies, obscuring patterns of 

differentiation in species composition. To assess the extent of this problem and to clarify how the 

term ‘beta diversity’ has been used in the arthropod literature, we assembled 106 studies that had 

measured the beta diversity of communities in tropical forests. We examined if the term was 

consistently defined, if its measurement was comparable, and if broad-scale patterns were 

discernable across the studies. In addition, we determined if the data needed to reanalyze measures 

were available. Overall, we found that 30 different measures had been used to quantify ‘beta 

diversity’ in arthropods. Of these, 27 were not a beta component of diversity (sensu Tuomisto, 

2010a), while 20 were not related to any of its classical components (i.e., alpha & gamma 

diversity). Most commonly, beta diversity was defined as species turnover, but discrepancies 

between the verbal definitions and the chosen quantitative measures of it were common. 

Additionally, 56% of studies had not made their raw data accessible, preventing the validation of 

results or reanalysis of measures, and 50% did not use Linnaean taxonomy, decreasing data quality 

through inconsistencies in species identification. The five main impediments to the detection of 

broad-scale patterns in beta diversity were confusion of definitions, use of multiple measures that 

are disassociated from classical diversity components, incompatibility between definitions and 

measures, lack of access to data, and inconsistencies in approaches to species identification. While 

the recent organization of theoretical and mathematical concepts of beta diversity address the first 

three issues, a stronger commitment to data accessibility and the adoption of a standardized 

approach for species identification are crucial to resolve the latter two barriers. DNA barcoding 

effectively addresses both these issues by ensuring data preservation and access through the online 

Barcode of Life Data System while aiding standardized species delineation through Barcode Index 

Numbers.  

http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
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Introduction 

The term ‘beta diversity’ has been applied to different aspects of the heterogeneity in community 

composition, with or without reference to external gradients (Whittaker, 1960, 1972). The initial 

lack of a precise definition has created uncertainty about what exactly beta diversity is, and which 

measures are most appropriate to quantify it. One aspect in the confusion about beta diversity is 

that even its root – diversity – is often thought of as equal to the value of any of various diversity 

indices, although each one of these indices corresponds to a conceptually different phenomenon 

(Jost, 2006; Tuomisto, 2010a).  

Fortunately, consensus is emerging that the effective number of species (Hill, 1973), also 

known as true species diversity (Jost, 2006), is the best measure for diversity (Ellison, 2010). This 

measure provides a uniform, intuitive interpretation of diversity by quantifying how many equally-

abundant species would be needed to obtain the same mean proportional species abundance as is 

observed in the dataset of interest. To avoid contradictory use of terminology, other terms can then 

be used to refer to common diversity indices, such as the Simpson index (which is a probability) 

and the Shannon index (which is an entropy) (Tuomisto, 2011). The concept of species turnover 

has also been equated with beta diversity, as have many common dissimilarity indices. A review 

on the concept of beta diversity identified more than 30 conceptually different measures that have 

been called ‘beta diversity’ in the ecological literature, but noted that only some of these, including 

true beta diversity, can be expressed as a function of alpha and gamma diversity (Tuomisto, 

2010a).  

Confusion in the scientific community concerning the concept, terminology, and measures 

of species diversity, particularly beta diversity, has obstructed comparisons among prior empirical 

studies, obscuring efforts to examine broad-scale patterns. However, little work has been done to 

assess the extent of this impediment on beta diversity research. When latitudinal gradients of beta 

diversity for a small subset of taxa were investigated, the disparate results obtained from different 

beta diversity measures meant that no overall pattern could be discerned (Koleff, Lennon & 

Gaston, 2003). Larger meta-analyses relating to beta diversity, including the distance-decay of 

compositional similarity (Soininen, McDonald & Hillebrand, 2007), regional-to-local scale 

processes (Soininen, Lennon & Hillebrand, 2007), and temporal turnover (Korhonen, Soininen & 

http://doi.wiley.com/10.2307/1943563
http://www.jstor.org/stable/1218190
http://doi.wiley.com/10.1111/j.2006.0030-1299.14714.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://dx.doi.org/10.2307/1934352
http://doi.wiley.com/10.1111/j.2006.0030-1299.14714.x
http://doi.wiley.com/10.1890/09-1692.1
http://link.springer.com/10.1007/s00442-011-2128-4
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1046/j.1466-822X.2003.00056.x
http://doi.wiley.com/10.1046/j.1466-822X.2003.00056.x
http://dx.doi.org/10.1111/j.0906-7590.2007.04817.x
http://dx.doi.org/10.1890/06-1730.1
http://dx.doi.org/10.1890/09-0392.1
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Hillebrand, 2010) have revealed some broad-scale patterns. Collectively, these studies indicate 

that variation in beta diversity is linked to multiple factors related to species functional traits (e.g., 

dispersal ability, body size, thermoregulation), geographic gradients (e.g., latitude), and ecosystem 

properties (e.g., realm, region). However, some contradictory patterns were observed among 

studies. Notably, based on regional-to-local diversity ratios, beta diversity was higher in terrestrial 

than marine ecosystems, and among actively mobile than passively dispersed organisms (Soininen, 

Lennon et al., 2007). However, the opposite was true when the beta component was based on 

species turnover, indirectly measured by the Sørensen index (Soininen, McDonald et al., 2007). In 

addition, while most studies have provided evidence for greater beta diversity near the equator, 

one found lower rates of species turnover at low than high latitudes (Soininen, Lennon et al., 2007). 

The latter result was interpreted as evidence that latitudinal beta diversity patterns are influenced 

by the scale of inquiry (Soininen & Hillebrand, 2007), a relationship also determined to be 

important for temporal turnover (Korhonen et al., 2010). 

Most prior meta-analyses have ignored arthropods except for Novotny & Weiblen (2005) 

who reviewed beta diversity patterns of herbivorous insects. Interpreting beta diversity as the 

change in species composition among communities, overall, they conclude that changes in plant 

diversity and dispersal limitation only partially explain insect beta diversity along latitude and 

elevation. But the data to provide strong conclusions for patterns were lacking. The authors remark 

on the ‘unsatisfactory state’ of insect beta diversity research, attributing the lack of basic 

generalizations on beta diversity patterns to the difficulties associated with identifying species, 

especially for arthropod fauna in the hyper-diverse tropics. 

To identify and better understand the problems influencing the lack of general patterns, 

this chapter explores the beta diversity literature on tropical arthropod communities with three 

specific aims: 

1. Assess the comparability of the beta diversity concept among studies. Specifically, we ask 

the following questions. First, how is beta diversity most often defined, and is there 

consistency in definitions among studies? Second, are beta diversity measures comparable 

across studies? Third, are appropriate measures used to quantify the chosen definition of 

beta diversity?  

http://dx.doi.org/10.1890/09-0392.1
http://dx.doi.org/10.1890/06-1730.1
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2. Identify general spatial and temporal patterns using comparable results among studies. 

3. Examine the ability to reanalyze beta diversity results if they are initially not comparable 

among studies. We ask two questions: are there raw data available to recalculate indices, 

and are the data of good quality, i.e., have species been identified using standardized 

methods that are reliable and verifiable?  

Collectively, we recognize five main impediments affecting the detection of broad-scale patterns 

of beta diversity, and make specific recommendations on how to best address them. 

Methods 

Assembling the prior beta diversity literature 

We assess current understanding of beta diversity in arthropods by searching the ISI Web of 

Science (1960-2017), using the topic ‘beta diversity’ OR ‘beta-diversity’ OR ‘β diversity’ OR ‘β-

diversity’. This search identified 4,683 studies that were further filtered using the topic 

‘arthropod*’ OR ‘insect*’, producing a subset of 486 that we examined in more detail (Figure 2.1). 

From these, 102 studies concerned arthropod fauna in tropical or subtropical moist broadleaf, dry 

broadleaf, or coniferous forests according to the biome boundaries of Olson et al. (2001) (Figure 

2.2). We excluded the remaining 384 studies from further consideration because they were 

inaccessible, opinion or methods papers lacking original data, carried out in modified habitats such 

as agricultural plots, or not in tropical forests. We found four appropriate studies by mining 

references that were missed by the initial search and we added them manually for a total of 106 

studies.  

Assessing impediments constraining comparisons among studies 

We produced four datasets from the 106 assembled studies to address our three aims. Dataset 1 

included the exact verbal definition of beta diversity while dataset 2 included the measures and 

forms of analysis used to quantify beta diversity in each study. Dataset 3 included auxiliary factors 

of interest (e.g., latitude). Finally, dataset 4 included the availability of raw data as well as the 

resolution (e.g., order), type (e.g., morphospecies), and number of taxa in each study. A list of the 

106 studies, Datasets 1 – 4, and other associated data are available in the Supplementary Material 

Data S2.1.  

https://doi.org/10.1641/0006-3568(2001)051%5b0933:TEOTWA%5d2.0.CO;2
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1. Comparability of the beta diversity concept – definitions and measures  

We addressed aim 1 by exploring datasets 1 and 2. Specifically, we examined the frequency 

and consistency of definitions of beta diversity among studies using dataset 1, while we assessed 

measures of beta diversity using dataset 2. In addition, we evaluated whether appropriate measures 

were used to quantify the chosen definition of beta diversity by comparing dataset 1 to dataset 2.  

2. General spatial and temporal patterns 

We addressed aim 2 by using dataset 3 that identified the general trends in the 106 studies. 

These trends included area, distance, elevation, habitat, latitude, plant-insect relationships, and 

time. Studies were sorted into groups based on these trends and examined in more detail to 

determine if any broad-scale patterns of beta diversity could be discerned among comparable 

results.  

3. Reanalysis of beta diversity measures – data access and quality 

We addressed aim 3 using dataset 4 that indicated the availability of raw data and outlined 

details of data quality. Both these factors enable the reanalysis of beta diversity measures and 

therefore the comparison of results among studies if initially not feasibly. Pertaining to data 

quality, the dataset detailed whether diversity units were identified to a species, operational 

taxonomic unit, morphospecies, or family level and the number of taxa identified. Additionally, it 

included the taxonomic resolution of the dataset, i.e., were taxa only investigated within an order, 

across more than one order, or across more than one class. 

Adhering to the true beta diversity concept and using appropriate measures  

The beta diversity concept among studies (specifically datasets 1 and 2) was organized on the basis 

of true species diversity definitions following Tuomisto (2010a, 2017). True species diversity qD 

is the effective number of species (qspE), measured as the inverse of the weighted mean of the 

proportional species abundances (Equation 1.5). The mean is calculated with the exponent q that 

alters the relative weight given to rare versus abundant species; q < 1 de-emphasizes abundance 

differences among species giving rare species more weight, q =1 gives each species a weight 

relative to its proportional abundance, and q > 1 enhances abundance differences by assigning 

abundant species more weight.  

http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://linkinghub.elsevier.com/retrieve/pii/B9780128096338023773
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Then, true gamma diversity (γ = qDγ) is the effective number of species in the dataset. Alpha 

diversity (α = qDα) is the effective species within the sampling units comprising the dataset and 

has been measured three different ways (Tuomisto, 2010a). First, αR is measured (spE SUE /SUE) 

when quantifying the effective number of species abundance values per effective sampling unit 

(Jost, 2007). Second, αt is measured (qspE/SU) when quantifying the mean effective species within 

sampling units (SU). Finally, true alpha diversity αd is measured (qspE/qCU) when the effective 

species are classified evenly into compositional units (CUs) so each unit receives αt effective 

species not shared by any other unit. True beta diversity is the effective number of compositional 

units (qCU) in the dataset. 

Briefly, of the eight beta components (Tuomisto, 2010a), two measure compositional 

heterogeneity including true beta diversity (qβMd = γ/αd) (
qCU) and regional-to-local diversity ratio 

(qβMt = γ/αt) (
qspE/qspE). Three beta components measure effective species turnover or change in 

effective community composition including absolute (qβAt = γ – αt) (
qspE), proportional (qβPt = 

qβAt/γ) (qspE/qspE), and Whittaker’s (qβMt-1 = qβAt/αt) (
qspE/qspE) effective species turnover. Finally, 

the two-way diversity ratio (qβR = γ/αR) (qspE qSUE/qspE qSUE) is based on classifying the gamma 

and alpha components with different subsets of the dataset while regional Shannon entropy excess 

and regional variance excess are based on the raw value of a diversity index rather than on true 

diversity. True beta diversity qβMd is the only measure that quantifies the effective number of types 

(i.e., CU) and so is the only measure of true diversity.  

Species richness (R) is the number of actual species (names in a species list). When the 

proportional abundance of each species is identical, qD = R for all values of q but if proportional 

abundances vary with species, only 0D = R. All beta diversity components can also be expressed 

as beta richness components (see Tuomisto, 2017).  

Results & Discussion 

In the first 33 years after the concept of beta diversity was introduced, it was not used to study 

arthropods (Figure 2.1). Then, the number of arthropod studies started to increase in the 20th 

century, after which a stable 10% have explored beta diversity of arthropod communities. Of the 

486 studies on arthropod fauna, 106 (22%) are concerned with tropical or subtropical forest 

ecosystems. We addressed our three aims exploring only these tropical studies in further detail. 

http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://linkinghub.elsevier.com/retrieve/pii/B9780128096338023773
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Aim 1: Comparability of the beta diversity concept – definitions and measures 

Beta diversity definitions  

With some variation among the 106 studies (Figure 2.3), the term ‘beta diversity’ was often used 

synonymously with ‘turnover’ (41%). Definitions of beta diversity across studies often specify 

that the ‘species turnover’ or ‘turnover in species composition’ occurred ‘among communities’ 

(21%) or ‘sites’ (14%). Most other variations (12%) define it as a ‘change in species composition’, 

‘variation in diversity’ or some combination of the two. Additionally, two studies employ the term 

‘beta diversity’ with explicit reference to an external gradient, while five studies define it as a rate. 

Only three studies define true beta diversity; two refer specifically to the effective number of 

compositionally distinct communities or sites (Rocha-Ortega & Favila, 2013; Veijalainen et al., 

2014) while one study defines true beta diversity, but also confuses it with other unrelated 

definitions (Fordyce & DeVries, 2016). Of the 106 studies, 80 provide only one definition of beta 

diversity, but 23 provide either a vague definition or none. Surprisingly, ‘similarity(ies)’ (11%) is 

used as frequently as ‘difference(s)’ (10%) in definitions of beta diversity, a measure of 

compositional heterogeneity. 

Whittaker referred to species turnover as a type of beta diversity that was equated with 

compositional change and focused on measuring it along environmental gradients (Whittaker, 

1972). While it has subsequently been argued that species turnover should only be used to refer to 

compositional change along external gradients (Vellend, 2001), we advocate its use as a specific 

measure of compositional change quantified by γ and αt (Tuomisto, 2011), along with additional 

specifiers used to indicate its variation against external gradients when necessary (Tuomisto, 

2010b). Viewed from this perspective, species turnover represents each species being replaced by 

another when moving from one compositional unit to another, or one species turned over, while 

true beta diversity represents the effective number of the compositional units themselves. 

Beta diversity measures  

Overall, 30 different measures were used to quantify beta diversity in the 106 studies (Table 2.1). 

While 27 measures (90%) were not a beta component of diversity (sensu Tuomisto, 2010a), 20 

(67%) were not derived from any of its classical components (i.e., alpha & gamma diversity). Most 

measures were not comparable, displaying marked variation in performance with respect to 

symmetry, homogeneity, additivity, and sensitivity to underlying richness gradients (Barwell, 

http://link.springer.com/10.1007/s10841-013-9597-1
http://doi.wiley.com/10.1111/icad.12073
http://doi.wiley.com/10.1111/icad.12073
http://link.springer.com/10.1007/s00442-016-3562-0
http://www.jstor.org/stable/1218190
http://www.jstor.org/stable/1218190
http://doi.wiley.com/10.2307/3237006
http://link.springer.com/10.1007/s00442-011-2128-4
http://doi.wiley.com/10.1111/j.1600-0587.2009.06148.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.06148.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1111/1365-2656.12362
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Isaac & Kunin, 2015; Koleff, Gaston & Lennon, 2003). In general, measures not derived from 

diversity components were often supplemented with those that were. Only four studies measured 

beta diversity using multivariate dispersion in ordinate space (Anderson, Ellingsen & McArdle, 

2006) while another four measured species diversity accumulation rates that quantify a derivative 

of species turnover (Tuomisto, 2010b).  

The comparison of beta diversity values obtained with differing measures is obviously 

inappropriate, but no single measure is optimal in all contexts. Despite this fact, three measures 

have gained broad uptake: the Sørensen index (28%), the abundance-based Bray-Curtis metric 

(22%), and the additive partitioning of species richness (19%) (Figure 2.4). Only the latter, termed 

actual species turnover (Rdiff = Rtot – Rmean), is a beta component of diversity (sensu Tuomisto, 

2010a), measuring the amount by which the species richness of the total dataset (Rtot) exceeds that 

of the mean species richness of single sampling units (Rmean) (Tuomisto, 2017). The Sørensen 

index measures the number of shared species as a proportion of the average number of species in 

the dataset, and its one-complement (i.e., 1 – Sørensen) equals Whittaker’s actual species turnover 

(R’w
 =Rtot/Rmean) when calculated between two sampling units (Tuomisto, 2017). While the Bray-

Curtis metric collapses to the Sørensen index when all species are equally abundant at sites (or 

when it is applied to incidence data), it is not a function of γ and α so results cannot be interpreted 

in terms of diversity components.  

Beta diversity definitions and appropriate measures  

Beta diversity is quantified by only one measure in 62 studies, and 46 of these use the appropriate 

measure for their chosen definition. Among the 91 studies that defined species turnover, 23 used 

indices not derived from any diversity component, while 11 used such indices in addition to the 

appropriate measure. In five studies, beta components measuring compositional heterogeneity 

were used to quantify species turnover. Nine studies randomly chose a measure with no clear 

reference to what beta component was being examined, and one study that claimed to measure true 

beta diversity used an overlap index (CqN) (Chao, Jost, Chiang, Jiang & Chazdon, 2008) for 

varying q that measures different beta components (Fordyce & DeVries, 2016). 

http://doi.wiley.com/10.1111/1365-2656.12362
http://doi.wiley.com/10.1046/j.1365-2656.2003.00710.x
http://doi.wiley.com/10.1111/j.1461-0248.2006.00926.x
http://doi.wiley.com/10.1111/j.1461-0248.2006.00926.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.06148.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://linkinghub.elsevier.com/retrieve/pii/B9780128096338023773
http://linkinghub.elsevier.com/retrieve/pii/B9780128096338023773
http://doi.wiley.com/10.1111/j.1541-0420.2008.01010.x
file:///C:/Users/m3dso/Desktop/10.1007/s00442-016-3562-0
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Aim 2: General spatial and temporal patterns in the data 

Types of beta diversity patterns studies have addressed 

Studies examining the mechanisms that influence beta diversity in arthropod communities aim to 

discriminate the influence of geographic distance (neutral processes) from those due to 

environmental factors (niche-related processes) such as habitat, elevation, and latitude. Most of 

the 106 beta diversity studies investigated compositional variation from a spatial perspective, 

examining factors such as habitat heterogeneity (63%), geographic distance or area (28%), and 

latitudinal or elevational gradients (15%), often in the context of plant-insect relationships (13%). 

By contrast, only 20% of studies examined beta diversity over time.  

Most studies that examined spatial heterogeneity were interested in determining the 

strength of the correlation between auxiliary factors and variation in community composition. For 

this purpose, multivariate-analysis methods were commonly employed with the ‘distance 

approach’ (59) used more often than the ‘raw-data approach’ (4) (Tuomisto & Ruokolainen, 2006). 

Additionally, 17 studies examined distance-decay relationships across external gradients.  

General conclusions about beta diversity patterns 

Overall, studies that explored similar factors, often did not use comparable indices. In addition, 

the variation in habitat variables, spatial scale, and sampling effort made quantitative comparisons 

difficult. In general, however, niche-related processes had stronger effects on beta diversity than 

neutral processes.  

Both elevation and latitude are factors often influencing high beta diversity among 

communities. For instance, absolute species turnover across elevation (< 1,600 m) was more than 

70% in the lepidopteran communities of the Comoro Islands (Archipelago in Africa) (Marsh, 

Lewis, Said & Ewers, 2010). Proportional species turnover of Brazilian Hymenoptera increased 

with elevational distance (1,000 – 2,000 m) (Perillo, Neves, Antonini & Martins, 2017), as did 

compositional dissimilarity of herbivorous insects, measured using the Bray-Curtis index, at lower 

elevations (20 – 242 m) in Uganda (Heimonen, Lwanga, Mutanen, Nyman & Roininen, 2013). 

While compositional dissimilarity of arthropod communities often decreased linearly with 

elevation, discrete boundaries were also observed, for example, between 1,500 – 1,750 m in 

Colombian scarab beetles (Escobar, Lobo & Halffter, 2006), measured with Cody’s dissimilarity 

http://www.ncbi.nlm.nih.gov/pubmed/17168014
http://linkinghub.elsevier.com/retrieve/pii/S0006320710000996
http://linkinghub.elsevier.com/retrieve/pii/S0006320710000996
http://dx.plos.org/10.1371/journal.pone.0182054
http://www.journals.cambridge.org/abstract_S0266467413000151
http://doi.wiley.com/10.1111/j.1365-2699.2006.01528.x
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index (Cody, 1993). Undoubtedly due, in part, to the diverse measures employed, no clear 

elevational trend emerged from the data; in some studies compositional dissimilarity was greater 

at low (<700 m) elevations (Veijalainen et al., 2014), in others at high (>2000 m) elevations 

(Escobar et al., 2006), and in one study it varied depending on the time of year (Ashton, Kitching, 

Maunsell & Bito, 2011).  

There was some evidence that habitat was more important than latitudinal or elevational 

gradients. Plant identity explained over 50% of the composition heterogeneity (1βMt) of arthropod 

taxa among plant species, including arthropod groups that did not feed on plants, but the variation 

in latitude among sites explained less (~20%) (Gonçalves‐Souza et al., 2015). Similarly, habitat 

type influenced the variation in species composition of Brazilian Lepidoptera, measured using both 

the Bray-Curtis and the Chao-Sørensen indices, more than elevation (Carneiro, Hendrik Mielke, 

Casagrande & Fiedler, 2014). In contrast, changes in host plants with elevation did not explain the 

compositional dissimilarity (measured using multivariate-analysis methods) in Lepidoptera at sites 

in Papua New Guinea perhaps because congeneric host species provided a continuous distribution 

of resources (Novotny et al., 2005).  

Beta diversity between canopy and understory habitats was not uniformly related to 

elevation or time. Differences in the absolute species turnover of moth assemblages increased with 

elevation in the Northern Hemisphere but decreased in the Southern Hemisphere (Ashton et al., 

2016). Additionally, compositional dissimilarity (qD with q = 0 – 5) was higher in the canopy 

compared to the understory communities among Lepidoptera in aseasonal forests (Fordyce & 

DeVries, 2016), but the opposite dissimilarity pattern (2D) was observed in seasonal forests 

(Santos, Iserhard, Carreira & Freitas, 2017). 

In examining plant-insect relationships, diet specialization was influential on latitudinal 

diversity patterns. Tropical weevil species were specialized in their host range and interaction 

strength, whereas temperate congeners had a broader host spectrum (Peguero et al., 2017). 

Consequently, higher effective species turnover was observed in tropical than temperate weevils 

despite similar richness of host species at local and regional levels. This pattern supports the 

hypothesis that host specialization promotes the diversity of herbivorous insects in the tropics 

(Peguero et al., 2017). This hypothesis was further supported by larval Lepidoptera whose 

http://press.uchicago.edu/ucp/books/book/chicago/S/bo3626513.html
http://doi.wiley.com/10.1111/aen.12111
http://doi.wiley.com/10.1111/j.1365-2699.2006.01528.x
https://research-repository.griffith.edu.au/bitstream/handle/10072/42838/75409_1.pdf?sequence=1
https://research-repository.griffith.edu.au/bitstream/handle/10072/42838/75409_1.pdf?sequence=1
http://doi.wiley.com/10.1111/btp.12242
http://dx.plos.org/10.1371/journal.pone.0108207
http://dx.plos.org/10.1371/journal.pone.0108207
https://repository.si.edu/bitstream/handle/10088/3524/Novotny_et_al_2005_altitudinal.pdf
http://doi.wiley.com/10.1111/jbi.12616
http://doi.wiley.com/10.1111/jbi.12616
http://link.springer.com/10.1007/s00442-016-3562-0
http://link.springer.com/10.1007/s00442-016-3562-0
https://www.cambridge.org/core/product/identifier/S0266467417000323/type/journal_article
http://doi.wiley.com/10.1002/ecy.1910
http://doi.wiley.com/10.1002/ecy.1910
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specialized diets drove higher turnover patterns at tropical than temperate sites, measured by 

Whittaker’s effective species turnover (Dyer et al., 2007). 

Aim 3: Reanalysis of beta diversity measures - data access and quality 

As nearly half of the 106 studies (50) had raw data inaccessible, obtaining comparable index values 

by reanalysing the data was not possible. But while the lack of access to data significantly 

constrains comparisons among existing studies, the difficulty of identifying species has 

undoubtedly contributed to the overall lack of studies examining compositional changes in tropical 

arthropod communities. Only 10% of the overall beta diversity literature has explored arthropod 

fauna (Figure 2.1). Past studies (84%) have investigated one order, commonly Coleoptera (26), 

Lepidoptera (25), or Hymenoptera (19) (Figure 2.5). Additionally, large-scale investigations were 

rare with an average of 687 ± 152 (range: 10 – 10,366) species examined per study. 

Of the 106 studies, 17 examined more than one order and six examined >3000 species, 

reflecting the difficulties associated with morphological assessment of tropical arthropod taxa. Of 

the six studies that examined >3000 species, two took advantage of published checklists and online 

databases (Gergócs & Hufnagel, 2015; Oliveira et al., 2016) while three used metabarcoding (Beng 

et al., 2016; Yang et al., 2014; Zhang et al., 2016). The only study (2 papers) to employ a traditional 

morphological approach needed to direct substantial efforts to classify specimens (Basset et al., 

2012, 2015). Additionally, most specimens could only be identified to a genus (62%) and just 23% 

were assigned to a named species.  

While the processing time within the metabarcoding studies was estimated as one quarter 

of that required to morphologically sort taxa, its use came at a price; the operational taxonomic 

units (OTUs) used to assess diversity patterns were, at best, assigned to the order level, and the 

specimens collected were often destroyed. Only 10 studies used OTUs, most often to refine a 

morphospecies assessment. Identifications to a morphospecies or to a combination of species and 

morphospecies were used to measure the compositional variation in arthropod communities in 41 

studies (39%). Although some have questioned if species-level resolution is critical to ascertain 

patterns of beta diversity (Timms, Bowden, Summerville & Buddle, 2013), it is undoubtedly 

important that diversity be measured in a consistent fashion to compare results across studies. 

http://www.nature.com/articles/nature05884
http://www.tandfonline.com/doi/full/10.1080/01647954.2015.1084044
http://doi.wiley.com/10.1111/ddi.12489
http://www.nature.com/articles/srep24965
http://www.nature.com/articles/srep24965
http://linkinghub.elsevier.com/retrieve/pii/S1470160X14002817
http://doi.wiley.com/10.1111/mec.13770
http://www.ncbi.nlm.nih.gov/pubmed/23239740
http://dx.doi.org/10.1371/journal.pone.0144110
http://dx.doi.org/10.1111/icad.12004
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Conclusions 

Five main impediments limit the detection of broad-scale patterns of beta diversity in arthropods. 

First, the term ‘beta diversity’ is often misused, applied to many unrelated phenomena, and 

inconsistently defined. Second, multiple measures are employed to quantify beta diversity and 

most are not comparable as they are unrelated to classical diversity components (i.e., alpha, beta, 

gamma diversity). Third, the chosen phenomenon defined as beta diversity is not quantified by the 

appropriate measure. Fourth, raw data are often inaccessible, resulting in the inability to recalculate 

measures. Finally, inconsistencies in species identification affect the quality of the data. 

Collectively, these five problems impede the consolidation and reanalysis of data necessary to 

determine broad-scale patterns of beta diversity in arthropod communities.  

Recommendations 

The comparison of results across studies has been compromised by ambiguity in usage of the term 

‘beta diversity’, the variety of measures used to quantify it, and the basis of those measures. Clarity 

concerning these three issues has been provided with the recent organization of theoretical and 

mathematical concepts of beta diversity (Tuomisto, 2010a, 2010b). Since diversity terminology 

still needs refinement (Tuomisto, 2011), and the optimal statistical approach for its quantification 

remains uncertain, it is critical that raw data be archived. As well, because diversity studies analyze 

data on species distributions, it is key that specimen identifications be reliable and verifiable. 

Morphological approaches to species delineation have been the rule but, because of taxonomic 

complexity, they have usually involved the assignment of individuals to morphospecies whose 

similarity cannot be compared among studies and which may correspond poorly with actual 

species boundaries.  

The limited access to raw data constrains comparisons among studies while the lack of a 

robust system for identifying species significantly affects the quality of these data. DNA barcoding 

can overcome both these limitations. Firstly, it provides an effective tool for obtaining species-

level taxonomic assignments for complete arthropod communities as evidenced by its proven 

effectiveness in the delineation of species in groups with strong taxonomy (Hendrich et al., 2014; 

Huemer, Mutanen, Sefc & Hebert, 2014; Pentinsaari, Hebert & Mutanen, 2014; Schmidt, Schmid-

Egger, Morinière, Haszprunar & Hebert, 2015; Zahiri et al., 2014). Secondly, the Barcode Index 

http://link.springer.com/10.1007/s00442-011-2128-4
http://link.springer.com/10.1007/s00442-011-2128-4
http://dx.doi.org/10.1111/1755-0998.12354
http://dx.plos.org/10.1371/journal.pone.0115774
http://dx.doi.org/10.1371/journal.pone.0108651
https://www.ncbi.nlm.nih.gov/pubmed/25588628
https://www.ncbi.nlm.nih.gov/pubmed/25588628
http://dx.doi.org/10.1371/journal.pone.0092797
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Number (BIN) (Ratnasingham & Hebert, 2013) provides a registration system for species, both 

known and new. It enables the comparison of objectively defined species proxies among studies 

thus facilitating large-scale, community-level investigations of beta diversity (Geiger et al., 2016; 

Wirta et al., 2016). Finally, the capacity of BOLD, the Barcode of Life Data System (Ratnasingham 

& Hebert, 2007), to capture entire datasets in an easily accessible format means that data 

accessibility is assured. BOLD is well established, facilitating the storage and sharing of the large 

DNA-based datasets essential for assessment of spatial and temporal patterns in beta diversity; 

currently, more than 374,000 arthropod BINs are available on BOLD, providing an important 

baseline for the assessment of arthropods. 

Because of the difficulties in identifying specimens to a species level, there has been a 

trend to quantify phylogenetic differences among communities (Graham & Fine, 2008; Hardy & 

Senterre, 2007). The number of studies in the beta diversity literature informed by phylogenetic 

data is increasing with the development of new analytical tools, but these techniques have rarely 

been applied to arthropod communities (Vamosi, Heard, Vamosi & Webb, 2009). The addition of 

a phylogenetic dimension to the measurement of beta diversity, by determining the sequence 

divergence of species among sampling units, will add valuable evolutionary insights into the 

compositional heterogeneity of communities. However, it is important to consider the effects that 

past confusion of beta diversity has had on data, and to be mindful in incorporating phylogenetic 

information to avoid repeating the errors that have compromised tradition beta diversity studies. 

The large barcode datasets that are now emerging will provide an outstanding opportunity to 

examine the impact of incorporating phylogenetic insights. Although it might be expected that 

phylogenetic assessments based on a single marker would be limited, the DNA barcode region 

generates metrics of phylogenetic diversity which closely correspond to those obtained from multi-

gene phylogenies (Boyle & Adamowicz, 2015).  
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Tables and Figures 

Table 2.1: The 30 measures used in 106 studies on arthropods in tropical ecosystems. 

 Measure Reference Type of data Type of measure Ref 

1 Additive Lande, 1996; Tuomisto, 2017 
Incidence 

Beta component qβAt 3# 
Abundance 

2 Beta turnover Wilson & Shmida, 1984  Incidence 0βMt-1 (Δg) 2.4* 

3 Beta-1 Harrison et al., 1992  Incidence Δ0βMt/Δx 4.3A* 

4 Bray-Curtis Bray & Curtis, 1957  

Incidence Derived from 0βMt-1 4# 

Abundance - - 

5 Chao-Jaccard Chao et al., 2005 Abundance - - 

6 Chao-Sørensen Chao et al., 2005 Abundance - - 

7 CNESS Trueblood et al., 1994  Abundance - - 

8 Cody Cody, 1975 Incidence βAt (Δg) 4.6* 

9 Cody Cody, 1993 Incidence βAt (Δg)/Δg 4.7* 

10 Codominance Condit, 2002 Abundance - - 

11 Complementarity index Colwell & Coddington, 1994  Incidence Derived from 0βPt 5# 

12 Czekanowski Pielou, 1984 Abundance - - 

13 Diserud–Ødegaard Diserud & Ødegaard, 2007 Abundance Derived from 0βPt 5# 

14 Euclidean Sneath & Sokal, 1963  Abundance - - 

15 Horn Horn, 1966 Abundance Derived from H’γ-γj 6# 

16 Jaccard Jaccard, 1990 Incidence Derived from 0βPt 5# 

17 Kulczynski Kulczynski, 1928 Abundance - - 

18 Manhattan Michener & Sokal, 1957 Abundance - - 

19 Morishita Morishita, 1967 Abundance - - 

20 Morisita-Horn Horn, 1966 Abundance Derived from 2βPt 6# 

21 Multiplicative Tuomisto, 2010, 2017 
Incidence Beta component Rβ 1# 

Abundance Beta component qβMt 1# 

22 NESS Grassle & Smith, 1976 Abundance - - 

23 Percentage Similarity Whittaker, 1960 Incidence - - 

24 Raup-Crick Raup & Crick, 1979 Abundance - - 

25 Routledge I Routledge, 1977 Incidence - - 

26 Routledge E Routledge, 1977 Incidence - - 

27 Růžička Růžička, 1958 Abundance - - 

28 Simpson Simpson, 1949 Incidence - 3.2* 

29 Sørensen Sørensen, 1948 
Incidence 

Derived from qβMt-1 4# 
Abundance 

30 Whittaker Whittaker, 1960  Incidence Beta component 0βMt-1 3# 

Ref: #Tuomisto, 2010a, *Tuomisto, 2010b. See Table S2.1 for formulae 
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http://www.jstor.org/stable/5518
http://doi.wiley.com/10.2307/1942268
http://doi.wiley.com/10.1111/j.1461-0248.2004.00707.x
http://doi.wiley.com/10.1111/j.1461-0248.2004.00707.x
http://doi.wiley.com/10.4319/lo.1994.39.6.1440
http://www.hup.harvard.edu/catalog.php?isbn=9780674224445
http://press.uchicago.edu/ucp/books/book/chicago/S/bo3626513.html
http://www.sciencemag.org/cgi/doi/10.1126/science.1066854
http://www.ncbi.nlm.nih.gov/pubmed/7972351
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http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
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http://doi.wiley.com/10.2307/1936932
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http://doi.wiley.com/10.2307/1943563
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.06148.x
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Figure 2.1: Cumulative number of beta diversity studies on arthropods in tropical and subtropical 

forest ecosystems (106) (bars, left axis) and ratio of beta diversity studies on all arthropods (486) 

to all beta diversity papers (4,683) (points, right axis) between 1960 – 2017 based on the ISI Web 

of Science. 
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Figure 2.2: Map indicating the number of investigations on arthropod beta diversity in tropical 

and subtropical forest ecosystems across Central and South America, Africa, south-east Asia and 

Australia. Biomes based on Olson et al. (2001). Note the number of investigations do not add up 

to the 106 studies considered because some dealt with more than one region. 
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Figure 2.3: Words used to define beta diversity in 106 studies on arthropods in tropical 

ecosystems. Larger words are more frequently used in studies with colours linked to the histogram. 
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Figure 2.4: Number of studies that employed each of 30 measures of beta diversity among the 106 

studies on tropical arthropods. The measures are grouped by whether they are beta components 

(sensu Tuomisto, 2010a) (a), derived from alpha and gamma components (b), or not related to any 

diversity components (c). The use of incidence (black) and abundance (grey) data are indicated. 

Note that the Bray-Curtis index occurs in two different groups based on whether it is calculated 

with incidence or abundance data.

a 

 

b 

 

 

 

c 
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Figure 2.5: Count of families, species, morphospecies, and operational taxonomic units (OTUs) examined in 106 studies on arthropods 

in tropical ecosystems. Colour of each point indicates the taxa investigated while shape indicates studies that investigated taxa within 

an order (), across more than one order (), and across more than one class (). 
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3 CHAPTER 3: STABLE BASELINES OF TEMPORAL TURNOVER UNDERLIE HIGH BETA 

DIVERSITY IN TROPICAL ARTHROPOD COMMUNITIES 

Abstract 

While the high species diversity of arthropod communities has often been linked to marked spatial 

heterogeneity, their temporal dynamics have received little attention. We address this gap by 

examining spatio-temporal variation in the arthropod communities of a tropical montane forest in 

Honduras. By employing DNA barcode analysis and Malaise trap sampling across four years and 

five sites, we assigned 51,596 specimens to 8,193 presumptive species. Results indicated that high 

true beta diversity was linked more strongly to elevation than geographic distance, decreasing by 

12% when considering only the dominant species. We detected only a 2% decline in true beta 

diversity when increasing the sampling effort by deploying more traps at a site, but a 27% decline 

when increasing the duration of sampling across years. Species inconsistently detected among 

years, likely transients from other settings, drove the low similarity in species composition among 

traps only a few metres apart. The dominant, temporally persistent species substantially influenced 

the cyclic pattern of change in community composition among years. This pattern likely results 

from divergence-convergence dynamics, suggesting a stable baseline of temporal turnover in each 

community. The overall results establish that large sample sizes are necessary to reveal species 

richness, but are not essential for quantifying beta diversity. This study further highlights the need 

for standardized methods of sampling and species identification to generate the comparative data 

required to evaluate biodiversity change in space and time.  

Introduction 

Recent evidence for substantial declines in the species richness and biomass of arthropod 

communities reinforces the need for expanded monitoring programs (Dirzo et al., 2014; Hallmann 

et al., 2017). Ideally, such work requires knowledge of species composition, the hyper-diversity of 

tropical communities means that species lists are never comprehensive. Because exhaustive 

species inventories cannot be achieved, even with large-scale sampling (Basset et al., 2012), 

assessments of tropical biodiversity have relied on estimating diversity using incomplete 

abundance or incidence data (Gotelli & Colwell, 2010). In such analyses, variation among 

http://www.sciencemag.org/cgi/doi/10.1126/science.1251817
http://dx.plos.org/10.1371/journal.pone.0185809
http://dx.plos.org/10.1371/journal.pone.0185809
http://www.ncbi.nlm.nih.gov/pubmed/23239740
https://global.oup.com/academic/product/biological-diversity-9780199580675?cc=ca&lang=en&
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compositionally distinct sampling units, i.e., true beta diversity, is often overlooked, although the 

estimated number of species typically increases as samples are taken at different sites and times. 

There has been a resurgence of interest in beta diversity, motivated by its pivotal role in structuring 

communities and a new awareness of how local processes contribute to regional diversity patterns 

(Buckley & Jetz, 2008). While tropical biodiversity surveys cannot fully document species 

richness, the study of spatio-temporal variation underlying beta diversity represents an important 

first step in understanding why tropical communities are so diverse (Magurran & Queiroz, 2010). 

Effective species turnover, a key variant of true beta diversity, quantifies the change in 

species composition among distinct sampling units (Tuomisto, 2010a). Based on correlations with 

environmental and geographic distance, both niche-based and neutral processes have been linked 

to spatial variation in effective species turnover (Soininen, McDonald & Hillebrand, 2007). More 

recently, the same approach has been extended to consider species turnover with time, i.e., 

temporal turnover (Basset et al., 2015; Hatosy et al., 2013; Matsuoka, Kawaguchi & Osono, 2016), 

with the goal of quantifying shifts in community composition over time frames that are too short 

for autocorrelation approaches (Collins, Micheli & Hartt, 2000). Viewed from a temporal 

perspective, a community can be either stable or it can exhibit directional change, diverging from 

or converging towards its original state. In some situations, a combination of divergence and 

convergence dynamics results in cyclic patterns that follow environmental perturbations 

(Magalhães, Beja, Schlosser & Collares-Pereira, 2007). However, because temporal turnover has 

received so little study, the baseline data needed to distinguish natural from anthropogenic change 

is lacking (Magurran, 2016; Mihoub et al., 2017).  

The perceived extent of temporal change in community composition reflects the impacts 

of both random sampling over short time intervals and colonization-extinction dynamics of species 

in response to succession, environmental change, and other metapopulation processes over longer 

intervals (Dornelas et al., 2014; Henry & Cumming, 2016). Metacommunity theory recognizes the 

importance of ‘species sorting’ where organisms track environmental variation over space via 

dispersal (Chase & Leibold, 2003). Reflecting such tracking, the core-transient hypothesis 

proposes that the species in a community can be partitioned into two groups; core species are 

typically abundant and sustain local populations through time, while transient species are both 

uncommon and are encountered sporadically as their presence reflects dispersal from other settings 

http://dx.doi.org/10.1073/pnas.0803524105
http://doi.wiley.com/10.1111/j.1744-7429.2010.00670.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://dx.doi.org/10.1111/j.0906-7590.2007.04817.x
http://dx.doi.org/10.1371/journal.pone.0144110
http://dx.doi.org/10.1890/12-2125.1
http://dx.doi.org/10.1093/femsec/fiw061
http://doi.wiley.com/10.1034/j.1600-0706.2000.910209.x
http://doi.wiley.com/10.1111/j.1365-2427.2007.01781.x
http://www.sciencemag.org/cgi/doi/10.1126/science.aad6758
http://www.nature.com/articles/srep41591
http://www.sciencemag.org/cgi/doi/10.1126/science.1248484
http://dx.doi.org/10.1002/ecs2.1451
http://press.uchicago.edu/ucp/books/book/chicago/E/bo3638660.html
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(Grinnell, 1922; Magurran & Henderson, 2003). Transients show elevated levels of temporal 

turnover (Costello & Myers, 1996) and differing abundance patterns (Ulrich & Ollik, 2004) from 

core species. Distinguishing temporal turnover in these groups is crucial to understand biodiversity 

change (Dornelas et al., 2013; Magurran & Henderson, 2010) and to develop action plans (Hercos, 

Sobansky, Queiroz & Magurran, 2012).  

Few studies have evaluated temporal turnover in arthropod communities because 

information on species composition has rarely been collected in a consistent fashion (Magurran et 

al., 2010). Instead, datasets vary in sampling methodology, intensity, and interval, as well as 

taxonomic resolution, impeding comparison among studies. Malaise traps are an ideal approach 

for standardizing sampling efforts. They are cost- and time-effective, particularly for flying insects, 

but they also sample ground-dwelling Collembola and Arachnida well enough to differentiate 

biotopes (Oxbrough, Gittings, Kelly & O’Halloran, 2010). In a similar fashion, DNA barcoding 

represents the best way to standardize the identification of arthropod communities (Aagaard et al., 

2017; Geiger et al., 2016; Morinière et al., 2016). This standardization enables the objective 

assignment of specimens to a Barcode Index Number (BIN), a robust proxy for species, permitting 

the identification of all taxa, even those that are undescribed (Ratnasingham & Hebert, 2013).  

Malaise traps are particularly well-suited for examining spatio-temporal variation in beta 

diversity because sampling effort can be standardized by their deployment for a fixed interval of 

time. Admittedly, more information is needed on the ability of single Malaise traps to sample a 

local arthropod community. If sampling is incomplete, species shared by habitats will be missed, 

inflating estimates of beta diversity (Chao, Chazdon, Colwell & Shen, 2005). Although studies in 

temperate ecosystems have revealed that replicate traps are essential to avoid undersampling and 

underestimation of species richness (Fraser, Dytham & Mayhew, 2008; McCravy, 2017), the 

effects on beta diversity patterns have not been evaluated, particularly within tropical ecosystems 

(Missa et al., 2009).  

We assess the true species diversity of all arthropods collected by a network of Malaise 

traps deployed in a tropical montane forest. In addition, we examine how temporal dynamics affect 

true beta diversity in this region. Specifically, we deployed Malaise traps for four years at two 

sites, and at five sites in total with three aims: 

http://www.jstor.org/stable/info/10.2307/4073434
http://dx.doi.org/10.1038/nature01547
http://dx.doi.org/10.1016/0022-0981(96)00030-5
http://doi.wiley.com/10.1111/j.1366-9516.2004.00082.x
http://www.sciencemag.org/cgi/doi/10.1126/science.1248484
http://dx.doi.org/10.1098/rstb.2010.0285
http://rspb.royalsocietypublishing.org/cgi/doi/10.1098/rspb.2012.2076
http://rspb.royalsocietypublishing.org/cgi/doi/10.1098/rspb.2012.2076
http://dx.doi.org/10.1016/j.tree.2010.06.016
http://dx.doi.org/10.1016/j.tree.2010.06.016
http://link.springer.com/10.1007/s10841-009-9238-x
http://link.springer.com/10.1007/s11252-016-0597-2
http://link.springer.com/10.1007/s11252-016-0597-2
http://dx.doi.org/10.3897/bdj.4.e10671
http://dx.doi.org/10.3897/bdj.4.e10671
http://dx.plos.org/10.1371/journal.pone.0066213
http://doi.wiley.com/10.1111/j.1461-0248.2004.00707.x
http://doi.wiley.com/10.1111/j.1752-4598.2007.00003.x
http://www.bioone.org/doi/10.1656/045.024.0102
http://dx.doi.org/10.1007/s10841-007-9130-5
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1. Assess if Malaise traps effectively sample the hyper-diverse arthropod communities found 

in tropical ecosystems. We examine whether a single Malaise trap samples a representative 

proportion of the community, making it possible to ascertain true beta diversity or does an 

increase in sampling effort (e.g. deploying more traps at a site) shift diversity values. 

2. Determine if a single Malaise trap can detect shifts in true species diversity across the 

dominant environmental gradient (elevation) structuring tropical montane communities. 

3. Assess the temporal dynamics of tropical communities. We consider whether the detection 

of a species is related to its temporal persistence as predicted by the core-transient 

hypothesis. If so, we examine how patterns of diversity and temporal turnover differ in the 

community and between these two groups.  

Materials and Methods 

Study location  

We conducted this study in Cusuco National Park (15°32'31''N, 88°15'49''W), a tropical montane 

forest in the Merendón mountains of north-western Honduras (Figure S3.1a) with a mean annual 

precipitation of approximately 2,500 mm (Baker, 1994) most falling during the early wet season 

(May – November). We deployed Malaise traps from mid-June to early August 2012 – 2015 

(Figure S3.2). The interior 76.9 km2 core zone of the park ranges in elevation from 1,000 m to 

2,425 m a.s.l., and the forest is dominated by mixed broadleaved and pine trees including species 

of Liquidambar (Altingiaceae), Pinus (Pinaceae) and Quercus (Fagaceae) (Batke, Cascante-Marín 

& Kelly, 2016).  

Sampling program 

We collected arthropod specimens using Townes-style Malaise traps (Figure SI.1) that we 

deployed in a varied spatio-temporal framework across four years and five sites (Figure S3.1b). 

We positioned each trap within an undisturbed, broadleaved forest site with its bottle-end 

westward. We employed 95% ethanol as a preservative and collected samples weekly (x ± SE: 

6.70 ± 0.004 days). After removing each bottle from the field, we refreshed the ethanol and stored 

samples away from direct sunlight.  
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The five sites were located along an 800-m elevational gradient with two at 1,200 m, two 

at 1,600 m, and one at 2,000 m (Table S3.1). We sampled two sites on the eastern side of the park, 

Base Camp (1,600 m) and Guanales (1,219 m), for four consecutive years (2012 – 2015) to 

examine the temporal dynamics of the communities. We deployed one Malaise trap at each site 

for six to eight weeks (June 11 – August 7) from 2012 to 2014. We then intensified sampling effort 

in 2015 to examine the variability in species composition among three Malaise traps placed about 

5 m apart, deployed along a diagonal line at the center of each site. We labelled traps BC1-3 and 

GU1-3 and sustained sampling for eight weeks, except for GU3 which was destroyed after five 

weeks by a tree fall. To further examine elevational variation, we sampled another eastern site, 

Cantiles (2,028 m), for the same eight weeks in 2014 and 2015. Finally, we sampled two sites on 

the western side of the park, Cortecito (1,196 m) and Danto (1,607 m), for five weeks (June 27 – 

July 28) in 2014 to provide data for sites at similar elevation to Base Camp and Guanales.  

In total, sampling extended for 749 days, yielding 113 samples. The three eastern sites 

averaged 2.53 km apart, the two western sites were 3.01 km apart, while the eastern and western 

sites averaged 7.77 km (range: 5.16 – 10.6 km) apart in horizontal distance (Figure S3.1b). 

Specimen sorting and DNA barcoding 

We identified all specimens to an order, then arrayed, labelled, and databased them. We pinned 

large-bodied specimens, and removed a leg for analysis, while we placed small-bodied specimens 

directly into 96 well-plates and recovered them after DNA extraction. We carried out all DNA 

barcode analyses using standard protocols at the Canadian Centre for DNA Barcoding 

(http://ccdb.ca/resources). We uploaded sequences from the specimens to the Barcode of Life Data 

System (BOLD) where Refined Single Linkage analysis, the Barcode Index Number (BIN) 

designation algorithm in BOLD, assigns each specimen to an existing or new BIN (Ratnasingham 

& Hebert, 2007, 2013). When available, we photographed a few representatives of each BIN and 

subsequently uploaded images to BOLD. With very few exceptions, BOLD assigned each 

specimen to at least a family based on the specimen’s membership in a previously identified BIN. 

On occasion, we needed to assign specimens to a family by morphological inspection. As BIN 

assignments are dynamic, we downloaded all data on June 12, 2017 and analyses reflect their 

assignments at that time. 

http://v4.boldsystems.org/
http://v4.boldsystems.org/
http://onlinelibrary.wiley.com/doi/10.1111/j.1471-8286.2007.01678.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1471-8286.2007.01678.x/full
http://dx.plos.org/10.1371/journal.pone.0066213
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We believe that all specimens captured by Malaise traps should be analyzed. While Malaise 

traps most effectively sample flying insects, results from other taxa are valuable. For example, 

spiders from Malaise traps consistently separated species assemblages by biotope (Oxbrough, et 

al., 2010). In addition, Collembola were the only taxonomic group where the species accumulation 

curve reached an asymptote in this study. More importantly, as we are interested in standardized 

sampling, we believe it is more objective to retain all taxa and examine changing patterns with 

diversity metrics that differentially weight rare and abundant species. We feel this approach is 

superior to the subjective removal of taxa based on preconceived notions of sampling efficiency, 

not thoroughly tested in all scenarios. 

Estimating species richness and sample completeness 

We calculated an asymptotic species richness estimator (Sest), Chao1, for the arthropod community 

in the region, at a site, and in each year, as well as for each trap, for every pairwise combination 

of traps, and for all three traps at a site (R vegan: estimateR). As a non-parametric statistic which 

employs the number of singletons and doubletons to estimate species richness, Chao1 is less 

sensitive to small sample sizes than other diversity metrics (Chao, Colwell, Lin & Gotelli, 2009). 

We also calculated the additional sample sizes needed to detect 90%, 95%, and 100% of Sest based 

on the probability that each additional specimen would represent a previously undetected species 

(Chao et al. 2009). As well, we constructed species accumulation and sample completeness curves 

based on the number of individuals and extrapolated these curves to twice the actual sample size 

(greater extrapolation creates values with prediction bias) (R iNEXT). Sample completeness is a 

measure that indicates what proportion of the total specimens in the region that belong to the 

species sampled (Chao et al., 2014). While the estimation of species richness in highly diverse 

communities is statistically difficult, sample completeness can be estimated more accurately. 

Measuring true species diversity 

We measured true species diversity (qD) as the inverse of the weighted mean of the proportional 

species abundances (Tuomisto, 2010a). This is the number of effective species, i.e., the number of 

species if all were equally abundant. The weighted mean is calculated with the exponent q that 

alters the relative weight given to rare versus abundant species; q < 1 de-emphasizes abundance 

differences among species giving rare species more weight, q =1 gives each species a weight 

http://link.springer.com/10.1007/s10841-009-9238-x
http://link.springer.com/10.1007/s10841-009-9238-x
http://doi.wiley.com/10.1890/07-2147.1
http://doi.wiley.com/10.1890/07-2147.1
http://doi.wiley.com/10.1890/13-0133.1
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
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relative to its proportional abundance, and q > 1 enhances abundance differences by assigning 

abundant species more weight. Diversity is highest when species abundances are equal while the 

higher the unevenness in species abundances, the steeper the decline in diversity with increasing 

q. In each analysis, we examined this aspect of community structure by comparing how patterns 

changed when the true species diversity was quantified for q = 0, 1, and 2. The measure 0D weights 

species equally and represents the species richness of the dataset, 1D counts individuals equally 

and represents the effective number of common species in the dataset, and 2D emphasizes species 

with the highest proportional abundances and represents the effective number of dominant taxa in 

the dataset.  

Hierarchical diversity partitioning enables an assessment of how each spatial and temporal 

component contributions to true species diversity (Tuomisto, 2010a). This approach was used to 

partition the true species diversity in the dataset (gamma diversity qDγ) into its alpha (qDα) as well 

as its temporal (qDβ1) and spatial beta (qDβ2) components (qDγ = qDα * qDβ1 * qDβ2) (R vegan: 

multipart). Alpha diversity qDα is the number of effective species per compositional unit while beta 

diversity qDβ is the number of compositional units, representing distinct sampling units that share 

no effective species but with the same average effective species diversity as the actual sampling 

units (Tuomisto, 2010a). It has a minimum value of 1.0 when all effective species are shared and 

a maximum value equivalent to the number of sampling units when no effective species are shared. 

Additionally, to examine the relative contributions of explanatory factors to variation in beta 

diversity, compositional similarity measures (qC) for q = 0, 1, and 2 were calculated between 

samples (R vegetarian: sim.table) (Jost, 2006). 0C and 2C yield the commonly used Sørensen and 

Morisita-Horn indices respectively. The one-complement (1 – qC) of these indices are linear 

transformations of effective species turnover measures (Tuomisto, 2010a). While qC is employed 

to interpret how compositional overlap varies with q, 1C (Horn index) is not directly used to 

express temporal turnover in the interpretation of results as it does not measure effective species 

turnover (Tuomisto, 2010a). 
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Assessing spatio-temporal beta diversity patterns 

We began by examining taxon diversity and composition among all 113 samples before addressing 

each of our three aims. All values are presented as mean ± SE and all analyses were done in R ver. 

3.3.2 (R Development Core Team, 2016).  

1. Effectively sampling the hyper-diverse arthropod communities of tropical ecosystems 

We addressed aim 1 and examined the effect of increasing the number of Malaise traps on 

estimates of true beta diversity by considering all specimens from the six Malaise traps deployed 

at Base Camp and Guanales in 2015. The true species diversity in the region (qDγ) was partitioned 

into the number of effective species per compositionally distinct week (qDα1) and site (qDα2), and 

the effective number of compositionally distinct weeks (qDβ1) and sites (qDβ2). If a single Malaise 

trap samples a representative proportion of the community, undersampling will have little effect 

on estimates of true beta diversity, and the values will be unaffected by the number of traps 

deployed. To test this prediction, we compared diversity values for individual traps (three traps 

per site = nine comparisons between sites), for every pairwise combination (three trap 

combinations per site = nine comparisons between sites), and for all three (one comparison 

between sites). To determine if processes beyond random sampling were important in explaining 

each partitioned component, the observed diversity values were compared to those expected by 

individual-based randomization (R vegan: commsim) calculated by generating 1000 random 

communities, i.e., randomizing species occurrence within each sampling unit while maintaining 

the species richness of the sampling unit and the community.  

2. Detecting shifts in diversity across the dominant environmental gradient (i.e., elevation)  

We addressed aim 2 and tested the utility of a single trap in detecting patterns across an 

elevational gradient, by examining all specimens from one trap at each of the five sites. Because 

elevation is typically the dominant factor structuring montane communities within a contiguous 

area of similar habitat (García-Robledo, Kuprewicz, Staines, Erwin & Kress, 2016), the analysis 

of compositional dissimilarity should show high similarity among samples from a site, and 

between sites from a particular elevation, even when they are separated by substantial geographic 

distance. To test this prediction, we used non-metric multidimensional scaling (NMDS) (R MASS: 

metaMDS) to visualize compositional dissimilarity (1 – qC). We optimized this ordination for two 

http://www.pnas.org/lookup/doi/10.1073/pnas.1507681113
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dimensions and used permutational analysis of variance (PERMANOVA) to test for significant 

differences among samples with elevation and year as factors (R vegan: adonis).  

3. Assessing the temporal dynamics of tropical communities 

We addressed aim 3 and explored the temporal dynamics of tropical communities by 

considered all specimens at the two sites (Base Camp and Guanales) sampled for four years. We 

quantified variability in the abundance of individual species using the coefficient of variation (CV 

= σ/ μ), where σ is the standard deviation of the species’ abundances over time and μ is its mean. 

To examine spatio-temporal effects on overall compositional heterogeneity, the true species 

diversity in the region (qDγ) was partitioned into the number of effective species per 

compositionally distinct year (qDα1) and site (qDα2), and the effective number of compositionally 

distinct years (qDβ1) and sites (qDβ2).  

In addition, we examined the rate of change in temporal turnover (Level 2 regression sensu 

Tuomisto, 2010b) using distance-decay graphs where temporal turnover, expressed as 

compositional similarity (qC) between sampling units over time, was regressed onto temporal 

distance (Δ time). This was done separately for temporal turnover within a year (intra-annual 

dataset) and between years (inter-annual dataset). For the intra-annual analysis, we calculated qC 

between samples within a year, pooled values among all four years, and then plotted them against 

the distance in time (Δ days). For the inter-annual analysis, we calculated qC between samples 

within and between years, and then plotted values against the distance in time (Δ years). This form 

of time lag regression can be used to determine if communities are undergoing directional change 

or cyclic patterns (Collins et al., 2000). A significant linear model with a negative slope indicates 

the community has diverged from its original state, either directionally in response to internal or 

external factors, or autocorrelated stochastic variability. By contrast, a significant positive slope 

indicates convergent dynamics, reflecting a return of the community to an earlier state in the time 

series. A significant quadratic term indicates a combination of divergence and convergence 

dynamics. We compared Akaike information criterion values corrected for small sample sizes 

(AICc) to select the best descriptive model.  

  

http://doi.wiley.com/10.1111/j.1600-0587.2009.06148.x
http://doi.wiley.com/10.1034/j.1600-0706.2000.910209.x
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Results 

Taxon diversity and composition 

The samples from all Malaise traps across the four years and five sites contained 59,761 arthropods 

of which 51,596 specimens (86%) were successfully sequenced (Table 3.1 & Table 3.2). The 

percentage of specimens generating a sequence varied among arthropod orders (χ2 
(31) = 6744, P < 

0.001) with substantially lower recovery for Hymenoptera (66%), Hemiptera (66%), 

Archaeognatha (52%), Pseudoscorpiones (50%), and Opiliones (38%) than for the others (Figure 

S3.3). In total, BIN analysis of the sequences revealed 8,193 species belonging to 377 families, 

and 32 orders (Figure 3.1). While most (96%) specimens were assigned to a family, only 1% could 

be identified to a Linnaean species.  

Insects dominated the catch with 42,279 specimens (82%) and 7,561 species (92%) while 

Collembola and Arachnida were represented by 6,819 (13%) and 2,494 (5%) specimens 

respectively. Despite their abundance, Collembola were represented by just 148 (2%) species 

while there were 480 (6%) species of Arachnida. Although Coleoptera (Staphylinidae > 

Curculionidae), and Collembola (Entomobryidae > Neanuridae) included families with the 

greatest number of individuals (>1800 individuals in each), the most species-rich families (>220 

species in each) were Diptera (Cecidomyiidae > Phoridae > Sciaridae > Chironomidae), and 

Hymenoptera (Platygastridae > Ichneumonidae > Braconidae).  

The Sest indicated that 43% of the arthropod species in the sampling area await capture. An 

estimated 167,481 specimens will require analysis to recover 95% of the estimated 14,276 ± 266 

species, while complete coverage would require analyzing nearly a million (933,393) specimens 

(Table 3.1, Figure S3.4a). While these estimates reflect the many rare species (singletons: 4,015; 

doubletons: 1,325), the sample completeness estimate (0.92) indicates that the ‘missed’ species 

only represent 8% of the individuals in the community. 

Aim 1: Effectively sampling tropical arthropods – variance among Malaise trap samples 

In total, 24,856 specimens and 4,908 species were analyzed from the six Malaise traps deployed 

at the two sites in 2015 (Table 3.1). Overall, Sest indicated that 44% of species await capture and 

that an estimated 463,318 specimens would require analysis to comprehensively sample the two 
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sites (Table 3.1). The specimens required to achieve complete coverage rose 54 – 66% with 

increased sampling effort and, as a result, the species accumulation curve for both sites did not 

reach an asymptote even with the increased sampling intensity (Figure S3.4b). However, the 

sample completeness estimate (0.89) indicated that the unrepresented species only comprise 11% 

of the individuals in the community. 

Variance in species diversity 

Weekly samples at the mid-elevation site averaged 322 ± 22 specimens (range: 175 – 577) (Figure 

S3.5a) versus 814 ± 61 specimens (range: 428 – 1,566) at the lower-elevation site (Figure S3.5b). 

The number of specimens in each sample varied significantly among traps (ANOVA, F4, 33 = 2.75, 

P = 0.044) with the effect of a trap depending on the sampling week (F5, 33 = 3.12, P = 0.021). 

Similarly, the true species diversity (qD) of samples varied among traps (ANOVA, F4, 255 = 8.75, 

P < 0.001) with the effects depending on the sampling week (F1, 255 = 6.36, P = 0.012). Samples 

from the mid-elevation site averaged 175 ± 8 species (range: 104 – 258) (Figure S3.5c) while those 

from the low elevation site averaged 435 ± 27 (range: 244 – 712) species (Figure S3.5d). 

Considering only the dominant species (2D), samples from the mid-elevation site averaged 77 ± 3 

(range: 36 – 117) (Figure S3.5g) while those from the lower-elevation site averaged 105 ± 8 (range: 

32 – 253) (Figure S3.5h).  

Variance in pairwise compositional similarity 

To explore how differences in true species diversity affected variance between traps, pairwise 

compositional similarity (qC) values were examined between traps for the duration of sampling (n 

= 6, grain = 56 days), and among samples between traps in the same week (n = 45, grain = 7 days). 

Compositional similarity between traps increased as estimates weighted abundant species more 

heavily, rising from 0.43 ± 0.01 to 0.72 ± 0.02 (Figure S3.6a). Overall, the similarity between traps 

decreased by ~20% with shorter temporal samples (from 56 to 7 days). Similarity values and their 

variability increased with q from an average 0.29 ± 0.01 (range: 0.24 – 0.36) to 0.50 ± 0.02 (range: 

0.24 – 0.74) (Figure S3.6b). Overall, similarity varied with the sampling week (ANOVA, F7, 88 = 

5.45, P < 0.001), but no consistent differences were apparent between pairs of traps (F4, 88 = 1.59, 

P = 0.18).  
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Effect of increasing the number of traps on species diversity 

Increasing the number of traps raised the average true species diversity (0D) of a compositionally 

distinct week (ANOVA, F1, 17 = 358, P < 0.001) and site (F1, 17 = 210, P < 0.001) as well as the 

region (F1, 17 = 191, P < 0.001) by more than 95% (Figure 3.2a). Among traps at a site, only 20% 

of species were shared among the three samples from a week (0Dβ1), but this increased to 50% for 

the dominant taxa (2Dβ1). Despite the low species overlap among traps, the average number of 

compositionally distinct sites only decreased by 2% (0Dβ2 = 1.87 ± 0.003 CU) when the number 

of traps were increased and all species were considered (ANOVA, F1, 17 = 67.7, P < 0.001) (Figure 

3.2b). The average number of compositionally distinct sites showed a greater decrease (12%) (2Dβ2 

= 1.63 ± 0.03 CU) when only dominant species were considered (ANOVA, F2, 53 = 50, P < 0.001), 

but it was unaffected by the number of traps (F1, 17 = 0.00, P = 0.99). Additionally, the average 

number of compositionally distinct weeks (0Dβ1) decreased by 9% (4.28 ± 0.06 CU) as trap number 

increased (ANOVA, F1, 17 = 5.74, P = 0.03) (Figure 3.2b). However, variation across weeks did 

not reflect real compositional units in the community as values were not significant after 

accounting for random sampling. These results suggest that, despite stochastic variation in the 

species sampled by each trap at a site, estimates of true beta diversity based on a single Malaise 

trap are valid. 

Aim 2: Shifts in diversity across external gradients – geographic vs. elevational distance 

True species diversity was then examined among the five sites with single traps, an analysis that 

considered 35,245 specimens and 6,645 species (Table 3.2, Figure S3.7). While the number of 

samples varied from 5 to 30 among sites, rarefaction curves indicated that the mid- and higher-

elevation sites displayed similar species accumulation patterns, and were less diverse than the 

lower-elevation sites (Figure S3.4c). True beta diversity (0Dβ) indicated 4.0 compositionally 

distinct sites but, despite the very low proportion of species shared (Figure 3.3a), the compositional 

dissimilarity (1 – 0C) between samples among sites revealed clear separation on the first axis in 

the NMDS ordination between the lower-, mid-, and higher-elevation sites (PERMANOVA, F1, 83 

= 10.9, P = 0.005, r2 = 0.12) (Figure 3.3b). Average compositional dissimilarity between sites 

decreased from 0.87 ± 0.02 to 0.79 ± 0.04 with increasing q. While dissimilarity was reduced, 

similar patterns were apparent when only dominant taxa were considered (1 – 2C) 

(PERMANOVA, F1, 83 = 20.0, P = 0.005, r2 = 0.18). These results suggest that elevation has the 
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most important impact on species composition as sites were more like their elevational 

counterparts on the other side of the park than to their closest neighbours.  

Aim 3: Temporal dynamics of tropical communities – Base Camp and Guanales 

Temporal patterns were evaluated using the 24,932 specimens collected at the mid- and lower-

elevation sites between 2012 – 2015 (Table 3.2, Figure S3.7). Traps at the lower-elevation site 

collected more specimens than their mid-elevation counterparts (ANOVA, F1, 51 = 8.14, P = 0.006), 

but catch varied significantly across years at both sites (F3, 51 = 3.98, P = 0.01). BIN analysis of 

the sequences revealed 5,006 species with 1,977 and 3,551 species at the mid- and lower-elevation 

sites respectively. Samples from the lower-elevation site had higher species richness (ANOVA, 

F1, 51 = 11.8, P = 0.001), and richness values were stable among the annual samples from each site 

(F3, 51 = 2.46, P = 0.07). True species diversity decreased as q increased revealing 178 effective 

species when only the dominant species (2D) were considered with 86 and 184 species at the mid- 

and lower-elevation sites respectively.  

True beta diversity estimates indicated 1.81 compositionally distinct sites (0Dβ2), and 2.62 

compositionally distinct years (0Dβ1) with all species considered equally. This heterogeneity 

reflects the high compositional dissimilarity (1 – 0C) between sites (0.81), and years (0.66 ± 0.02). 

Diversity decreased to 1.31 compositionally distinct sites (2Dβ2) when only the dominant species 

were considered, indicating that true beta diversity was lower after four years of sampling than 

with replicate traps (1.63 ± 0.03) deployed in 2015. This result suggests that temporal sampling is 

important to accurately reveal species overlap. 

Temporal shifts at single sites 

The maximum abundance of a species in any year at both sites was associated with its temporal 

occurrence; abundant species tended to occur in more years (Figure 3.4a). Despite the limited 

duration of sampling, the arthropod communities appeared to separate into two groups: core 

species (found in all 4 years) that followed a log-normal species abundance distribution (Figure 

3.4c), and transient species (< 4 years) that approximated a log-series abundance distribution 

(Figure 3.4d). Of the 3,218 species (64 – 66%) that overlapped between the four-year dataset and 

the three-trap replicate dataset at the two sites, transients comprised 97% of those found in less 

than three traps and were responsible for elevating the local compositional differences among 
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traps. The core species only represented 5 – 7% of all taxa but comprised 44 – 53% of all 

specimens. On average, core species were present in 12 of the 30 samples, displaying moderate 

variation in abundance among years (CVmid-elev = 0.69; CVlower-elev = 0.66). 

The three families with the most core species were all dipterans (Sciaridae > 

Cecidomyiidae > Chironomidae) (Figure S3.8). While the Sciaridae showed little seasonal 

variation in their proportional abundance, the numbers of Cecidomyiidae increased while the 

Chironomidae decreased during the sampling period in all four years at both sites. By comparison, 

the three hymenopteran families with the most core species (Ichneumonidae > Platygastridae > 

Formicidae) showed no significant seasonal shifts. While the proportional abundance of core 

arthropod families showed limited variation between sites and years, more pronounced variation 

was evident at the species level (Figure S3.9), indicating that analysis at the family level obscured 

important aspects of faunal turnover. Members of two orders (Diptera > Entomobryomorpha) 

dominated the 87 species that were represented by more than 29 individuals (the minimum number 

of samples per site). Among them, 83 taxa were collected at only one site while four were shared.  

Pattern of temporal turnover at single sites 

Compositional similarity (qC) between samples in a year (Δ years = 0) was low, averaging 0.26 ± 

0.02 to 0.51 ± 0.03 with increasing q. While regression models of the inter-annual turnover on 

temporal distances between 0 – 3 years were significantly different between sites (t2518 = 7.9, P < 

0.001), a tendency for a cyclic pattern was observed at both sites for all values of q (F4, 2518 = 334, 

P < 0.001, r2 = 0.35) (Figure 3.5). This pattern was more apparent (narrower curvature) at the 

lower-elevation site and when abundant species were weighted more heavily, resulting in 

differences between the core and transient species in the community (Figure S3.10). Overall, the 

compositional similarity of the communities showed evidence of convergence after an initial, 

gradual divergence over time. This return toward a baseline state with increasing time lag suggests 

stability; quadratic regression models at the mid-elevation site indicated that similarity for the 

dominant species in the community would return to the initial levels every 7.0 years while at the 

lower-elevation site it would take 3.5 years.  

Linear regression indicated a significant increase in temporal turnover with increasing 

temporal distance (Δ days) when considering the effects of both site and q for both three traps per 

site in a year (F3, 446 = 115, P < 0.001, r2 = 0.44) and one trap per site over four years (F3, 569 = 159, 
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P < 0.001, r2 = 0.46) (Figure S3.11). This relationship was weaker at the lower-elevation site, 

particularly for the dominant species (2C). However, when accounting for inter-annual variation, 

the rate of change in temporal turnover, i.e. slope of the distance-decay graph, decreased. The 

initial similarity between samples among replicate traps in a year, when considering all species 

equally (0C) was halved in 71 days at both sites. When only the dominant taxa were considered 

(2C), values decreased to 41 days at the mid-elevation site and increased to 84 days at the lower-

elevation site. But when considering one trap per site pooled over four years, initial similarity was 

halved in 80 days at both sites when accounting for all species equally (0C) and in 53 days for the 

dominant taxa (2C) at the mid-elevation site with no significant decay at the lower-elevation site. 

These results indicate that variation among years weakened the relationship between effective 

species turnover and distance over time at intra-annual scales (r2
mid-elev = 0.41 vs 0.10, r2

 lower-elev = 

0.05 vs 0.02). 

Discussion 

Although knowledge of spatial and temporal variation in species composition is essential to 

understand patterns of species diversity in arthropod communities few prior studies have examined 

them. This study provides information on the spatio-temporal variation in abundance of 8,193 

species in a tropical montane ecosystem. Results indicate that while spatial heterogeneity underlies 

the high beta diversity of these communities, baselines of temporal turnover are likely stable, and 

that species can be divided into core (found in all 4 years) and transient (found in < 4 years) taxa 

that differ in their contribution to the species abundance distribution and to the temporal stability 

of the community (Hercos et al., 2012).  

Shifts in the abundance of the core taxa, both within and between years, produced temporal 

variation in the community. Single core taxa were only represented in 40% of the samples, a pattern 

similar to that detected in the lowland rainforests of Australia where the dominant (i.e., most 

abundant) beetle species were represented in 56% of samples over a four-year interval 

(Grimbacher & Stork, 2009). This variability in community composition might reflect limited 

temporal access to required resources (Tylianakis, Klein & Tscharntke, 2005; Wolda & Fisk, 1981) 

as the temporal persistence of core taxa can be much higher when resources are consistently 

available (Novotny & Weiblen, 2005). For example, a six-year study in Papua New Guinea 

http://rspb.royalsocietypublishing.org/cgi/doi/10.1098/rspb.2012.2076
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revealed that host-specific caterpillars (Lepidoptera) were present 11 months per year (Novotny et 

al., 2002). Climatic variation can also influence occurrence patterns and most tropical forests show 

strong seasonality in rainfall regimes (Kishimoto-Yamada & Itioka, 2015). Such variation is often 

associated with a high rate of change of temporal turnover for their insect communities. For 

example, similarity values for insect communities at a lowland rainforest site in Panama were 

halved in 76 days between the dry and wet seasons (Basset et al., 2015). The present results 

revealed a similar rate of change with community similarity values halved in 84 days at the lower-

elevation site versus 41 days at the mid-elevation site. While these rates of change in intra-annual 

turnover may reflect seasonal effects, the duration of sampling likely also had an effect as the 

distance-decay relationships in studies with brief sampling intervals tend to show higher rates of 

change (steeper slopes) and lower goodness of fit when compared with more prolonged sampling 

(Steinbauer, Dolos, Reineking & Beierkuhnlein, 2012). 

Climate can also have a strong influence on the extent of inter-annual variation in 

community composition. For example, leaf beetles (Chrysomelidae) examined across seven years 

in Borneo experienced larger inter- than intra-annual variation associated with an El Niño-

Southern Oscillation (Kishimoto-Yamada et al., 2009). Our results revealed significant effective 

species turnover between years (1 – 0C = 0.66) with 54% of the species diversity (0Dβ) not shared 

among years at a site, a value similar to those for ant species in Ecuadorian cloud forests (51 – 

56% of species not shared among years) (Donoso, 2017). By contrast, fruit-feeding butterflies in 

lowland Costa Rica and Ecuador revealed much lower temporal turnover (1 – 0C = 0.24), but 

strong seasonal patterns correlated with temperature and precipitation (DeVries, Alexander, 

Chacon & Fordyce, 2012; DeVries & Walla, 2001). The high temporal heterogeneity in our study 

gained further context from our sampling of single sites simultaneously with three Malaise traps. 

The effective species turnover for dominant taxa (1 – 2C) between weekly samples across traps 

averaged 0.50 ± 0.02, supporting the high initial values (Δ year = 0) across the present inter-annual 

distance-decay models (1 – 2C = 0.51) as well as in Panamanian arthropod communities (1 – 2C = 

0.49) (Basset et al., 2015). If 0.50 is taken as a reference point for the temporal turnover of 

dominant species in highly diverse, arthropod communities, i.e., turnover with time kept constant, 

then the distance-decay models indicate that the turnover between years is less extreme (range 1 – 

2C = 0 – 0.30). However, even with modest temporal heterogeneity, the time scale of sampling 

http://www.ncbi.nlm.nih.gov/pubmed/12495501
http://www.ncbi.nlm.nih.gov/pubmed/12495501
http://doi.wiley.com/10.1111/ens.12134
http://dx.doi.org/10.1371/journal.pone.0144110
file:///C:/Users/m3dso/Desktop/10.1111/j.1466-8238.2012.00772.x
http://www.journals.cambridge.org/abstract_S000748530800624X
http://linkinghub.elsevier.com/retrieve/pii/S1470160X17301395
http://doi.wiley.com/10.1111/j.1365-2656.2011.01922.x
http://doi.wiley.com/10.1111/j.1365-2656.2011.01922.x
https://doi.org/10.1006/bijl.2001.0571
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will influence diversity estimates and spatial comparisons. For example, our results indicated that 

the true beta diversity for dominant taxa (2Dβ) decreased by 27% when sampling extended across 

four years, but by only 2% when multiple traps were deployed at sites in the same year. These 

patterns need to be considered when interpreting studies on tropical arthropod communities which 

are often based on brief sampling efforts that are assumed to represent general community patterns. 

While species abundances were temporally dynamic, the change in average compositional 

similarity (ΔqC) with time increased after an initial, gradual decline across increasing inter-annual 

distances, particularly at the site with higher species diversity. A similar change in community 

similarity of fruit-feeding butterfly species was noted in Costa Rica with stabilization after a sharp 

decline at short temporal distances (Grøtan, Lande, Chacon & DeVries, 2014). Density-dependent 

interactions can produce such temporal stability as evidenced by collembolan taxa in temperate 

forests (Kampichler & Geissen, 2005), but high species diversity likely also contributed, as more 

diverse assemblages have less compositional changes through time (White et al., 2006). This 

relationship indicates that diversity either promotes stability or that environmental factors that 

affect diversity also reduce temporal variability (Shurin, 2007; White et al., 2006; White, Ernest 

& Thibault, 2004). While beta diversity can be positively associated with temporal stability at the 

community level, patterns can differ among taxa (Mellin, Bradshaw, Fordham & Caley, 2014). In 

contrast, variability in the abundance of taxa can also display directional changes. Work on 

Ecuadorian butterflies indicated that processes operating most strongly during the dry season 

maintained high compositional similarity across years, but a gradual decline occurred due to long-

term changes in species abundances (Grøtan, Lande, Engen, Saether & DeVries, 2012). Similarly, 

ant communities in an Ecuadorian cloud forest showed a weak directional change (Donoso, 2017). 

Even in protected forests, such changes may strengthen, reflecting the impacts of stressors such as 

forest degradation and climate change (Feng, Porporato & Rodriguez-Iturbe, 2013; Laurance et 

al., 2012). While our data support stability in community composition, continued monitoring is 

essential to understand the long-term trajectory of these patterns. 

Climate change is likely to have a particularly strong effect on the biota of tropical 

mountains as large shifts in community composition occur over narrow elevational bands 

(Hodkinson, 2005; Janzen, 1967). Elevational heterogeneity was exceptionally high in our study 

as compositional dissimilarity (1 – 0C) averaged 85% between sites just 400 m apart. While similar 
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dissimilarity values have been reported for Australian ants (Nowrouzi et al., 2016), Brazilian 

(Perillo, Neves, Antonini & Martins, 2017) and Costa Rican wasps (Kumar, Longino, Colwell & 

O’Donnell, 2009), values around 50% are typical for tropical montane insects over a similar 

elevational range (Fisher, 1996; García-López, Micó & Galante, 2012; García-López, Micó, 

Múrria, Galante & Vogler, 2013; Olson, 1994; Rodríguez-Castañeda et al., 2010; Yeates & 

Monteith, 2009). Interestingly, the biotas of some lowland tropical forests have shown far lower 

beta diversity (Basset et al., 2012; Novotny et al., 2007). Climate fluctuation in tropical lowlands 

causes landscape changes on such a large spatial scale that long-range dispersal is essential for 

species to track their preferred habitat, leading to greater homogenization of species composition 

(Bush, 2002). By contrast, species in montane settings can access suitable habitat by small shifts 

along elevational gradients maintaining the heterogeneity of species composition (Bush, 2002; 

Colwell, Brehm, Cardelus, Gilman & Longino, 2008). Because direct comparison of dissimilarity 

values among studies is difficult due to the use of different indices, the documentation of general 

patterns will be difficult without the adoption of standard measures of beta diversity (see Tuomisto, 

2010a) or the deposition of raw data in easily accessed archives. 

The true high beta diversity values reported in this study are undoubtedly due, in part, to 

the use of DNA barcoding for species discrimination. Not only did it enable comprehensive 

identifications, it certainly detected many species that would otherwise have been overlooked. For 

example, by revealing cryptic species, DNA barcoding led to a 43% increase in the beta diversity 

of moth communities along an elevational gradient in the Andes when compared with 

morphological approaches (Brehm et al., 2016). As nearly all prior studies have employed 

morphological analysis, beta diversity, particularly in tropical ecosystems, has likely been greatly 

underestimated. 

Aside from adopting a DNA-based approach for species identification, it is crucial that data 

on community composition be acquired with standardized collection methods to enable 

comparison among sites and studies. The present study is among the first to employ replicate 

Malaise traps to sample tropical arthropod communities. Our results indicate that single traps 

generate results similar to those from more intensive sampling, enabling investigations of true beta 

diversity. Our results also reinforce conclusions based studies that examined only selected 

arthropod taxa. For examples, short-term Malaise trap studies were found to reliably monitor 
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dipteran communities along Norwegian streams (Diserud, Stur & Aagaard, 2013) and to reveal 

diversity patterns in Mesoamerican ichneumonid faunas that corresponded with well-documented 

trends (Veijalainen et al., 2014). However, a major increase in sampling effort will be needed to 

comprehensively document biodiversity. For example, the present results indicate that a million 

specimens will require analysis to reveal the Malaise-trappable portion of the arthropod fauna in 

the ~30 km2 area encompassing the five study sites. If levels of spatial and temporal heterogeneity 

are representative of the 77 km2 core zone of the park, 2.4 million specimens might require analysis 

to encounter the 36,640-estimated species. Even this total will represent only a fraction of the 

complete arthropod community since Malaise traps only collect certain groups. Among 14 

collection methods used in an intensive survey in Panama, Malaise traps collected 19% of the total 

species richness (Basset et al., 2012). If Malaise traps have revealed a similar proportion of 

arthropod diversity in Cusuco National Park, Honduras, some 193,000 species of arthropods may 

occur in the 77 km2 area. While the use of more trapping methods would optimize assessment of 

community diversity (Basset et al., 2015; Missa et al., 2009), it would compromise comparability, 

a crucial matter in long-term or large-scale studies.  

Understanding temporal patterns in community composition is vital to anticipate how 

communities will respond to environmental change (Buckley, Tewksbury & Deutsch, 2013; 

Lewthwaite, Debinski & Kerr, 2016). In addition, distinguishing between transient and core 

species is crucial as, without such knowledge, the loss of diversity in core species may be masked 

by an increase in the diversity of transient species. A better understanding of the potentially 

different responses of core and transient species to environmental perturbations is also needed. 

Although transient species can help to maintain local biotic diversity and ecosystem function in 

the face of environmental change, their role needs to be quantified. Furthermore, it is important 

that future research employ standardized approaches for sampling and identifying species to clarify 

temporal variation in community composition. The biodiversity baselines established through such 

work will advance understanding of the processes that underpin community assembly and will 

inform management plans for habitats at risk.
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Tables and Figures 

Table 3.1: Number of specimens, observed species (Sobs), estimated species richness ± SE (Sest), and estimated sample size to recover a 

given percentage of Sest from one trap, a combination of two traps, or all three Malaise traps at the mid- (BC) and lower-elevation (GU) 

sites in Honduras in 2015. 

Trap 
Specimens Sobs Sest ± SE 

Estimated specimens (X-fold increase) required recover given % Sest 

n Label 90% 95% 100% 

1 GU 1 05,884 1,842 4,013 ± 185 18,802 (3.2) 26,521 (4.5) 120,320 (20.4) 

1 GU 2 07,259 2,260 5,186 ± 231 26,370 (3.6) 36,933 (5.1) 169,554 (23.4) 

1 GU 3 03,969 1,574 3,942 ± 221 16,255 (4.1) 22,539 (5.7) 098,731 (24.9) 

Average 5,704 ± 954 1,892 ± 200 4,380 ± 403 20,476 (3.6) 28,664 (5.0) 129,535 (22.7) 

2 GU 1, 2 13,143 3,156 6,000 ± 190 33,068 (2.5) 47,809 (3.6) 236,178 (18.0) 

2 GU 1, 3 09,853 2,710 5,301 ± 184 25,795 (2.6) 37,067 (3.8) 178,948 (18.2) 

2 GU 2, 3 11,228 2,989 5,901 ± 199 26,532 (2.4) 38,735 (3.4) 192,789 (17.2) 

Average 11,409 ± 954 2,952 ± 130 5,734 ± 218 28,465 (2.5) 41,204 (3.6) 202,638 (17.8) 

3 GU 1, 2, 3 17,112 3,734 6,625 ± 180 37,175 (2.2) 54,663 (3.2) 280,855 (16.4) 

1 BC 1 2,615 0786 1,700 ± 121 08,410 (3.2) 11,875 (4.5) 049,249 (18.8) 

1 BC 2 1,993 0724 1,806 ± 150 08,234 (4.1) 11,422 (5.7) 046,116 (23.1) 

1 BC 3 3,136 0836 1,963 ± 149 12,188 (3.9) 17,022 (5.4) 070,254 (22.4) 

Average 2,578 ± 330 781 ± 32 1,823 ± 076 09,611 (3.7) 13,440 (5.2) 055,206 (21.4) 

2 BC 1, 2 04,608 1,193 2,539 ± 147 14,781 (3.2) 20,923 (4.5) 091,074 (19.8) 

2 BC 1, 3 05,751 1,284 2,756 ± 158 19,167 (3.3) 27,097 (4.7) 118,682 (20.6) 

2 BC 2, 3 05,129 1,235 2,779 ± 168 18,584 (3.6) 26,095 (5.1) 112,953 (22.0) 

Average 5,157± 330 1,236 ± 26 2,691 ± 076 17,511 (3.4) 24,705 (4.8) 107,570 (20.9) 

3 BC 1, 2, 3 07,744 1,585 3,349 ± 172 25,533 (3.3) 36,184 (4.7) 162,482 (21.0) 

All traps 24,856 4,908 8,754 ± 212 62,669 (2.5) 90,286 (3.6) 463,318 (18.6) 

Total park 51,596 8,193 14,276 ± 266 113,296 (2.2) 167,481 (3.2) 933,393 (18.1) 
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Table 3.2: Number of specimens collected by Malaise traps at five sites for three elevations in 

Cusuco National Park from 2012 – 2015 and the percentage of these specimens that generated a 

sequence record that contributed to the species count, Sobs, and the estimated species richness ± 

SE, Sest. 

Site/Category 
Elevation 

(m a.s.l.) 
Year 

# of 

Samples 

Malaise Specimens 
Sobs Sest ± SE 

n Sequenced % 

Cortecito 

Lower-elevation 
1,196 2014 5 1,786 1,357 76 702 1,901 ± 162 

Guanales 

Lower-elevation 

 

1,219 

2012 7 3,802 3,251 86 1,274 3,224 ± 196 

2013 6 2,500 2,147 86 875 2,337 ± 183 

2014 8 3,890 3,264 84 1,262 2,866 ± 164 

2015 8 6,657 5,884 88 1,842 4,013 ± 185 

All years 29 16,849 14,546 86 3,551 7,182 ± 229 

Base Camp 

Mid-elevation 
1,600 

2012 8 2,163 1,933 89 570 1,510 ± 148 

2013 6 2,810 2,594 92 785 2,155 ± 180 

2014 8 3,630 3,244 89 972 2,284 ± 158 

2015 8 2,998 2,615 87 786 1,700 ± 121 

All years 30 11,601 10,386 90 1,977 4,071 ± 180 

Danto 

Mid-elevation 
1,607 2014 5 926 816 88 349 1,008 ± 133 

Cantiles 

Higher-elevation 
2,028 

2014 8 4,625 3,831 83 1,100 2,177 ± 122 

2015 7 5,104 4,309 84 1,089 2,202 ± 130 

All years 15 9,729 8,093 83 1,715 3,108 ± 130 

All sites 84 40,891 35,245 86 6,645 12,706 ± 289 

Total park 113 59,761 51,596 86 8,193 14,276 ± 266 
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Figure 3.1: Proportion of the 8,193 species (a) and 51,596 specimens (b) from Cusuco National Park belonging to particular arthropod 

taxa. The inner- to outer-most circles indicate the proportions of species or specimens belonging to each class, order, and family 

respectively. Taxa are overlaid across circles, and arranged alphabetically from the ‘12 o’clock’ position. Only taxa with >100 species 

are labelled alongside their respective annulus. White arrows indicate the portion of species and specimens of Cecidomyiidae, the most 

abundant and species-rich family. 
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Figure 3.2: Effect of increasing the number of Malaise traps per site on the true species diversity 

of the region (0Dγ), of a compositionally distinct week (0Dα1) and site (0Dα2) (a) as well as the 

corresponding average standardized true beta diversity of weeks (0Dβ1) and sites (0Dβ2) (b). Values 

are standardized by each components’ maximum; true beta diversity has a minimum value of 1.0 

when all effective species are shared and a maximum value equivalent to the number of sampling 

units (n site = 2, n week = 8) when no effective species are shared. The error bars indicate the standard 

error and the significance of each component was evaluated based on 1000 individual-based 

randomizations of the community data matrix. *P < 0.001 
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Figure 3.3: Chord diagram illustrating the total species richness and overlap of the 6,645-arthropod species across the five sites in 

Cusuco National Park, Honduras (a). Two-dimensional NMDS of the 84 weekly samples based on arthropod species compositional 

dissimilarity (1 – 0C) (b). In the chord diagram, the width of each wedge indicates the species richness of each site with values atop the 

outer circle, the internal humps indicate the number of species unique to each site while the arcs connecting sites reflect the number of 

shared species. Symbols in the NMDS plot indicate the different years (2012:, 2013: , 2014: , 2015: ).  
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Figure 3.4: Pattern of abundance and temporal persistence of arthropod species at the mid- (white) and lower-elevation (grey) sites in 

Cusuco National Park. The relationship between the number of years each species was observed and its maximum abundance (log2) in 

any one year (a). Core and transient species are defined as those present in all 4 years or < 4 year respectively. The species abundance 

distribution (log2) of all species (b), of the core species (c), and of the transient species (d). The frequency of each abundance class 

predicted with a log normal (c) and log series (d) model shown for the mid- (open circles) and lower-elevation (closed circles) sites. 

Models for the abundance distribution at each site are based on the lowest AICc value.
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Figure 3.5: Change in temporal turnover, expressed as compositional similarity (qC) between 

samples over time, with temporal distance (Δ years) for arthropods at the mid- (left) and lower- 

(right) elevation sites. Estimates of 0C (Sørensen) weight rare species more heavily, while those 

for 1C (Horn) weight species by their proportional abundance, and 2C (Morisita-Horn) weight 

abundant species more heavily. A similarity value of 1.0 indicates complete species overlap 

between samples. Models for the distance decay at each site are based on the lowest AICc value.
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4 CHAPTER 4: LINKING TEMPORAL FACTORS TO A LATITUDINAL GRADIENT IN BETA 

DIVERSITY OVER TIME  

Abstract 

The detection of a latitudinal gradient in beta diversity – compositionally distinct sites – can be 

obscured by regional differences in species diversity. Models incorporating the local species 

abundance distribution (SAD) are often used to calculate expected beta diversity, whose difference 

(beta deviation) from observed values accounts for such regional variation. Beta deviation can also 

increase with latitude, a pattern jointly attributed to latitudinal differences in the SAD and 

aggregation (i.e., non-random distribution of species) over space. In this study, we explore the 

temporal variation of both the SAD and aggregation to examine their respective contribution to 

variation in beta deviation over time. We explore these factors by examining arthropod 

communities collected by year-long deployments of Malaise traps at 20 sites across a 100° transect 

in latitude. DNA barcode analysis assigned 475,219 specimens to 60,940 presumptive species, 

making it possible to examine the number of compositionally distinct units over time (i.e. temporal 

beta diversity). We used beta diversity models, derived from occupancy-abundance relationships, 

to separate the contribution of the SAD and aggregation on beta deviation over time to examine 

their respective temporal effects along this latitudinal gradient. The true species diversity in a year 

(gamma diversity) decreased with latitude but the true species diversity per compositionally 

distinct month (alpha diversity), as well as the number of compositionally distinct months (beta 

diversity) showed no latitudinal association. By contrast, both beta deviation and the temporal 

aggregation-linked fraction increased with latitude, while the fraction linked to SADs decreased. 

These patterns suggest that increased temporal aggregation at high latitudes obscures the expected 

latitudinal gradient of beta diversity over time that is associated with differences in SAD across 

latitude.  

Introduction 

With a few exceptions (Dixon, Kindlmann, Leps & Holman, 1987; Owen & Owen, 1974), 

arthropod families show a sharp decline in species diversity with latitude (Rosenzweig, 1995; 

Willig, Kaufman & Stevens, 2003). Although, the explanation for this pattern remains uncertain, 

http://www.journals.uchicago.edu/doi/10.1086/284659
http://www.nature.com/doifinder/10.1038/249583a0
https://doi.org/10.1017/CBO9780511623387
http://www.annualreviews.org/doi/10.1146/annurev.ecolsys.34.012103.144032
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latitudinal differences in true beta diversity – compositionally distinct sites – are likely involved 

(Koleff, Lennon & Gaston, 2003). Hence, understanding the processes that underpin true beta 

diversity are crucial to ascertaining its contribution to the latitudinal diversity gradient. As regional 

species diversity shows a greater decrease than local diversity toward the poles (Brown, 2014), 

beta diversity should decrease with latitude. While there is support for this pattern in plants (Qian, 

Chen, Mao & Ouyang, 2013) and vertebrates (Qian & Wang, 2015), there is much less information 

available for arthropods. Similar rates of herbivory and host-specificity between tropical and 

temperate arthropod communities suggest that the increase in plant diversity towards the equator 

might account for the increased arthropod diversity in the tropics (Lewinsohn & Roslin, 2008). If 

local and regional patterns of arthropods are linked to plants, beta diversity patterns between the 

two groups might coincide. However, it has been suggested that diversity estimates based on plants 

are unreliable without vertical and seasonal sampling of insect herbivores (Basset et al., 2015). 

Because these data are difficult to collect, they are rarely incorporated into assessments of the 

factors influencing arthropod diversity. 

Investigations into broad-scale patterns of beta diversity in plants and vertebrates, however, 

have provided inconsistent evidence for the presence of an inverse latitudinal gradient in beta 

diversity; some studies report an increase, some a decrease, and others no relationship with latitude 

(Koleff, Lennon & Gaston, 2003). These diverse outcomes are likely a joint consequence of the 

use of multiple diversity measures, and of varying analytical approaches. As a cohesive framework 

for true beta diversity measures has been proposed (Tuomisto, 2010a), the challenge now lies in 

adopting appropriate analytical techniques. It is important that these techniques assess whether 

latitudinal differences in observed true beta diversity are linked to ecological processes or whether 

these differences simply reflect variation in regional biodiversity (Kraft et al., 2011; Qian et al., 

2013; Tuomisto & Ruokolainen, 2012). Null models based on resampling communities from the 

regional species pool or from the local species abundance distribution (SAD) are commonly used 

to calculate expected beta diversity, whose difference (beta deviation) from observed values 

quantifies such regional variation (Mori et al., 2013; Myers et al., 2013; Püttker, de Arruda Bueno, 

Prado & Pardini, 2015). However, the magnitude of beta deviation can be influenced by 

differences in both the SAD and by the level of spatial aggregation, i.e., more aggregated spatial 

patterns produce a higher beta deviation (Xu, Chen, Liu & Ma, 2015). A global analysis of tree 

http://doi.wiley.com/10.1046/j.1466-822X.2003.00056.x
http://doi.wiley.com/10.1111/jbi.12228
http://doi.wiley.com/10.1111/geb.12020
http://doi.wiley.com/10.1111/geb.12020
http://linkinghub.elsevier.com/retrieve/pii/S1574954114001319
http://doi.wiley.com/10.1111/j.1461-0248.2008.01155.x
http://dx.doi.org/10.1371/journal.pone.0144110
http://doi.wiley.com/10.1046/j.1466-822X.2003.00056.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://www.sciencemag.org/cgi/doi/10.1126/science.1208584
http://doi.wiley.com/10.1111/geb.12020
http://doi.wiley.com/10.1111/geb.12020
http://www.sciencemag.org/cgi/doi/10.1126/science.1216393
http://www.tandfonline.com/doi/full/10.1080/03949370.2014.947634
http://doi.wiley.com/10.1111/ele.12021
http://doi.wiley.com/10.1111/oik.01018
http://doi.wiley.com/10.1111/oik.01018
http://doi.wiley.com/10.1111/geb.12331
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communities indicated that the increase in beta deviation with latitude was driven by spatial 

differences in the SAD rather than by aggregation (Qian et al. 2013; Xu et al. 2015). Since the 

SAD is affected by mechanisms of community assembly, differences in such mechanisms 

undoubtedly drive latitudinal patterns of beta diversity (Chase & Knight, 2013; Okuda, Noda, 

Yamamoto, Ito & Nakaoka, 2004; Tjørve, Kunin, Polce, & Tjørve, 2008).  

The abundances and distributions of species vary in both space and time (Shurin, 2007; 

White, Ernest, Adler, Hurlbert & Lyons, 2010). As a result, it is also important to ascertain if the 

temporal abundances and distributions of species influence latitudinal patterns of true beta 

diversity. While few studies have examined spatial heterogeneity in arthropod communities, none 

have investigated how time affects true beta diversity across latitude. True beta diversity over time 

quantifies the number of compositionally distinct temporal units, while temporal turnover 

measures the change in species composition among those temporal units (Tuomisto, 2010a). No 

consensus has emerged on whether tropical communities have higher or lower temporal turnover 

than their temperate counterparts. More diverse communities often display less compositional 

change over time when this is quantified using the exponent of the species-time relationship (STR) 

(White et al., 2006), an indirect estimate of temporal turnover (Tuomisto, 2010b). The effect of 

diversity on the exponent of the STR is weaker at high latitudes, suggesting that diversity either 

has different effects on temporal turnover at low and high latitudes or that the effect of diversity is 

obscured by environmental variability across latitude (Shurin, 2007). Depending on the temporal 

scale, however, turnover may be higher at low latitudes (Korhonen, Soininen & Hillebrand, 2010).  

The rate at which species are recorded at a site, and subsequently true beta diversity over 

time, is primarily a consequence of processes operating at three timescales: sampling, ecological, 

and evolutionary (Preston, 1960). The effect of random sampling is greater on data collected over 

short intervals, causing an increase in true beta diversity (Chase & Knight, 2013). Ecological 

processes such as dispersal limitation (Jiménez-Valverder, Baselga, Melic & Txasko, 2010), 

habitat filtration (Bishop, Robertson, van Rensburg & Parr, 2015), density-dependence 

(Henderson & Magurran, 2014), and drift (Siepielski & McPeek, 2013) influence true beta 

diversity over longer intervals, while processes such as speciation, operating over even longer 

timeframes, influence the size of the species pool (Li, Tierno de Figueroa, Lek & Park, 2015).  

http://doi.wiley.com/10.1111/geb.12020
http://doi.wiley.com/10.1111/geb.12331
http://dx.doi.org/10.1111/ele.12112
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http://doi.wiley.com/10.1111/j.0030-1299.2007.15751.x
http://rstb.royalsocietypublishing.org/cgi/doi/10.1098/rstb.2010.0280
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://dx.doi.org/10.1111/j.0030-1299.2006.14223.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.06148.x
http://doi.wiley.com/10.1111/j.0030-1299.2007.15751.x
http://doi.wiley.com/10.1890/09-0392.1
http://doi.wiley.com/10.2307/1931793
http://doi.wiley.com/10.1111/ele.12112
http://link.springer.com/10.1007/s10841-015-9794-1
http://doi.wiley.com/10.1111/jbi.12537
http://rspb.royalsocietypublishing.org/cgi/doi/10.1098/rspb.2014.1336
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Although processes at all three timescales affect true beta diversity, they do so indirectly 

through influencing the species abundance distribution (SAD) (Magurran, 2007). Significant 

directional change in the shape of the SAD can occur over time due to, for example, the amount 

of energy available to a community or species-specific interactions (Thibault, White, & Ernest, 

2004). While the SAD is generally considered a static property of a community and its temporal 

component has been largely ignored, time can have a substantial influence on the shape of the 

distribution (Magurran, 2007). In addition, time can affect the aggregation of species (i.e., non-

random distribution of species) that is a key component of temporal relationships between species 

abundance and distribution (Scrosati, Patten & Lauff, 2011). Thus, it is pertinent that the 

contribution of both the SAD and aggregation be considered when examining the temporal 

variation of beta diversity to promote a better understanding of mechanisms influencing broad-

scale patterns. 

Detailed understanding of large-scale patterns in arthropod true beta diversity are severely 

limited due to a lack of data. To address this gap in knowledge, intensive sampling of numerous 

sites must employ similar methods. The Global Malaise Program was initiated in 2012 to gather 

such data. It is obtaining detailed temporal and spatial information on terrestrial arthropod 

communities (Perez et al., 2017) by employing DNA barcoding as a standardized method for the 

identification of specimens from Malaise trap collections (Aagaard et al., 2017; Geiger et al., 2016; 

Morinière et al., 2016). This standardization makes it possible to objectively assign each specimen 

to a Barcode Index Number (BIN), a robust proxy for species, permitting the identification of all 

taxa collected by each trap even when many are undescribed (Ratnasingham & Hebert, 2013). In 

addition, Malaise traps are well-suited for examining spatio-temporal variation in true beta 

diversity because sampling effort can be standardized by deploying a specific trap size for a fixed 

interval (D’Souza & Hebert, 2018). 

In this chapter, we assess patterns of arthropod diversity over time at 20 sites spanning a 

100° latitudinal gradient. In addition, we determine if latitude affects monthly differences in the 

site-specific species abundance distribution (SAD) and aggregation over a year in arthropod 

communities. We have two specific aims: 

http://doi.wiley.com/10.1890/04-0321
http://doi.wiley.com/10.1890/04-0321
http://dx.plos.org/10.1371/journal.pone.0018982
http://globalmalaise.org/
http://www.nrcresearchpress.com/doi/10.1139/gen-2017-0178
http://link.springer.com/10.1007/s11252-016-0597-2
http://dx.doi.org/10.3897/bdj.4.e10671
http://dx.plos.org/10.1371/journal.pone.0155497
http://dx.plos.org/10.1371/journal.pone.0066213
https://www.ncbi.nlm.nih.gov/pubmed/29676034


Michelle D’Souza – PhD Thesis    Chapter 4: Latitude and beta diversity over time 

65 

1. Investigate how true species diversity (gamma, alpha, beta) over time varies with latitude. 

We first estimate total species richness and sample completeness per site as well as 

examine monthly variation in species richness before assessing latitudinal gradients in true 

species diversity. 

2. Determine how beta deviation over time varies with latitude before separating the 

contribution of temporal differences in both the SAD and aggregation in explaining the 

pattern of beta deviation. Specifically, using temporal occupancy-abundance relationships, 

we model communities at each site with species randomly distributed over time to calculate 

expected true beta diversity, whose difference (beta deviation) from observed true beta 

diversity considers regional variation among sites. Then, we model communities at each 

site with species non-randomly distributed over time (i.e., communities with the same 

aggregation level) to calculate predicted true beta diversity. The difference between 

predicted and expected true beta diversity is the fraction of beta deviation linked to the 

SAD while the difference between observed and predicted beta diversity is the aggregation-

linked fraction. 

If patterns in arthropod diversity mirror those in plants, regardless of temporal effects, we predict 

the true species diversity in a year (true gamma diversity) will decrease faster than the true species 

diversity per compositionally distinct month (true alpha diversity) with the number of 

compositionally distinct months (true beta diversity) decreasing with latitude. By extension, we 

predict an increase in beta deviation that will reflect differences in the site-specific SAD as 

observed in plants. However, arthropod species are more sensitive to seasonal changes that differ 

significantly with latitude. We predict that seasonal effects will influence the distribution of 

species over time differently across latitude and that these differences in temporal aggregation will 

have a more pronounced effect on true beta diversity at higher latitudes. 

Material and Methods 

Study sites 

We examined collections made by the Global Malaise Program (GMP) (Perez et al., 2017) from 

20 sites in 15 countries (Figure 4.1a, Table S4.1). Sites ranged in latitude from 48° N to 43° S, and 

http://www.nrcresearchpress.com/doi/10.1139/gen-2017-0178
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in elevation from 26 – 1,360 m. Mean annual temperature at the sites ranged from 8.8° – 27°C, 

and annual precipitation from 28 mm – 408 mm.  

Variation in mean annual temperature has long been associated with latitudinal gradients 

in diversity, but temperature generally decreases with both latitude and elevation. This effect was 

evidenced among the sites in this study as linear models including absolute latitude (t16 = -8.5, P 

< 0.001), elevation (t16 = -4.3, P < 0.001), and their interaction (t16 = 2.2, P = 0.04) best explained 

the decrease in mean annual temperature (F3, 16 = 28, P < 0.001, r2 = 0.84) (Figure S4.1). Because 

elevation varied among sites but latitude was the main factor of interest, we incorporated 

elevational differences into latitude to generate a ‘corrected’ latitude for each site. We used the 

average temperature lapse rate with elevation which predicts that a 110-m increase in elevation is 

associated with a decrease in average air temperature equivalent to a 1° shift in latitude (Jacobson, 

2005). Furthermore, while the same temperature can be found more than 30° apart in latitude 

within continents and more than 40° apart between continents (New et al., 1999), the mean annual 

temperature recorded at the sites in this study were strongly correlated with absolute corrected 

latitude (t18 = -5.6, r = -0.80, P < 0.001). Additionally, the Southern Hemisphere is typically 

warmer than the Northern Hemisphere at a given latitude (Ahrens, 2007), but there were no 

significant differences in temperature at sites between the Hemispheres in this study (ANOVA, F1, 

16 = 14, P = 0.89). In addition, the mean annual precipitation was significantly correlated with 

temperature (t18 = 3, r = 0.57, P = 0.008) (Figure S4.1). 

Field sampling and processing protocol  

A Townes-style Malaise trap (Figure SI.1) was deployed for a year at each site, typically in a 

protected natural area (Table S4.1). Samples were preserved in 95% ethanol, and collected weekly 

(x ± SE: 7.20 ± 0.003 days). The ethanol was refreshed after each bottle was removed, and samples 

were stored away from direct light. In total, traps collected 635 weekly samples and ran for 4,552 

days, averaging 228 ± 20 days (range: 81 – 372) per site (Table S4.1). Biweekly samples were 

processed at most sites except for those in the U.S.A., Mexico, Costa Rica, and Misiones, 

Argentina where all samples were analyzed (Figure S4.2a). All 12 months of the year were 

sampled at each site except for sites in Bangladesh, Pakistan, Mexico, and Virginia, U.S.A. that 

were missing samples from January, December, April, and February respectively. Samples were 

https://doi.org/10.1017/CBO9781139165389
https://doi.org/10.1017/CBO9781139165389
https://doi.org/10.1175/1520-0442(1999)012%3c0829:RTCSTC%3e2.0.CO;2
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pooled by month at each site, averaging 19.3 ± 0.54 days per month, and ranged from 7.36 ± 0.44 

days per month in Bangladesh to 31 ± 2.4 days per month in Misiones, Argentina (Figure S4.2b).  

Specimen sorting and DNA barcoding 

All specimens, except for some excess individuals of a few very common species (see Table S4.1), 

were analyzed. While Malaise traps most effectively sample flying insects, results from other taxa 

are valuable. For example, spiders from Malaise traps consistently separated species assemblages 

by biotope (Oxbrough, et al., 2010). In addition, Collembola were the only taxonomic group where 

the species accumulation curve reached an asymptote. Specimens were sorted to an order, arrayed, 

labelled, and databased. Large-bodied specimens were pinned, and a leg was removed for analysis, 

but small-bodied specimens were placed directly into 96 well-plates and recovered after DNA 

extraction. All DNA barcode analyses were carried out using standard protocols at the Canadian 

Centre for DNA Barcoding (http://ccdb.ca/resources). Sequences generated from specimens were 

uploaded to the Barcode of Life Data System (BOLD) where they were automatically assigned to 

an existing or new BIN (Ratnasingham & Hebert, 2013). When available, a few representatives of 

each BIN were photographed and images were subsequently uploaded to BOLD. With very few 

exceptions, each specimen was assigned to at least a family, based on its membership in a 

previously identified BIN or by morphological inspection of BIN members. As BIN assignments 

are dynamic, all data was downloaded on September 1, 2017 and analyses reflect their assignments 

at that time. 

Investigating the latitudinal gradient 

1. Trends in true species diversity over time  

We addressed aim 1 and investigated latitudinal trends in true species diversity over time by 

first examining the estimated species richness and sample completeness at each site. As sampling 

effort influences species diversity patterns, we considered its effects when interpreting results. 

Then, we used general linear models to assess the effect of absolute corrected latitude on true 

species diversity over time including various factors related to sampling effort. We compared 

Akaike information criterion values corrected for small sample sizes (AICc) to select the best 

http://link.springer.com/10.1007/s10841-009-9238-x
http://ccdb.ca/resources.php
http://v4.boldsystems.org/
http://dx.doi.org/10.1371/journal.pone.0066213
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descriptive models. All values are presented as mean ± SE and all analyses were done in R 3.3.2 

(R Development Core Team, 2016). 

Estimating species richness and sample completeness 

An asymptotic species richness estimator (Sest), Chao1, was determined for the total 

arthropod diversity at a site (R vegan: estimateR). As a non-parametric statistic which employs the 

number of singletons and doubletons to estimate species richness, Chao1 is less sensitive to small 

sample sizes than other diversity metrics (Chao, Colwell, Lin & Gotelli, 2009). In addition, species 

accumulation and sample completeness curves based on the number of specimens were 

constructed and extrapolated to twice the actual sample size (greater extrapolation creates values 

with prediction bias) (R iNEXT). Sample completeness is a measure that indicates what proportion 

of the total specimens in the region belong to the species sampled (Chao et al., 2014). While the 

estimation of species richness in highly diverse communities is statistically difficult, sample 

completeness can be estimated more accurately.  

Examining species stability over time  

We quantified stability in the abundance of individual species across months by the inverse 

of the coefficient of variation (CV-1 = μ/σ), where μ is the mean of the species’ abundances over 

time and σ is its standard deviation. A larger value of CV-1 indicates greater stability. For this 

analysis, the missing monthly values in the time series were substituted with the means of adjacent 

values. 

Measuring true species diversity over time  

True species diversity (qD) is the inverse of the weighted mean of the proportional species 

abundances. We calculated 0D, producing a measure of diversity that counts species equally and 

represents the species richness of the dataset (Tuomisto, 2010a). At each site, we defined temporal 

gamma diversity 0Dγ as the true species diversity in a year, and partitioned it into two multiplicative 

components as follows: 

4.1 𝐷𝛾 =  𝐷𝛼 ∗ 𝐷𝛽 0
0  0

0
0
0   (4.1) 

Temporal alpha diversity 0Dα is the true species diversity per compositionally distinct month and 

temporal beta diversity 0Dβ is the number of compositionally distinct months that share no species 

but that have the same species diversity as their source months do on average (Tuomisto, 2010a). 

http://doi.wiley.com/10.1890/07-2147.1
http://doi.wiley.com/10.1890/13-0133.1
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
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It has a minimum value of 1.0 when all species are shared and a maximum value of 12 when no 

species are shared among the months in a year; four sites in Bangladesh, Pakistan, Mexico, and 

Virginia, U.S.A had a maximum value of 11 due to missing samples in a month. As sampling effort 

varied, we employed rarefaction methods (Gotelli & Colwell, 2001) to compare diversity patterns 

in 0Dγ and 0Dα with latitude (R vegan: rarefy).  

2. Trends in beta deviation over time 

We addressed aim 2 and investigated latitudinal trends in beta deviation over time before 

separating the contribution of the SAD- and aggregation-linked fractions at each site. Similar to 

methods described for aim 1, general linear models were used to assess the effect of absolute 

corrected latitude on beta deviation including factors related to sampling effort. We provide the R 

code for generating the occupany-abundance based beta diversity models in the Supplementary 

Methods S4.1. 

Deriving beta diversity models using the occupancy-abundance relationship 

The occupancy-abundance relationship is a well-documented spatial pattern that describes 

the relationship between the mean local abundance of species and the proportion of local sites that 

species occupy (Gaston & He, 2011). While a positive relationship between occupancy and 

abundance has been best documented in a spatial context (He & Gaston, 2003), the same pattern 

exists over time (Scrosati, Patten & Lauff, 2011). This temporal occupancy-abundance relationship 

was used to derive two beta diversity models for communities with species randomly and non-

randomly distributed over time, based on similar models developed for the study of spatial 

variation (Xu et al., 2015). Briefly, the temporal occupancy of species i is the proportion of months 

in which it occurs (pi = oi /m), or its occurrence (oi) across months divided by the total number of 

months (m). The temporal occupancy of all species at a site (∑ 𝑝𝑖
𝛾
𝑖=1 ) is equal to 0Dα (Xu et al., 

2015). By substituting ∑ 𝑝𝑖
𝛾
𝑖=1  into equation 4.1, a measure of true beta diversity with occupancy 

is obtained: 

4.2 𝐷𝛽 =  𝐷𝛾0
0 ∑ 𝑝𝑖

𝛾
𝑖=1⁄0

0   (4.2) 

While the proportion of months occupied by a species typically increases with its 

abundance, the temporal distribution of a species decreases with increased aggregation over time 

(i.e., species co-occur in time more often than random). For species i with ni individuals randomly 

http://dx.doi.org/10.1046/j.1461-0248.2001.00230.x
https://sites.ualberta.ca/~fhe/He-publications/Gaston_He.book2010.pdf
http://www.journals.uchicago.edu/doi/10.1086/377190
http://dx.plos.org/10.1371/journal.pone.0018982
http://dx.doi.org/10.1111/geb.12331
http://dx.doi.org/10.1111/geb.12331
http://dx.doi.org/10.1111/geb.12331
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distributed in m months, its occurrence in a month is a Bernoulli trail, and the temporal occupancy-

abundance relationship is calculated as follows (He & Gaston, 2000): 

4.3 𝑝𝑖 = 1 − (1 − 1
𝑚⁄ )𝑛𝑖  (4.3) 

By substituting equation 4.3 into 4.2, the beta diversity model for a community where all species 

are distributed randomly in time is derived as: 

4.4 𝐷𝛽 = 𝑅
0 𝐷𝛾0

0

 ∑ 1−(1−1
𝑚⁄ )𝑛𝑖

𝛾
𝑖=1

  (4.4) 

where 0Dγ is the true species diversity in a year at a site, ni is the abundance of species i, and m is 

the number of months. 

However, if species are assumed to have a temporally aggregated distribution, then for 

species i with ni individuals distributed in m months with a certain level of aggregation (defined 

by the aggregation parameter k), the temporal occupancy-abundance relationship is derived as 

follows (He & Gaston, 2000): 

4.5 𝑝𝑖 = 1 − (1 + 𝑛𝑖

𝑚𝑘⁄ )−𝑘  (4.5) 

A smaller k indicates stronger temporal aggregation of species, with aggregation defined by a 

negative binomial distribution (NBD) (Holt, Gaston & He, 2002). While the NBD is often used in 

spatial models of aggregation, it is also a useful tool to describe temporal relationships (Scrosati 

et al., 2011). Then, by substituting equation 4.5 into 4.2, the beta diversity model for a community 

where all species are non-randomly distributed in time with the same degree of aggregation is: 

4.6 𝐷𝛽 = 𝑁𝑅
0 𝐷𝛾0

0

 ∑ 1−(1+
𝑛𝑖

𝑚𝑘⁄ )−𝑘𝛾
𝑖=1

  (4.6) 

where 0Dγ is the true species diversity in a year at a site, ni is the abundance of species i, m is the 

number of months, and k is the temporal aggregation parameter. 

Separating beta deviation into its SAD and aggregation fractions 

Latitudinal variation in beta deviation may be related to latitudinal differences associated 

with temporal variation of both the SAD and aggregation simultaneously, so these factors were 

separated by comparing one while the other was held constant (Figure 1 in Xu et al., 2015). The 

expected true beta diversity for each site was calculated using model 4.4 which randomizes the 

http://www.jstor.org/stable/10.2307/3079057
http://www.jstor.org/stable/10.2307/3079057
http://linkinghub.elsevier.com/retrieve/pii/S1439179104700602
http://dx.plos.org/10.1371/journal.pone.0018982
http://dx.plos.org/10.1371/journal.pone.0018982
http://doi.wiley.com/10.1111/geb.12331
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distribution of species in time but preserves the observed site-specific SAD. The predicted true 

beta diversity for each site was calculated using model 4.6 which, given the site-specific SAD, 

maintains a constant degree of temporal aggregation. Specifically, the aggregation parameter k 

was set to the global average value of aggregation or the estimated k calculated for all 63,869 

observations of occupancy and abundance at all 20 sites. Then, beta deviation was calculated as 

the difference between observed and expected true beta diversity. Using this approach, the 

difference between predicted and expected true beta diversity is the fraction of beta deviation 

linked to the SAD at each site (Xu et al., 2015). This is because the change in the aggregation level 

from the global average (constant) to random placement (based on site-specific SAD) varies at 

each site and the magnitude of that variation can only be attributed to differences in the SAD 

among sites. Subsequently, the difference between the observed and predicted true beta diversity 

is the fraction of beta deviation linked to differences in site-specific aggregation with positive 

differences implying that species are more aggregated in time and negative values implying the 

opposite. 

Results 

Taxon diversity and composition 

Samples from all 20 sites (Figure 4.1a) contained 475,219 arthropods with an average of 24,944 ± 

6,876 specimens per site. The least number of specimens were collected in California, USA (6,643) 

and the most in Misiones, Argentina (65,720) (Figure 4.1b). While seven arthropod classes were 

present in the collection, insects made up most of the arthropods with 443,199 specimens (93%). 

Collembola and Arachnida followed with 20,201 (4%) and 11,659 (2%) specimens respectively 

while the other classes together included only 160 specimens (Diplopoda > Malacostraca > 

Chilopoda > Gastropoda). In total, BIN analysis revealed 60,940 species belonging to 562 families, 

and 40 orders. Reflecting specimen abundance, insects comprised 58,167 species (95%). Diptera 

contained the most species (32,037), including the three most diverse families: Cecidomyiidae 

(13,549), Phoridae (2,845), and Chironomidae (2,446). Despite their abundance, Collembola made 

up only 618 species (1%) while Arachnida comprised 2,130 (3%). Overall, the proportional species 

richness (ANOVA, F19, 197 = 0.91, P = 0.56) and abundance (F19, 197 = 0.92, P = 0.56) of arthropod 

orders was similar among sites (Figure S4.3).  

http://doi.wiley.com/10.1111/geb.12331
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Aim 1: Latitudinal gradient in true species diversity over time 

Estimates of species richness and sample completeness 

The species accumulation curve did not reach an asymptote at any site (Figure S4.4a), indicating 

sampling was insufficient to represent the region’s overall fauna. This was further reflected in the 

Sest that indicated 59% of species at a site await capture (range: 46 – 72%). While this estimate 

reflects the high level of rare species (singletons: 29,047; doubletons: 9,999), sample completeness 

estimates (0.93 ± 0.01) highlight that the species not sampled at sites represent only 7% of the 

individuals in the community (Figure S4.4b).  

In general, the rarefaction curves indicate sites near the equator have more similar 

accumulation patterns than sites at high latitudes (Figure S4.4a). While there was no latitudinal 

trend in the number of species that await capture (F2, 17 = 1.4, P = 0.27, r2 = 0.14), linear models 

indicated that there was a significant increase in sample completeness with absolute corrected 

latitude (t17 = 3.0, P = 0.01) that was independent of sampling effort (days) (t17 = 0.37, P = 0.72) 

(F2, 17 = 4.7, P = 0.02, r2 = 0.36) (Figure S4.5). This pattern likely reflects the higher sampling 

intensity needed to capture the species diversity at tropical sites.  

Monthly variation in species richness  

Species richness per month increased linearly with the number of specimens (t233 = 14, P < 0.001), 

but began to level off after ~5,000 specimens (t233 = -5.0, P < 0.001) (F2,233 = 370, P < 0.001, r2 = 

0.76) (Figure S4.6). At each site, an average of 2,013 ± 118 specimens (range 41 – 9,558) and 578 

± 30 species (range 17 – 2,236) varied per month with no clear trend across latitude (Figure S4.7). 

This was also reflected in the stability (CV-1) of species at sites which was not associated with 

absolute corrected latitude (t18 = -0.80, P = 0.43, r2 = 0.03) (Figure S4.7). Most species occurred 

only for 2.14 ± 0.01 months (range: 1 – 12), and contributed a maximum of 3.66 ± 0.07 individuals 

(range: 1 – 1,447) in a month (Figure S4.8). In general, the maximum abundance of a species in 

any month increased with occupancy (t63866 = 256, P < 0.001) as well as absolute corrected latitude 

(t63866 = 30, P < 0.001) (F2, 63866 = 33420, P < 0.001, r2 = 0.51) (Figure S4.8). 

Gamma, alpha, and beta diversity over time 

The true species diversity in a year at a site (i.e., 0Dγ) decreased with absolute corrected latitude 

(t17 = -2.2, P = 0.04) but increased with sampling effort (days) (t17 = 2.2, P = 0.04) (F2, 17 = 4.4, P 
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= 0.03, r2 = 0.34) (Figure 4.2a). There was only a marginal effect of absolute corrected latitude on 

the true species diversity per month at a site (t232 = 2.0, P = 0.05) (Figure 4.2b). True species 

diversity did, however, increase with sampling effort (days) (t232 = 6.7, P < 0.001) per month 

whose effects depended on absolute corrected latitude (t232 = -4.3, P < 0.001) (F3, 232 = 31, P < 

0.001, r2 = 0.29). The rarefied species diversity at a site, both in total (t18 = -3.9, P = 0.001, r2 = 

0.45) (Figure 4.2c) and per month (t234 = -9.9, P < 0.001, r2 = 0.30) (Figure 4.2d) decreased with 

absolute corrected latitude. While, true gamma diversity (0Dγ) decreased (F2, 17 = 4.4, P = 0.03, r2 

= 0.34) with absolute corrected latitude after accounting for variation in sampling effort, true alpha 

diversity (0Dα) (F2,17 = 3.2, P = 0.07, r2 = 0.27) had no association with latitude. 

Observed true beta diversity (0Dβ) averaged 5.58 ± 0.17 distinct months (range 4.2 – 7.3) 

(Figure 4.3a). 0Dβ was not associated with absolute corrected latitude (t16 = -0.51, P = 0.61), even 

after considering sampling effort (days) (t16 = 0.64, P = 0.53) and species diversity at each site 

(i.e.,0Dγ) (t16 = -0.37, P = 0.72) (F3, 16 = 0.18, P = 0.91, r2 = 0.03) (Figure 4.3a). In contrast, 

expected true beta diversity decreased significantly with absolute corrected latitude (t18 = -2.7, P 

= 0.01, r2 = 0.29) (Figure 4.3b). 

Aim 2: Latitudinal gradient in beta deviation over time 

There was a significant increase in beta deviation with absolute corrected latitude (t18 = 11, P = 

0.004, r2 = 0.38) (Figure 4.4a). The fraction of beta deviation linked to differences in the SAD 

decreased with absolute corrected latitude (t18 = -2.8 P = 0.01, r2 = 0.31), while the fraction linked 

to temporal aggregation increased (t18 = 4.1, P < 0.001, r2 = 0.49) (Figure 4.4b). Overall, the SAD-

linked fraction of beta deviation explained 53% of the variation in observed true beta diversity (t18 

= 4.5, P < 0.001). When the analysis was done separately for sites in either hemisphere, the patterns 

remained but the significance of beta deviation and the SAD-linked fractions was lost (Figure 

S4.9). 

Discussion 

While several studies have shown that beta diversity is greater at low than high latitudes, 

information is lacking for arthropod communities, and patterns over time have been overlooked. 

No trend in true beta diversity over time was found by examining 60,940 arthropod species across 
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a 100° latitudinal gradient, despite values being expected to decrease based on random sampling 

of the empirical species abundance distribution (SAD). The magnitude of differences (beta 

deviation) between observed and expected values increased with latitude and beta diversity 

models, based on temporal occupancy-abundance relationships, indicated that this deviation was 

affected differently by temporal aggregation and the SAD. Temporal aggregation was greater at 

high latitudes, obscuring the latitudinal gradient of expected true beta diversity over time that is 

associated with differences in the SAD across latitude.  

Studies on plants and vertebrates have found that beta diversity over time, indirectly 

measured using the exponent of the species-time relationship, decreases as gamma diversity 

increases, commonly attributed to the stabilizing effects of higher biodiversity (Korhonen et al., 

2010; Shurin, 2007). This study indicates that while observed true beta diversity (0Dβ) did not 

decrease with observed true gamma diversity (0Dγ), the relationship was significant after isolating 

the stochastic sampling effects from the local SAD and controlling for varying sampling effort 

among sites, i.e., expected beta diversity decreased with rarified species diversity at a site. This 

implies that true gamma diversity influences compositionally true beta diversity over time through 

deterministic processes at annual time scales. However, relationships between true beta and 

gamma diversity are often spurious and imposed by sampling constraints of the dataset (Tuomisto 

& Ruokolainen, 2012). If the local species pool is small, as at high latitudes, fewer specimens are 

sufficient to sample most species present in a month. In tropical forests, a single year can contain 

more than 5,000 species (Basset et al., 2015), and so samples of a single month must contain 

thousands of individuals to be representative of the local community. This dataset has an average 

of 2,013 ± 118 specimens per month, and while sampling coverage increased with latitude, it was 

high even at tropical sites (minimum 82%), indicating that these data are relatively robust for 

examining true beta diversity over a year. 

Large temporal fluctuations in the environment, such as across seasons, can cause species 

to be more temporally patchy in their occurrence, increasing beta diversity over time (White et al., 

2006). Our results likely reflect such seasonal effects with species more temporally aggregated at 

high than low latitudes. While environmental fluctuations over time are characteristic of the 

seasons in temperate regions, most tropical forests also experience distinct rainfall regimes, and 

their insect faunas often have seasonal patterns associated with it (Kishimoto-Yamada & Itioka, 

http://dx.doi.org/10.1890/09-0392.1
http://dx.doi.org/10.1890/09-0392.1
http://dx.doi.org/10.1111/j.0030-1299.2007.15751.x
http://www.sciencemag.org/cgi/doi/10.1126/science.1216393
http://www.sciencemag.org/cgi/doi/10.1126/science.1216393
http://dx.doi.org/10.1371/journal.pone.0144110
http://doi.wiley.com/10.1111/j.0030-1299.2006.14223.x
http://doi.wiley.com/10.1111/j.0030-1299.2006.14223.x
http://doi.wiley.com/10.1111/ens.12134
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2015). But tropical seasonality was not reflected in the temporal aggregation patterns despite an 

association between precipitation and latitude in our data. This pattern implies that the effects of 

precipitation might not be as strong as temperature. This was evidenced in a Brazilian tropical 

forest where the seasonal variation of Lepidoptera across habitats was influenced more by 

temperature than rainfall (Santos, Iserhard, Carreira & Freitas, 2017). 

Aggregation is a key component of both spatial and temporal relationships (Scrosati et al., 

2011), and the increase in temporal aggregation at high latitudes might reflect increased spatial 

aggregation (Porensky, Vaughn & Young, 2012). The ‘aggregation model of coexistence’ predicts 

that the coexistence of insect species among limited resource patches is enhanced if interspecific 

interactions are reduced relative to intraspecific interactions during resource use (e.g., for 

copulation, oviposition, and larval development) (Sevenster, 1996). Individuals of different 

species do not arrive simultaneously at resource patches, and temporal priority (i.e., the 

competitive advantage of arriving sooner) can positively influence the direction and intensity of 

interactions that occurs between species (Hodge, Arthur & Mitchell, 1996). Arriving after another 

species, particularly in harsh conditions, may have positive affects due to reduced environmental 

stress (Hodge, Arthur & Mitchell, 1996), a process that would be facilitated by temporal 

aggregation. 

While the SAD is generally considered a static property of a community, significant 

directional change in the shape of the SAD can occur over time due to, for example, the amount 

of energy available to a community or species-specific interactions (Thibault, White, & Ernest, 

2004). In addition, the temporal behaviour of species, i.e., temporal occurrence, influences the 

SAD of a community (Magurran & Henderson, 2003). Frequent (or core) species follow a log-

normal distribution while infrequent (or transient) species resemble a log-series (Magurran & 

Henderson, 2003; D’Souza & Hebert, 2018) or self-similar distribution (Ulrich & Ollik, 2004). As 

the number of transient species is predicted to increase in more heterogeneous environments, the 

SAD is predicted to shift from a log-normal to a log-series distribution with decreasing latitude 

(White et al., 2006). In contrast, changes in the SAD of plant communities across latitude indicate 

that communities with few species have uneven SADs, and are well fit by a geometric SAD (a 

more extreme log-series distribution), while species-rich communities show high evenness and are 

better fit by log-normal curves (Hubbell, 1979; Qiao, Tang, Shen & Fang, 2012). It is important to 

http://doi.wiley.com/10.1111/ens.12134
https://www.cambridge.org/core/product/identifier/S0266467417000323/type/journal_article
http://dx.plos.org/10.1371/journal.pone.0018982
http://dx.plos.org/10.1371/journal.pone.0018982
http://doi.wiley.com/10.1890/11-0818.1
http://www.jstor.org/stable/5876?origin=crossref
http://www.jstor.org/stable/3546207?origin=crossref
http://www.jstor.org/stable/3546207?origin=crossref
http://doi.wiley.com/10.1890/04-0321
http://doi.wiley.com/10.1890/04-0321
http://www.nature.com/doifinder/10.1038/nature01547
http://www.nature.com/doifinder/10.1038/nature01547
http://www.nature.com/doifinder/10.1038/nature01547
https://www.ncbi.nlm.nih.gov/pubmed/29676034
http://doi.wiley.com/10.1111/j.1366-9516.2004.00082.x
http://doi.wiley.com/10.1111/j.0030-1299.2006.14223.x
http://www.sciencemag.org/cgi/doi/10.1126/science.203.4387.1299
http://doi.wiley.com/10.1111/j.1600-0587.2011.06869.x
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note that the link between latitudinal variation in the SAD and true beta diversity over time may 

not be caused by an interaction between them but instead by the local and regional processes 

simultaneously influencing them. This study does reveal, despite the uncertainty in causality, that 

the SAD in arthropod communities can vary with time and that there is a link between latitudinal 

differences in that variation and true beta diversity over time. 

This study represents one of the few broad-scale biodiversity analyses of arthropod taxa 

across multiple orders and the only one to consider the effects of time on a latitudinal beta diversity 

gradient. It indicates that the species abundance distribution of communities can change over time 

and that these changes are linked to a latitudinal gradient of true expected beta diversity. However, 

arthropod communities at high latitudes are more temporally aggregated than at low latitudes, and 

this effect counteracts those of the SAD, resulting, overall, in no observable latitudinal gradient of 

true beta diversity over time.
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Table and Figures 

Table 4.1: Number of specimens, N, collected by Malaise traps at each of 20 sites, and the 

percentage of those specimens that generated a sequence record that contributed to the species 

count, Sobs, the rarefied species richness ± SE, Srar, and the estimated species richness ± SE, Sest. 

Country Region N Sobs Srar ± SE Sest ± SE 

Argentina 
Formosa 10,777 2,215 1,698 ± 17 4,061 ± 151 

Misiones 65,720 8,746 2,363 ± 29 14,767 ± 256 

Australia 

Queensland 11,544 2,283 1,709 ± 17 3,911 ± 133 

Tasmania 34,739 2,231 1,131 ± 18 3,120 ± 85 

Western Australia 17,554 1,461 926 ± 15 2,420 ± 104 

Bangladesh Chittagong 42,578 4,548 1,715 ± 24 7,553 ± 180 

Brazil Para 10,419 3,036 2,285 ± 19 6,608 ± 239 

Canada British Columbia 16,441 1,429 905 ± 15 2,545 ± 119 

Costa Rica 
Guanacaste 1 40,185 7,024 2,438 ± 29 13,432 ± 297 

Guanacaste 2 57,447 5,665 1,843 ± 25 9,386 ± 203 

Kenya Laikipia 20,338 2,730 1,554 ± 20 4,363 ± 126 

Malaysia Selangor 25,310 4,539 2,203 ± 25 7,573 ± 179 

Mexico Jalisco 22,572 3,211 1,761 ± 22 5,239 ± 147 

New Zealand Waikato 15,267 1,119 783 ± 13 1,627 ± 65 

Pakistan Islamabad 18,513 2,272 1,349 ± 19 3,764 ± 126 

Papua New Guinea Madang 14,181 4,310 2,701 ± 24 8,605 ± 242 

Puerto Rico Mayaguez 7,383 944 904 ± 6 1,401 ± 63 

South Africa Gauteng 25,754 3,259 1,609 ± 22 5,689 ± 172 

Unites States of 

America 

California 6,643 644 644 ± 0 1,300 ± 102 

Virginia 11,854 2,203 1,565 ± 18 4,395 ± 176 

Total 475,219 60,940       
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Figure 4.1: Location of 20 sites selected from the Global Malaise Program (a) and the number of arthropod specimens with barcode 

records (bars, bottom axis) and species (black circles, top axis) (b). Coloured bars correspond to coloured circles indicating the ‘country 

– region’ of sampled sites on the map with colours reflecting a gradient in latitude with blues in the Northern hemisphere, lighter shades 

near the equator, and reds in the Southern hemisphere. 

a          b 
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Figure 4.2: Variation among sites in observed (a, b) and rarefied (c, d) species diversity (0D) in 

total (a, c) and per month (b, d) with absolute corrected latitude. The size of points (a, b) indicates 

the sampling effort (days). The P and r2 values reflect overall model statistics while the regression 

line indicates the significant effect of absolute corrected latitude.  

P = 0.001 
r2 = 0.45  

  

P = 0.03 
r2= 0.34   
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d P < 0.001 

r2= 0.29  
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Figure 4.3: Observed (a) and expected (b) true beta diversity of arthropod communities with 

absolute corrected latitude. The size of points indicates the sampling effort (days) while shading 

indicates true species diversity (a). 

  

P = 0.01 
r2 

= 0.29   

a             b 

  

  

P = 0.91 
r2 

= 0.03 
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Figure 4.4: Total beta deviation (a) as well as fractions of this deviation linked to the species 

abundance distribution (black circles, solid line) and aggregation (white circles, dashed line) over 

time (b) with absolute corrected latitude. 

  

P = 0.004 
r2 

= 0.38 

a     b SAD-linked: 

P = 0.01, r2 = 0.31  

  

Aggregation-linked: 

P < 0.001 
r2 = 0.49  
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GENERAL CONCLUSIONS 

This thesis constitutes three main advances to beta diversity research. First, it identifies and 

quantitatively assesses impediments obscuring beta diversity patterns in arthropod communities. 

Second, it reveals how DNA-based approaches can provide valuable tools necessary to address the 

identified impediments, and hence, to facilitate the description of patterns. Finally, by examining 

patterns at both local- and broad-scales, it demonstrates that it is essential to take account of time 

as it can significantly affect our interpretation of beta diversity. Collectively, this thesis addresses 

a gap in temporal perspectives as prior research on beta diversity has largely focused on the 

influence of space on compositional differences among communities with variation in time largely 

ignored.  

I began in Chapter 1 by exploring the theoretical evolution of beta diversity to outline 

inconsistencies in the concept, and then in Chapter 2, I attempted to distinguish broad-scale 

patterns in the tropical arthropod literature. I found clear evidence that confusion in terminology 

and measures has had adverse effects on our ability to discern broad-scale patterns of arthropod 

beta diversity. Five main issues contribute to the confusion. First, the term ‘beta diversity’ had 

often been misused and applied to many unrelated phenomena. Second, 30 different measures are 

used that are largely unrelated to classical diversity components (i.e., alpha, beta, gamma) thus are 

not comparable across studies. Third, the chosen phenomenon was not quantified by the 

appropriate measure. Fourth, raw data were often inaccessible, resulting in the inability to 

recalculate measures. Finally, inconsistencies in species identification affected the quality of the 

data. These five problems impede the consolidation and reanalysis of data necessary to determine 

broad-scale patterns. Chapter 2 is a valuable contribution to beta diversity research as it is one of 

the few studies to identify and quantitatively assess impediments obscuring broad-scale pattern in 

arthropod communities.  

In Chapter 3 and Chapter 4, I demonstrate how DNA-based approaches can provide 

valuable tools necessary to address the identified impediments, and hence, to facilitate the 

description of patterns. First, Chapter 3 establishes the utility of such tools through the generation 

of a large dataset on tropical arthropods – 50,000 specimens molecularly assigned to 8,000 

presumptive species – with enough resolution to objectively examine true species diversity 
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patterns among communities across space and time. These data are invaluable but rare in tropical 

ecosystems due to difficulties in obtaining accurate species-level resolution for hyper-diverse taxa 

in a time- and cost-efficient manner. Reliable species datasets in the tropics have been feasible 

only with a narrow taxonomic focus (Grøtan, Lande, Chacon & DeVries, 2014) or by exhausting 

significant resources and time (Basset et al., 2012).  

This research, conducted in a tropical montane forest in Honduras, revealed three key 

patterns. First, elevation underlies high true beta diversity but its influence can vary over time. 

Second, change in community composition over time (i.e., temporal turnover) fluctuates with 

temporal distance but it also indicates a general stability around a relatively low baseline level. 

Lastly, the arthropod taxa of each community separate into two groups based on their temporal 

occupancy, each of which differs in their contribution to the species abundance distribution and to 

the magnitude of change in temporal turnover of the community. Overall, true species diversity 

patterns in arthropod communities at this local scale indicate that while spatial gradients underlie 

high true beta diversity, change over time in species turnover is not constant with temporal 

distance. Consequently, significantly different true beta diversity values could be detected in a 

region depending on when communities are sampled. This has important implications for the 

interpretation of studies on tropical arthropod communities which are typically based on brief 

sampling efforts that are not often replicated across multiple years. Therefore, a temporal 

perspective can change perceptions of the influence spatial factors have on general community 

patterns. This research also suggests that the average temporal turnover in tropical ecosystems is 

quite low, and in doing so, established a baseline against which future studies can document shifts 

in arthropod fauna for the region. 

Several key questions arise from patterns in the data, providing opportunities for future 

research. One of the more interesting observations was that the communities could be partitioned 

into core and transient species based on temporal behaviour (i.e., their permanence among annual 

samples). But do these groups also differ in their biology? Specifically, is there support for the 

hypothesis that biological factors underlie the relative abundance of core species or, conversely, 

that random dispersal structures transient species? The first study to characterize the influence of 

these groups on community patterns found evidence that core species were biologically associated 

with their habitats whereas transient species were not (Magurran & Henderson, 2003).  

http://doi.wiley.com/10.1111/aen.12111
http://www.ncbi.nlm.nih.gov/pubmed/23239740
http://dx.doi.org/10.1038/nature01547
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Another interesting observation was that the data indicated a low, stable baseline of 

temporal turnover. But is this pattern truly stable in the long-term? And subsequently, how would 

community composition shift if factors structuring species along elevation (e.g. temperature) 

changed over time. Recent evidence suggests that higher elevation insect species in the tropics 

display a limited tolerance to high temperatures (García-Robledo, Kuprewicz, Staines, Erwin & 

Kress, 2016). As climate change is predicted to produce an upslope shift in temperature, it is likely 

that initially the species diversity of communities will depend on the dispersal ability of species, 

but in the long-term the heritability of adaptive traits associated with novel temperatures would 

play a more crucial role in structuring communities. 

Then, in Chapter 4, I further demonstrate the power of DNA-based approaches by 

examining arthropod diversity along a 100° latitudinal gradient. This research examined a large 

global dataset – 475,000 specimens assigned to 61,000 presumptive species – that was generated 

through the Global Malaise Program. At this broad scale, differences in the local species 

abundance distribution (SAD) and aggregation over time from low to high latitudes had contrasting 

effects on temporal beta diversity. Increase in the non-random distribution of species over time at 

high vs. low latitudes, likely attributed to the seasons, obscured the negative relationship between 

latitude and true beta diversity over time. This relationship was associated with latitudinal 

differences in the site-specific SAD over time suggesting similar underlying community assembly 

mechanisms. This research is the first broad-scale description of latitudinal gradients in arthropod 

diversity over time and one of the few to examine multiple arthropod taxa, indicating that temporal 

variation of communities can significantly affect our ability to detect spatial diversity gradients.  

This data has many important applications. It can be used to construct arthropod species 

distribution maps that would provide the basis for robust diversity pattern analysis, currently 

available for only a few species in a few regions (Whittaker et al., 2005). In addition, as first 

highlighted in Chapter 2, an important avenue to explore is the phylogenetic signal embedded in 

the DNA barcode data. The first maps to outline the boundaries of major biotic assemblages 

(Wallace, 1876) have been reconstructed using phylogenetic data (Holt et al., 2013). If the barcode 

region produces reasonable phylogenetic measures for beta diversity analysis (e.g., Smith et al., 

2017), this dataset could not only test various phylogenetic patterns at varying scales of 

http://www.pnas.org/lookup/doi/10.1073/pnas.1507681113
http://www.pnas.org/lookup/doi/10.1073/pnas.1507681113
http://globalmalaise.org/
http://doi.wiley.com/10.1111/j.1366-9516.2005.00143.x
http://www.sciencemag.org/cgi/doi/10.1126/science.1228282
http://dx.plos.org/10.1371/journal.pone.0178568
http://dx.plos.org/10.1371/journal.pone.0178568
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biodiversity, but it could also generate species range maps with an indispensable evolutionary 

component. 

An obvious gap in this research is the relatively short duration of sampling that occurred 

in the examination of local-scale patterns and, conversely, the lack of annual replication in the 

broad-scale analysis. To appreciate the full extent of temporal variation in arthropod communities, 

enormous amounts of long-term time series data is needed.  

Collectively, my thesis addresses the state of our understanding of true beta diversity, and 

demonstrates how DNA-based approaches can address limitations in the current data on arthropod 

communities. It also demonstrates that true beta diversity varies over time and provides insights 

into how the largely neglected temporal axis can affect the measurement and detection of true beta 

diversity patterns. Finally, it has made a significant contribution of data towards improving both 

taxonomic and molecular knowledge of tropical arthropods.  

Final remarks 

We are currently amidst an exciting and expanding era of DNA-based approaches that are shifting 

biodiversity science from its analog past to a digital future. As sequencing costs collapse, the use 

of molecular approaches to probe ecological questions will increasingly gain importance. 

Approaches that combine automated recording devices, high-throughput DNA sequencing, and 

ecological modelling are being developed to better extract information available from earth 

Observation technology (e.g., Google Earth), thus connecting remote sensing technology to 

biodiversity data (Bush et al., 2017). These studies, coupled with interpretations of true beta 

diversity over time, like those presented here, will certainly improve our understanding of 

biodiversity, our capacity to monitor changes in community composition, and our ability to aid 

their conservation. 

 

http://www.nature.com/articles/s41559-017-0176
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SUPPLEMENTARY MATERIAL: INTRODUCTION 

 

Figure SI.1: Dimensions of Townes-style Malaise trap used for arthropod sampling.
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2. SUPPLEMENTARY MATERIAL: CHAPTER 2 

Data S2.1: A list of the 106 studies, Datasets 1 – 4, and other associated data are available as an additional Excel document in the 

University of Guelph Research Data Repository. 

 

Table S2.1: Formulae for measures of beta diversity.  

Measure Reference Formula 

Additive 
Lande, 1996;  

Tuomisto, 2017 

𝑅𝑡𝑜𝑡 − 𝑅𝑚𝑒𝑎𝑛  

𝐷0
𝑞

𝑡𝑜𝑡 − 𝐷0
𝑞

𝑚𝑒𝑎𝑛 

Beta turnover Wilson & Shmida, 1984 

𝑏 + 𝑐

2𝑎 + 𝑏 + 𝑐
 

Beta-1 Harrison et al., 1992  

𝑎 + 𝑏 + 𝑐

(2𝑎 + 𝑏 + 𝑐)/2
− 1 

Bray-Curtis Bray & Curtis, 1957  

2𝑐𝑗𝑘

𝑚𝑗 + 𝑚𝑘
 

Chao-Jaccard Chao et al., 2005 
�̂��̂�

�̂� + �̂� − �̂��̂�
 

Chao-Sørensen Chao et al., 2005 

2�̂��̂�

�̂� + �̂�
 

CNESS Trueblood et al., 1994  {2 (1 −
∑ µ𝑖𝑗|𝑀

𝑅
𝑖=1 µ𝑖𝑘|𝑀

(∑ [µ𝑖𝑗|𝑀]
2

∗ 𝑅
𝑖=1 ∑ [µ𝑖𝑘|𝑀]

2
 𝑅

𝑖=1 )1/2
)}

1/2

 

Cody Cody, 1975 
𝑏 + 𝑐

2
 

Cody93 Cody, 1993 

𝑎(2𝑎 + 𝑏 + 𝑐)

2(𝑎 + 𝑏)(𝑎 + 𝑐)
 

http://www.jstor.org/stable/3545743?origin=crossref
http://linkinghub.elsevier.com/retrieve/pii/B9780128096338023773
http://www.jstor.org/stable/2259551?origin=crossref
http://www.jstor.org/stable/5518
http://doi.wiley.com/10.2307/1942268
http://doi.wiley.com/10.1111/j.1461-0248.2004.00707.x
http://doi.wiley.com/10.1111/j.1461-0248.2004.00707.x
http://doi.wiley.com/10.4319/lo.1994.39.6.1440
http://www.hup.harvard.edu/catalog.php?isbn=9780674224445
http://press.uchicago.edu/ucp/books/book/chicago/S/bo3626513.html
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Measure Reference Formula 

Codominance Condit, 2002 
2𝐾0 (

𝑑√2𝑣
𝜎 )

2𝜌𝜋𝜎2 + 𝑙𝑛 (
1
𝑣)

 

Complementarity index Colwell & Coddington, 1994 1 −
𝑎

𝑎 + 𝑏 + 𝑐
 

Czekanowski Pielou, 1984 200 ∑
min (𝑚𝑖𝑗, 𝑚𝑖𝑘)

𝑚𝑖𝑗 + 𝑚𝑖𝑘
 

Diserud–Ødegaard Diserud & Ødegaard, 2007 

∑ 𝑅𝑗 − 𝑅𝑡𝑜𝑡𝑗

[∑ min(𝑏, 𝑐)𝑗<𝑘 ] + [∑ 𝑅𝑗 − 𝑅𝑡𝑜𝑡𝑗 ]
 

Euclidean Sokal & Sneath, 1963  √∑(𝑚𝑖𝑗 − 𝑚𝑖𝑘)
2

𝑅

𝑖=1

 

Horn Horn, 1966 
∑[(𝑚𝑖𝑗 + 𝑚𝑖𝑘) log(𝑚𝑖𝑗𝑚𝑖𝑘)] − ∑(𝑚𝑖𝑗 log 𝑚𝑖𝑗) − ∑(𝑚𝑖𝑘 log 𝑚𝑖𝑘)

[(𝑚𝑗 + 𝑚𝑘) log(𝑚𝑗𝑚𝑘)] − (𝑚𝑗 log 𝑚𝑗) − (𝑚𝑘 log 𝑚𝑘)
 

Jaccard Jaccard, 1991 
𝑎

𝑎 + 𝑏 + 𝑐
 

Kulczynski Kulczynski, 1928 1 − 0.5 (
∑ min(𝑚𝑖𝑗 , 𝑚𝑖𝑘)

𝑚
+ 

∑ min(𝑚𝑖𝑗 , 𝑚𝑖𝑘)

𝑚𝑘
) 

Manhattan Michener & Sokal, 1957 ∑|𝑚𝑖𝑗 −  𝑚𝑖𝑘|

𝑅

𝑖=1

 

Morishita Morishita, 1967  
𝑚(𝑚 − 1)

∑ 𝑚𝑖(𝑚𝑖 − 1)𝑖
 

http://www.sciencemag.org/cgi/doi/10.1126/science.1066854
http://www.ncbi.nlm.nih.gov/pubmed/7972351
https://www.wiley.com/en-us/The+Interpretation+of+Ecological+Data%3A+A+Primer+on+Classification+and+Ordination-p-9780471889502
http://www.ncbi.nlm.nih.gov/pubmed/17443955
http://www.brclasssoc.org.uk/books/Sneath/title_contents.pdf
http://www.jstor.org/stable/2459242
http://www.jstor.org/stable/2406046?origin=crossref
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Measure Reference Formula 

Morisita-Horn Horn, 1966 

2 ∑ 𝑚𝑖𝑗𝑚𝑖𝑘

[(∑ 𝑚𝑖𝑗
2 /𝑚𝑗

2) +  (∑ 𝑚𝑖𝑘
2 /𝑚𝑖𝑘

2 )]𝑚𝑗𝑚𝑘

 

Multiplicative Tuomisto, 2010, 2017 

𝑅𝛾

𝑅𝛼
 

𝐷0
𝑞

𝛾

𝐷0
𝑞

𝛼

 

NESS Grassle & Smith, 1976 
2 ∑ µ𝑖𝑗|𝑀

𝑅
𝑖=1 µ𝑖𝑘|𝑀

∑ [µ𝑖𝑗|𝑀]2  + 𝑅
𝑖=1 ∑ [µ𝑖𝑘|𝑀]2 𝑅

𝑖=1

 

Percentage Similarity Whittaker, 1960 1 − 0.5 ∑|𝑃𝑗 − 𝑃𝑘| = ∑ min(𝑃𝑗 , 𝑃𝑘) 

Raup-Crick Raup & Crick, 1979 1 − 𝑃𝑟𝑜𝑏[𝑎𝑒𝑥𝑝 > 𝑎𝑜𝑏𝑠] 

Routledge I Routledge, 1977 

log(2𝑎 + 𝑏 + 𝑐) − (
1

2𝑎 + 𝑏 + 𝑐
2𝑎 𝑙𝑜𝑔2)

− (
1

2𝑎 + 𝑏 + 𝑐
((𝑎 + 𝑏) log(𝑎 + 𝑏) + (𝑎 + 𝑐) log(𝑎 + 𝑐))) 

Routledge E Routledge, 1977 exp(𝛽𝐼) − 1 

Růžička Růžička, 1958 
2(∑ |𝑚𝑖𝑗 − 𝑚𝑖𝑘| 𝑠

𝑖=1  ∑ |𝑚𝑖𝑗 + 𝑚𝑖𝑘|𝑠
𝑖=1⁄ )

1 + (∑ |𝑚𝑖𝑗 − 𝑚𝑖𝑘| 𝑠
𝑖=1  ∑ |𝑚𝑖𝑗 + 𝑚𝑖𝑘|𝑠

𝑖=1⁄ ) 
 

Simpson Simpson, 1949 
min  (𝑏, 𝑐)

min  (𝑏, 𝑐) +  𝑎
 

Sørensen Sørensen, 1948 
2𝑎

2𝑎 + 𝑏 + 𝑐
 

Whittaker Whittaker, 1960  

𝑎 + 𝑏 + 𝑐

(2𝑎 + 𝑏 + 𝑐)/2
− 1 

http://www.jstor.org/stable/2459242
http://doi.wiley.com/10.1111/j.1600-0587.2009.05880.x
http://linkinghub.elsevier.com/retrieve/pii/B9780128096338023773
http://link.springer.com/10.1007/BF00345030
http://doi.wiley.com/10.2307/1943563
http://www.jstor.org/stable/1304099
http://doi.wiley.com/10.2307/1936932
http://doi.wiley.com/10.2307/1936932
http://www.nature.com/articles/163688a0
http://doi.wiley.com/10.2307/1943563
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Table S2.2: Notation for formulae used in measures of beta diversity (Table S2.1). 

Symbol Definition 

Rtot Total number of actual species in the dataset 

Rmean Mean number of actual species in the subunits 

Rj Total number of actual species in subunit j 

Rk Total number of actual species in subunit k 
qDtot True diversity of order q in the dataset 
qDmean True diversity of order q in the subunits 

a Shared R in both subunits j and k 

b R unique to the subunit j 

c R unique to the subunit k 

m Total abundance of all species (i.e., the number of individuals) 

mj Total abundance of all species (i.e., the number of individuals) in subunit j 

mk Total abundance of all species (i.e., the number of individuals) in subunit k 

cik Sum of the lesser values for only overlapping species between j and k 

mi The number of individuals of species i  

mij The number of individuals of species i in subunit j 

mik The number of individuals of species i in subunit k 

P Relative percentages of the total species in a sample 

I [expr] Indicator function, I = 1 if expression is true, I = 0 if expression is false 

𝒇𝟏+ = ∑ 𝐼[𝑚𝑖𝑗 = 1, 𝑚𝑖𝑘 ≥ 1]𝑎
𝑖=1  = a that are singletons in subunit j 

𝒇+𝟏 = ∑ 𝐼[𝑚𝑖𝑘 = 1, 𝑚𝑖𝑗 ≥ 1]𝑎
𝑖=1  = a that are singletons in subunit k 

𝒇𝟐+ = ∑ 𝐼[𝑚𝑖𝑗 = 2, 𝑚𝑖𝑘 ≥ 1]𝑎
𝑖=1  = a that are doubletons in subunit j 

𝒇+𝟐 = ∑ 𝐼[𝑥𝑖𝑘 = 2, 𝑥𝑖𝑗 ≥ 1]𝑎
𝑖=1  = a that are doubletons in subunit k 

�̂� = ∑
𝑚𝑖𝑗

𝑚𝑗
+  

𝑚𝑘−1

𝑚𝑘

𝑓+1

2𝑓+2
∑

𝑚𝑖𝑗

𝑚𝑗
𝐼(𝑚𝑖𝑘 = 1)𝑎

𝑖=1
𝑎
𝑖=1   

�̂� = ∑
𝑚𝑖𝑘

𝑚𝑘
+ 

𝑚𝑗−1

𝑚𝑗

𝑓1+

2𝑓2+
∑

𝑚𝑖𝑘

𝑚𝑘
𝐼(𝑚𝑖𝑗 = 1)𝑎

𝑖=1
𝑎
𝑖=1   

µij\M 
= 1 − (1 − 𝑝𝑖𝑗)𝑀, where M is the size of a random sample drawn from a population.  

 

µik\M 
= 1 − (1 − 𝑝𝑖𝑘)𝑀, where M is the size of a random sample drawn from a population 

 

d Distance between conspecifics 

K0 Modified Bessel function 

2σ2 Mean square dispersal distance  

ρ Species density 

v Speciation rate 

βi Routledge I 

𝑫0
𝒒

 
=  1

√∑ 𝑝𝑖𝑝𝑖
𝑞−1𝑅

𝑖=1

𝑞−1⁄
  

Prob [a] =
𝑅𝑗! 𝑅𝑘! (𝑅𝑡𝑜𝑡 − 𝑅𝑗)! (𝑅𝑡𝑜𝑡 − 𝑅𝑘)!

𝑅𝑡𝑜𝑡! 𝑎! [(𝑅𝑡𝑜𝑡 − 𝑅𝑘) − (𝑅𝑡𝑜𝑡 − 𝑎)]! (𝑅𝑘 − 𝑎)!
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3. SUPPLEMENTARY MATERIAL: CHAPTER 3 

Table S3.1: Details on the Malaise traps at five sites across three elevations in Cusuco National Park from 2012 – 2015. 

Site 

Coordinates Elevation 
Temp 

(°C) 

Prec 

(mm) 
Year 

Trap # of 

Sample

s 

Sampling effort (days) 

N W Category (m a.s.l.) n Label 
Per sample  

(x ± SE) 
Total 

Cortecito 15°32'08'' 88°18'09'' Low 1,196 19.0 1793 2014 1 - 5 6.40 ± 0.51 32 

Guanales 15°29'19'' 88°14'08'' Low 1,219 19.9 1726 

2012 1 

- 

7 7.00 ± 0.22 49 

2013 1 6 6.17 ± 0.65 37 

2014 1 8 6.38 ± 0.42 51 

2015 1 GU1 8 6.50 ± 0.50 52 

All years - - 29 - 189 

2015 
1 GU2 8 6.50 ± 0.50 52 

1 GU3 5 7.00 ± 0.00 35 

All 2015 traps 3 - 21 - 139 

Base 

Camp 
15°29'40'' 88°12'50'' Mid 1,600 17.8 1819 

2012 1 

- 

8 6.63 ± 0.21 51 

2013 1 6 6.67 ± 0.21 40 

2014 1 8 6.88 ± 0.23 55 

2015 1 BC1 8 6.88 ± 0.35 55 

All years - - 30 - 203 

2015 
1 BC2 8 6.88 ± 0.35 55 

1 BC3 8 6.88 ± 0.35 55 

All 2015 traps 3  24 - 165 

Danto 15°31'52'' 88°16'29'' Mid 1,607 18.0 1819 2014 1 - 5 6.40 ± 0.60 32 

Cantiles 15°30'26'' 88°14'01'' High 2,028 16.4 1883 

2014 1 
- 

8 6.50 ± 0.50 52 

2015 1 7 6.57 ± 0.57 46 

All years - - 15 - 98 

Total park 113 6.64 ± 0.10 749 

Temp = mean annual temperature; Prec = mean annual precipitation 



Michelle D’Souza – PhD Thesis   Supplementary Material 3 

109 

 

 

Figure S3.1: Map of Honduras with the circle indicating the location of Cusuco National Park, 

Honduras (a), and of the park displaying the five sampling sites (b). Sites on the east include Base 

Camp, Guanales, and Cantiles while sites on the west include Danto, and Cortecito. The inner 

outline indicates the boundary of the 76.9 km2 core zone.   

a 

b 
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Figure S3.2: Monthly average precipitation (bars, left axis), and temperature (points, right axis) 

for Cusuco National Park, Honduras. Error bars indicate the range of temperature while the 

shading indicates the sampling interval. Data for the park was extracted from WorldClim (Fick & 

Hijmans, 2017). 
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Figure S3.3: Proportion of specimens per arthropod order that were successfully sequenced (black) in Cusuco National Park, Honduras 

(a) as well as the total number (log10) of specimens (closed circles) and species (open circles) per order (b). Arthropod classes are shown 

in the grey boxes.  

a 
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Figure S3.4: Species accumulation curves for 

arthropods collected by Malaise traps in Cusuco 

National Park, Honduras (a), at each site in 2015 with 

three traps (b), and at each site from 2012 – 2015 with 

one trap (c). The solid line represents the specimen-

based rarefaction curve while the dashed line segment 

extrapolates the curve to double the observed sample 

size. The shaded area indicates the 95% confidence 

intervals (200 replications). Solid dots represent the 

observed species richness while the red dotted line 

indicates the estimated asymptote. Note the different 

scales on the axes. 
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Figure S3.5: Specimen counts (a, b) and true species diversity (qD) (c – h) for samples collected 

by three Malaise traps at the mid- (left) and lower-elevation (right) sites from 11 June to 5 August 

2015. Total abundance and true species diversity collected by all three Malaise traps at a site are 

shown in black. Estimates of 0D weight rare species more heavily, while those for 1D weight 

species by their proportional abundance, and 2D weight abundant species more heavily. 
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Figure S3.6: Pairwise compositional similarity (qC) estimates for three values of q for arthropod species across pooled samples between 

traps (a) and across each weekly sample between traps (b) at the mid- (open circles, dashed lines) and lower- (closed circles, solid lines) 

elevation sites. Estimates of 0C (Sørensen) weight rare species more heavily, while those for 1C (Horn) weight species by their 

proportional abundance, and 2C (Morisita-Horn) weight abundant species more heavily. A similarity value of 1.0 indicates complete 

species overlap between samples.  

a         b 
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Figure S3.7: Violin plot of arthropod abundance (a) and species richness (b) from 2012 – 2015 at five sites in Cusuco National Park, 

Honduras. Violin plots show the spread and the probability density of the data. Elevation (m a.s.l.) and site names are indicated by the 

grey boxes at the top of the figure. White dot and line indicates the mean ± standard error while colours indicate the elevational categories 

in the study: light grey = low, dark grey = middle, black = high elevation.  
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Figure S3.8: Proportional abundance of core arthropod families in each sample from June to August at the mid- and lower-elevation 

sites from 2012 – 2015 (a) with corresponding abundance (black) and species richness (grey) for each overlapping sampling unit (mid-

elevation = solid line, lower-elevation = dotted line) (b). Sampling year is indicated at the top of the figure. Each bar represents one of 

59 samples (n mid-elev = 30, n lower-elev = 29) with bar width indicating the duration of each sample collection (x ± SE: 6.64 ± 0.01 days). 

Each colour represents a different family with the legend indicating the ‘Order – Family’ identification.  
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Figure S3.9: Proportional abundance of 87 core arthropod species in each sample from June to August at the mid- and lower-elevation 

sites from 2012 – 2015, indicated at the top of the figure. Each bar represents one of 59 samples (n) (n mid-elev = 30, n lower-elev = 29) with 

bar width indicating the duration of each sample collection (x ± SE: 6.64 ± 0.01 days). Proportional abundance is based on species with 

≥ n individuals at each site; they comprised 25% of all specimens. Each colour represents a different species with the legend indicating 

the ‘Order – Family – BIN’ identification. 
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Figure S3.10: Change in temporal turnover at the mid- (left) and lower- (right) elevation sites, 

expressed as compositional similarity (qC) between samples over time, with increasing temporal 

distance (Δ years) for core (white) and transient (grey) arthropod species. Estimates of 0C 

(Sørensen) weight rare species more heavily, while those for 1C (Horn) weight species by their 

proportional abundance, and 2C (Morisita-Horn) weight abundant species more heavily. A 

similarity value of 1.0 indicates complete species overlap between samples. Models for the 

distance decay at each site based on the lowest AICc value. 
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Figure S3.11: Change in temporal turnover, expressed as compositional similarity (qC) between samples over time, with temporal 

distance (Δ days) for arthropod species from three Malaise traps in a year (top) and one Malaise trap over four years (bottom) at the mid- 

(open circles, dashed line) and lower- (closed circles, solid line) elevation sites. Estimates of 0C (Sørensen) weight rare species more 

heavily, while those for 1C (Horn) weight species by their proportional abundance, and 2C (Morisita-Horn) weight abundant species. A 

similarity value of 1.0 indicates complete species overlap between samples.  
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4. SUPPLEMENTARY MATERIAL: CHAPTER 4 

Methods S4.1: R code to partition temporal beta deviation to species abundance-based and 

aggregation-based fractions. 

##Load necessary packages 

library(vegan) 

 

##Load community data matrices for 20 sites 

#columns are diversity units (e.g. species), rows are sampling units (e.g. months in a year), and cells are 

filled with respective abundance data 

load('CM20') 

 

nsamp <- 12 #Number of sampling units 

 

#Occupancy-abundance data for 20 sites 

Occ.Abun.20<-list() 

for(i in 1:length(CM20)) { 

occ <- as.vector(colSums(decostand(CM20[[i]],method="pa",1))) 

abun <- as.vector(colSums(CM20[[i]])) 

Occ.Abun.20[[i]] <-data.frame("abun"=abun,"occ"=occ) 

} 

 

##Combine abundance and occupancy data for all communities. This dataset will be used to estimate the 

average aggregation 

Occ.Abun.All <- data.frame() 

for(i in 1:length (Occ.Abun.20)){ 

Occ.Abun.All <- rbind(Occ.Abun.All,Occ.Abun.20[[i]]) 

} 

 

## Estimate the global average aggregation 

nlmod <- nls(occ ~ nsamp*(1-(1+abun/(10*k))^-k),data=Occ.Abun.All,start=list(k=0.5)) 

kbar <- coef(nlmod) # the estimated average aggregation 
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plot(occ ~ abun,data=Occ.Abun.All) 

points(predict(nlmod) ~ Occ.Abun.All$abun,col="red") 

 

## Function to partition beta diversity 

# The argument "data" needs to have columns "abun" and "occ";"kbar" is the estimated average 

aggregation; "nsamp" is the number of subunits 

beta.partition <- function(data,kbar,nsamp){ 

occ.obs <- data$occ #observed occupancy of species 

occ.ran <- nsamp*(1-(1-1/nsamp)^(data$abun)) #random occupancy of species [see Equation.4.3] 

occ.pred <- nsamp*(1-(1+data$abun/(nsamp*kbar))^-kbar) #non-random occupancy of species based 

on average aggregation [see Equation 4.5] 

 

beta.obs <- (nsamp*nrow(data))/sum(occ.obs) #Observed beta diversity 

beta.ran <- (nsamp*nrow(data))/sum(occ.ran) #Expected beta diversity [see Equation 4.4] 

beta.pred <- (nsamp*nrow(data))/sum(occ.pred) #Predicted beta diversity [see Equation 4.6] 

 

beta.devi <- beta.obs - beta.ran #Beta deviation 

beta.devi.abu <- beta.pred - beta.ran #SAD-linked fraction  

beta.devi.agg <- beta.obs - beta.pred #Aggregation-linked fraction  

 

return(c("beta.obs"=beta.obs,"beta.pred"=beta.pred,"beta.ran"=beta.ran,"beta.devi.abu"=beta.devi.ab

u,"beta.devi.agg"=beta.devi.agg,"beta.devi"=beta.devi)) 

} 

 

## Partition beta diversity for the 20 sites 

beta.par.result <- t(sapply(Occ.Abun.20,kbar=kbar,nsamp=nsamp,beta.partition)) 
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Table S4.1: Details of the 20 sites surveyed by Malaise traps including sampling effort (weekly samples, N, and Malaise trap days, 

MTD) and approximate number of excess specimens of common species that were not sequenced. 

Country Region Lat Long 
Elev 

(m) 

Temp 

(°C) 

Prec 

(mm) 
Habitat description N MTD Excess specimens 

Argentina 
Formosa -26.3 -58.8 57 22 101 Rain forest 26 184 

Collembola (~2,500), Formicidae 

(~600), immature Araneae (~500) 

Misiones -27.4 -54.9 147 21 140 Rain forest 49 372 Collembola (~960), Hemiptera (~830) 

Australia 

Queensland -43.1 -41.3 201 9 158 Rain forest 26 181 
Collembola, Formicidae (~10), Diptera 

larva (~120) 

Tasmania -32.1 -31.8 26* 19 79 
Tall, wet Eucalyptus 

oblique forest 
26 183 Collembola (~1000), Arachnida (~160) 

Western 

Australia 
-16.2 -15.5 86 25 206 Wetland 25 174 

Collembola (~650), Diptera, Acari 

(~140) 

Bangladesh Chittagong 22.5 22.2 31 26 283 Agricultural 13 81 

Collembola (~50), Formicidae (~100), 

Hemiptera (~50), Diptera (~2,300), 

Arachnida (~40) 

Brazil Para -1.7 -51.5 72 26 183 
Rain forest 

(Ombrophylous) 
25 164 

Collembola (11,200), 

Formicidae (50) 

Canada 
British 

Columbia 
48.5 -123 63 10 74 

Garry oak ecosystem, 

rocky bluff 
27 184 

Collembola (~4,000), Hemiptera (~60), 

Diptera (~2,900), Lepidoptera (~80), 

Hymenoptera (~70) 

Costa Rica 

Guanacaste 1 10.9 -85.4 575 25 142 Tropical rain forest 52 363 
Collembola, 

Diptera 

Guanacaste 2 10.8 -85.6 300 23 227 Tropical dry forest 51 363 

Acari (~15,800), 

Collembola (~3,000), Formicidae 

(~1,370), Diptera larva (~120) 

Kenya Laikipia 0.3 36.9 1650 18 72 
Savannah and dry 

woodland 
26 187 

Collembola (~2,800), Formicidae 

(~13,000), Hemiptera (~400), Acari 

(~40), Lepidoptera (~60) 

Malaysia Selangor 3.1 102 33* 27 237 Forest 26 156 
Collembola, Hemiptera, Diptera, 

Hymenoptera 

Mexico Jalisco 19.5 -105 80 25 76 Grassland 42 314 Collembola (~5,000) 
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Country Region Lat Long 
Elev 

(m) 

Temp 

(°C) 

Prec 

(mm) 
Habitat description N MTD Excess specimens 

New Zealand Waikato -37.8 175 39 14 127 Residential 25 176 
Collembola, Hemiptera, Coleoptera, 

Diptera 

Pakistan Islamabad 33.7 73.1 540* 20 98 
Botanic Garden 

within city 
39 301 Collembola 

Papua New 

Guinea 
Madang -5.2 145 154 26 408 Rain forest 26 182 Collembola (~1,850) 

Puerto Rico Mayaguez 18.2 -67.1 36 26 139 Forest 20 165 Collembola 

South Africa Gauteng -26.0 -27.5 1526 16 71 Agricultural 25 168 
Collembola, Formicidae, Hemiptera, 

Acari, Lepidoptera 

Unites States of 

America 

California 32.8 -117 131 18 26 Urban 52 364 
Collembola (~26,700), 

Arachnida (~560) 

Virginia 38.9 -78.2 273 12 84 
Secondary deciduous 

forest 
34 290 

Collembola (~1,000), 

Diptera larva (~700) 

Temp., average monthly temperature; Prec., average monthly precipitation; Elev*, estimated elevation from Lat/Long 
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Figure S4.1: Mean annual precipitation (bars, left axis) and temperature (points, right axis) with 

absolute latitude. Colours represent the elevational gradient. Climate data for each site was 

extracted from WorldClim (Fick & Hijmans, 2017). 

 

Ptemp < 0.001 

r2 
= 0.84 

Pprec = 0.01 

r2 
= 0.49 
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Figure S4.2: Range in Malaise trap days (MTD) processed (a), and average monthly MTD (b) at each of 20 sites. Biweekly samples 

were processed at most sites except for those in the U.S.A., Mexico, Costa Rica and Misiones, Argentina where weekly samples were 

processed. Sites in Bangladesh, Pakistan, Mexico, and Virginia, U.S.A. were missing all samples from January, December, April, and 

February respectively. Error bars indicated standard error. Sites ordered by latitude, and colours indicate a gradient in latitude with blues 

in the Northern hemisphere, lighter shades near the equator, and reds in the Southern hemisphere.

a    b 
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Figure S4.3: Proportional species richness (left) and total specimen abundance (right) of arthropod 

orders at each of 20 sites. Arachnida (3%), Collembola (1%) and Insecta (95%) species comprised 

the three major classes containing 60,915 species in total. Each class is indicated by the grey boxes 

at the right of each graph and sites are organized by latitude. 
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Figure S4.4: Species accumulation (a) and sampling completeness (b) curves at each of 20 sites. Solid line segment represents the 

rarefaction curve, the dashed line segment extrapolates the curve to double the observed sample size. Solid dots represent the observed 

species richness. Colours indicate a gradient in latitude with blues in the Northern hemisphere, lighter shades near the equator, and reds 

in the Southern hemisphere.

a              

  

  

b             
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Figure S4.5: Number of species that await capture (white circles) and sample coverage (black 

circles) with absolute corrected latitude. Size of the circles represents sampling effort (days).  

P = 0.02 
r2 

= 0.36 

  

P = 0.26 
r2 = 0.14 
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Figure S4.6: Number of arthropod species per month in relation to number of specimens at each 

of 20 sites. Colours indicate a gradient in latitude with blues in the Northern hemisphere, lighter 

shades near the equator, and reds in the Southern hemisphere.  

P < 0.001 
r2 = 0.76 
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Figure S4.7: Number of observed specimens (lines, right axis) and species (bars, left axis) per 

month at each site. Light bars reflect the total number of species while the dark bars reflect unique 

species per month at each site. Stability values are indicated in the top right corner and ‘country – 

region’ of each site is indicated at the top of each individual graph, organized from left to right, 

top to bottom by latitude. Note the differences in axes. 
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Figure S4.8: Temporal occupancy and abundance of species at each of 20 sites. Colours indicate a gradient in latitude with blues in the 

Northern hemisphere, lighter shades near the equator, and reds in the Southern hemisphere. 

P < 0.001 
r2= 0.51 
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Figure S4.9: Total beta deviation (a, c), as well as fractions of deviation linked to the species 

abundance distribution (grey circles, solid line) and aggregation (white circles, dashed line) (b, d) 

with absolute corrected latitude for the Northern (a, b) and Southern (c, d) hemispheres.

a      b 
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