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ABSTRACT 

 

Riley, Kathryn N. 

 

CARABID BEETLE ECOLOGY AS A FUNCTION OF DISTURBANCE IN 

TEMPERATE AND TROPICAL FORESTS 

 

Dissertation under the direction of 

Robert A. Browne, Ph.D., Professor of Biology 

Ecological disturbance is an episodic event which causes temporary disruption to 

components integral to structure and function of an ecosystem. With the majority of 

today’s forests recovering from past disturbance, knowledge of the changes and patterns 

of forest species in relation to disturbance events are important to our understanding of 

ecosystem change. The focus of this research is to examine the effects of forest 

disturbance on species distributions and species assemblages, with carabid beetles 

(Coleoptera: Carabidae) as the model organism group. 

Chapter I of this dissertation provides a general overview of disturbance and its 

role in diversity and community-level processes, as well as a brief introduction to forest 

disturbances and the high diversity of arthropods including Carabidae. In the remaining 

chapters, I examine the responses of Carabidae for two types of disturbances: the clear-

cutting of North American temperate forests and the temporary flooding of a Neotropical 

forest. My first objective was to examine variations in carabid beetle abundance, species 
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richness, diversity, and species assemblages with changes in forest age and for sampling 

year in the temperate forests of North Carolina (Chapter II). Next, I quantified changes in 

the ecological species traits of carabid beetles with temperate forest age (Chapter III). In 

Chapter IV, I investigated the distributions of abundance, species richness, diversity, and 

species assemblages for carabid beetles from temporarily flooded and non-flooded terra 

firme forests of the Ecuadorian Amazon. Lastly in Chapter V, I evaluated differences in 

Amazonian carabid abundance, diversity and species assemblages collected by hand 

sampling and flight intercept traps (FITs). 

The results show that there is a significant relationship between forest age and 

carabid beetles for the temperate forests of North Carolina. Carabid species richness was 

significantly higher in recently clear-cut areas compared to more mature forests. Species 

composition was significantly different among forest age classes, with the most distinct 

carabid assemblages from recently clear-cut areas. Sampling year can also affect the 

number of individuals, species richness, diversity and communities of Carabidae both 

within and among forest age classes. For three functional diversity indices measuring 

richness, evenness and dispersion, there were no significant differences among forest age 

classes. The characterization of carabid species assemblages based on ecological species 

traits demonstrated that there were significant shifts for six traits with forest age.  

In Amazonian temporarily flooded forests (FP) and non-flooded terra firme forest 

(TF) the species richness, diversity and community evenness were higher in FP compared 

to TF forests. Community analyses indicated that there are distinct differences in 

Carabidae species assemblages between FP and TF forests with few morphospecies 

shared between the two forest types. In terms of the number of individuals collected, 
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hand sampling was not as efficient for TF as it was for FP forests. Community-level 

analyses indicated that FITs and hand sampling target different components of the 

Carabidae community with high dissimilarity values between groups signifying the high 

level of variation among sampling techniques within FP and TF forests.  

In conclusion, the diversity and community assemblages of Carabidae for 

temperate and tropical forests responded to the disturbances studied. Both showed an 

increase in species richness and diversity in more recently disturbed habitat. There also 

were distinct carabid beetle species assemblages for recently disturbed habitats compared 

to habitats not recently influenced by these disturbance factors. 
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CHAPTER I 

  

 

INTRODUCTION 

 

Ecological disturbance and forests 

Ecological disturbance is an episodic event that causes temporary disruption to 

components integral to the structure and function of an ecosystem (Pickett & White 1985; 

Hobbs 2009), which has a vital role in the dynamics of diversity and community structure 

within ecosystems (Connell 1978; McLeod 1980; Petraitis et al. 1989; Rosenzweig 1995). 

Disturbances can vary in extent, frequency and magnitude, with the effects depending on 

the type of disturbance, as well as site characteristics such as climate, soil, biota and 

vegetation (Pickett & White 1985; Rykiel 1985; Hobbs 2009). Ecosystems are influenced 

by an array of naturally occurring disturbance factors such as fires, wind, flooding and 

hurricanes (White 1979; Pickett & White 1985; Attiwill 1994; White & Jentsch 2001). 

Human activities, such as forestry, pollution and fire suppression, frequently modify 

natural disturbances regimes or initiate novel disturbances to ecological systems (Attiwill 

1994; White & Jentsch 2001; Hobbs 2009; Solórano & Páez-Acosta 2009). Disturbance 

events can change the conditions of the physical environment, the demographic rates, as 

well as the distribution and availability of resources (Tilman 1982; Petraitis et al. 1989; 

Hobbs 2009; Mouillot et al. 2013), thus potentially altering the competitive balance of a 

system that can affect mechanisms of coexistence and dominance patterns of inhabiting 

species (Levin & Paine 1974; Connell 1978; Tilman 1982; Southwood 1988; Chaneton & 
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Facelli 1991). Natural disturbance has been postulated as an important mechanism in the 

maintenance of biological diversity in communities including the immense diversity of 

tropical forests (Connell 1978; Petraitis et al. 1989; Rosenzweig 1995).   

Natural disturbances play a fundamental role in the structure and function of 

forest ecosystems (Pickett & White 1985; Oliver & Larson 1990; Foster et al. 1998). In 

contemporary times, human activities, both indirectly and directly, are another major 

source of change within forests (Oliver & Larson 1990; Attiwill 1994; Linke et al. 2007; 

Solórano & Páez-Acosta 2009). Deforestation and forest use have increased immensely 

over the past century and are predicted to continue to increase (Solórano & Páez-Acosta 

2009). Forests and their responses to disturbance are also vulnerable, both directly and 

indirectly, to the effects of global climate change (Dale et al. 2001; Bush et al. 2004; 

Bonan 2008). In a rapidly changing world, knowledge of the changes and patterns of 

forest species in relation to disturbance events are of high importance. This is especially 

true for the smaller forest inhabitants (“the little things”), arthropods and their relatives 

which are the dominate taxa in terms of biomass, numbers and diversity within forests 

(Wilson 1987; Erwin 1996).  

Insects and Carabidae 

Insects and their relatives dominate global biodiversity (Hammond 1992; 

Samways 1993) with approximately 1.24 million arthropod species described by science, 

over 80% of which are insects (Zhang 2011). The recent global estimate of 6.1 million 

arthropod species (Hamilton et al. 2013), suggests that around 60 – 80% of species await 

description (Erwin & Johnson 2000; Dunn 2005; Hamilton et al. 2010, 2013; May 2010). 

The majority of undescribed taxa occur in tropical regions where global insect diversity is 
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the highest (Hamilton et al. 2013). Based on the estimates of species awaiting description, 

we are in the early stages of a comprehensive understanding of these animals which make 

up an overwhelming portion of the Earth’s species.  

Beetles (Coleoptera), the largest order within Insecta, constitute a fourth of all 

animal species with approximately 400,000+ described species (Hammond 1992; Erwin 

1996; Hunt et al. 2007). The immense diversity of Coleoptera makes research of these 

animals particularly important to ecological processes and the distribution of global 

diversity across time and space (Erwin 1996). The beetle family Carabidae is in the 

second largest suborder of Coleoptera, the Adephaga (Figure 1), and is the most species 

rich family within this suborder (Maddison 2000; Bousqet 2012). Adephaga can be 

divided into the terrestrial fauna, the Geadephaga, and the aquatic fauna, the 

Hydradephaga (Figure 2; Crowson 1960; Beutel and Haas 2000; Beutel et al. 2008; 

Lawrence et al. 2011; Bousquet 2012). Monophyly is currently not well supported for the 

Carabidae (see Maddison et al. 2009) and although molecular sequence data has been 

used for specific subsets of Carabidae, much of the current classification is 

predominantly based on morphological data (Maddison 2006; Bousquet 2012). Figure 3 

provides a higher level phylogeny for Carabidae; however, more data are necessary to 

reach a consensus for higher classifications (Maddison 2006; Maddison et al. 2009; 

Bousquet 2012). With approximately 40,000 species globally, Carabidae is the third most 

species rich beetle family (Erwin 1985) and they are found on all continents except 

Antarctica. Carabids are holometabolous (i.e. have complete metamorphosis), with the 

full life cycle for the majority of species taking around one year to complete and one 

reproductive event (Lövei & Sunderland 1996). Carabid beetles are relatively well-
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known taxonomically, easily sampled in high numbers and respond to abiotic and biotic 

variations including disturbances (Thiele 1977; Lövei & Sunderland 1996; Rainio & 

Niemela 2003), making them effective model organisms for ecological studies (Niemelä 

et al. 2000; Rainio & Niemela 2003; Pearce & Venier 2006; Koivula 2011; Kotze et al. 

2011).  

Objectives  

The goal of this research is to gain a greater understanding of patterns in species 

abundance, diversity and community assemblages in relation to forest disturbance, with 

carabid beetles serving as the model organism group. I examine the responses of 

Carabidae for two types of disturbances: the clear-cutting of North American temperate 

forests, an anthropogenic disturbance, and the temporary flooding of a Neotropical forest, 

a natural disturbance factor. Collectively, the results of this dissertation are based on 

7,803 carabid beetles, collected from two continents over a four year period (2009 – 2013) 

through 168 hand collecting events and the repeated sampling of 432 pitfall traps and 24 

flight interception traps. Chapters II and III discuss results from temperate forests while 

Chapters IV and V discuss results from a tropical rainforest. 

In Chapter II, the objectives are to examine variations in carabid beetle abundance, 

speices richness, diversity and species assemblages among four forest age classes and 

sampling year in North Carolina. Four forest age classes, ranging from recent clear-cuts 

to ninety year old forests, were sampled from 2009 – 2013, with predictions that (1) 

Carabidae abundance will be lowest in recent clear-cuts and highest in ninety year forests; 

(2) richness and diversity will increase after clear-cutting due to an influx of species well 

adapted to open habitats; (3) forest age classes will be characterized by distinct carabid 
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assemblages with the most distinct species assemblages occurring between recent clear-

cuts and ninety year old forests; (4) year-to-year changes in species assemblages within 

the forest age classes will be most rapid in the clear-cut areas due to the recent 

disturbance; and (5) there will likely be year-to-year variations in species assemblages 

among forest age classes; however, overall community-level patterns should remain 

consistent among sampling years. 

Changes in carabid functional diversity and ecological species traits in response to 

temperate forest age are examined in Chapter III. Classification of diversity and 

communities based on traits relating to species ecology rather than on taxonomy alone 

can reveal ecologically important aspects of biological communities and serve broader 

conservation purposes (Whittaker 1975). Functional diversity and species trait patterns 

are predicted to change with forest age with the carabid communities of recent clear-cuts 

will likely contain a different suite of traits compared to those of more mature forests. I 

hypothesize that functional richness will be the highest for recent clear-cuts but 

functional evenness and diversity will be higher in the fifty and ninety year forests 

compared to less mature forests. 

The differences in Carabidae species richness, diversity and community 

composition within the understory of temporarily flooded forests (FP) and non-flooded 

terra firme forest (TF) of eastern Ecuador are examined in Chapter IV. I predict that FP 

forests will have higher species richness and diversity than TF forests. Since there are 

species specific adaptions and survival strategies for flooding regimes, species 

assemblages may differ between the two forest types with greater variation among 

sampling sites within FP communities. 
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In Chapter V, I examine differences in the estimates of carabid diversity and 

species assemblages from two collection techniques, hand sampling and flight intercept 

traps (FITs). The objectives of this study were to investigate differences between FITs 

and hand sampling in terms of numbers of individuals, richness, diversity and species 

composition for Carabidae within the understory of two Amazonian forest types. The two 

sampling techniques are expected to target different portions of the carabid beetle 

community, but the extent of these differences and the relative sampling efficiency 

differs between FP and TF forests, have not previously been explored.  
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I Figure – 1. A hypothesis for the phylogenetic relationships of the four suborders of 

Coleoptera. The phylogenetic tree (Beutel and Haas 2000) is from The Tree of Life Web 

Project (Maddison 2000). 
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I Figure – 2. A hypothesis for the phylogenetic relationships of the extant families 

within Adephaga. The rectangle highlights Carabidae, the study group for this 

dissertation. The phylogenetic tree from The Tree of Life Web Project (Maddison 

1995). 
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I Figure – 3. A hypothesis for the phylogenetic relationships of higher taxa within 

Carabidae. Question marks denote uncertain placement for tribes which have been 

classified within Carabidae, as well as raised to the rank of family or included in another 

family. Cicindelitae has been considered a distinct family by several coleopterists. 

Adapted from rom The Tree of Life Web Project (Maddison 2006). 
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CHANGES IN CARABID BEETLE (COLEOPTERA: CARABIDAE) 
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ABSTRACT 

The objectives of this study were to assess changes in Carabidae among four forest age 

forest classes for (1) numbers of individuals, richness and diversity; (2) common and rare 

species; (3) species composition; (4) year-to-year variations in numbers of individuals, 

richness and diversity; and (5) changes in species composition among and within 

sampling years in relation to forest age. Carabid beetles were sampled by pitfall traps 

between 2009 and 2013 at 34 sites representing recently clear-cut areas (‘zero year’), ten 

year old forest, fifty year old forest and ninety year old forest. There were 6,548 

Carabidae collected, from 16 tribes, 33 genera and 76 species. There were no differences 

in mean values among forest age classes for number of individuals, species number or for 

mean inverse Simpson concentration indices. Rarefaction curves indicate that the rarified 

richness for recent clear-cuts is higher than those for older forests. When all sampling 

years are combined, non-metric multidimensional scaling (NMDS) followed by 

permutational multivariate analysis showed that there were significant differences in 

species composition among forest age classes. The numbers of individuals and species 

collected in sampling year three were significantly lower than the previous two sampling 

years and Simpson’s evenness values indicated species assemblages were significantly 

more even in year three. There were significantly higher numbers of rare individuals and 

species collected from zero year age class compared to older forest age classes. NMDS 

analysis indicated that there were significant variations in species composition within 

zero, fifty and ninety year forests among sampling years. Year-to-year variations in 

species composition among the forest age classes were also detected and there were 

significant differences among the forest age classes in all three sampling years. Distinct 
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differences in species assemblages among forest age classes indicate that conservation 

decisions should be considered at the landscape level.   

 

INTRODUCTION 

 

Temperate forests, which cover approximately 50% of the eastern United States, 

have been highly modified in the past 300 years, with much of the area recovering from 

past disturbance events (Ricketts & Imhoff 2003; Bonan 2008; Drummond & Loveland 

2010; Pan et al. 2011). Agricultural abandonment, commercial forestry, agriculture and 

urbanization have created a mosaic of various aged forest stands and land use cover types 

(Oosting 1942; Christensen & Peet 1984; Henderson & Walsh 1995; Napton et al. 2010; 

Pan et al. 2011; Brown 2015). With the need to support a rapidly growing population, 

U.S. Southeastern forests are particularly vulnerable to anthropogenic pressures of 

urbanization and other land uses (Ricketts & Imhoff 2003; Bonan 2008; Drummond & 

Loveland 2010). Southeastern forests were included in the “Global 200” list of 

conservation priority areas across the globe (Olson & Dinerstein 2002) and have been 

identified as a top ecoregion priority for conservation based on richness, endemism and 

risks associated with urbanization (Ricketts & Imhoff 2003).  

Of the 18.6 million acres of forest in North Carolina in 2013, only 4% are 

reserved from commercial timber production, with the greatest timberland proportion 

occurring in the Piedmont region (Brown 2015). Clear-cutting, a dominant method of 

timber harvesting, causes abrupt change from forested to open habitat, radically altering 

the ground conditions and soil of the given habitat (Covington 1981; Swank & Vose 

1988). Removal of the forest canopy leads to increased soil and air temperatures, larger 

fluctuations of temperature minima and maxima, decreased surface moisture, increased 
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wind flow and, perhaps most importantly, increased solar radiation. Changes associated 

with clear-cutting also cause changes in leaf litter composition and depth, soil pH, 

organic and nutrient matter, nutrient cycling and biological processes (Bazzaz 1979; 

Covington 1981; Christensen & Peet 1984; Swank & Vose 1988; Chen et al. 1993). 

Changes associated with clear-cutting also cause changes in the ground dwelling 

invertebrate communities, many of which are crucial to ecosystem processes and 

constitute a large portion of forest biodiversity (Lenski 1982; Heliövaara & Väisänen 

1984; Stork & Eggleton 1992; Niemelä 1997). 

In temperate forests, the Carabidae (Coleoptera) are dominant among forest floor 

invertebrates, both in numbers of individuals and species (Thiele 1977; Erwin 1985; 

Werner & Raffa 2000). With approximately 40,000 carabid species globally, Carabidae is 

the third most species rich beetle family in North America, with an estimated 2,450 

species north of Mexico (Erwin 1985; Ciegler 2000; Bousquet 2012). Many carabid 

species are ecologically important as generalist predators, while others are predominantly 

phytophagous, omnivorous or specialist feeders (Thiele 1977; Erwin 1996; Lövei & 

Sunderland 1996). Carabid beetles are relatively well-known taxonomically, easily 

sampled in high numbers and respond to abiotic and biotic variations including 

disturbances and other environmental changes (Thiele 1977; Lövei & Sunderland 1996; 

Rainio & Niemela 2003), making them effective model organisms for ecological studies 

(Niemelä et al. 2000; Rainio & Niemela 2003; Pearce & Venier 2006; Koivula 2011; 

Kotze et al. 2011). The environmental parameters and habitat characteristics associated 

with forest age generate species specific responses which are manifested in variations at 

the community level (Niemelä et al. 1996).  
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Carabidae richness and diversity are typically higher in the early phases following 

a clear-cutting event compared to mature forests (Niemelä et al. 1993; Spence et al. 1996; 

Butterfield 1997; Jukes et al. 2001; Koivula et al. 2002; Pearce et al. 2003; de Warnaffe 

& Lebrun 2004; Magura et al. 2015). This increased richness is usually associated with 

an increase in habitat generalist and open habitat species which have higher tolerances for 

temperature and light compared to forest species (Thiele 1977; Ings and Hartley 1999). 

Disturbance can alter the competitive balance within an ecosystem, affecting coexistence 

mechanisms and dominance patterns of the inhabiting species and cause an increase in 

species diversity (Levin & Paine 1974; Connell 1978). I hypothesize that species richness 

and diversity will be highest in recently clear-cuts, with intermediate values for the most 

mature forests, and the lowest values for intermediately aged forests. 

Previous studies, primarily from high latitude boreal forests, have found that 

forest age classes are characterized by distinct carabid assemblages, with the most 

extreme differences between early and mature forest stages (Szyszko 1990; Niemelä et al. 

1993, 1996; Haila et al. 1994; Butterfield 1997; Ings & Hartley 1999; Koivula et al. 2002; 

Magura et al. 2006; Taboada et al. 2008). The relationship between forest age and 

Carabidae community structure is likely an indirect one, with species responding to 

changes in microclimatic differences within recently disturbed and forested areas rather 

than particular tree species (Ings and Hartley 1999). Forest canopy closure initiates 

changes on the forest floor, which is typically a pivotal point for ground-dwelling 

arthropods communities, including carabid beetles (Swank & Vose 1988; Chen et al. 

1993; Niemelä et al. 1993, 1996; Pearce & Venier 2006; Koivula 2011). Closed canopies 

reduce the amount of sunlight and decrease wind at ground level, lowering temperature 
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and increasing humidity, creating more moderate conditions (Swank & Vose 1988; Chen 

et al. 1993). I hypothesize that changes associated with forest age in southeastern U.S. 

forests will be reflected in Carabidae species assemblages, and that the carabid 

communities occurring in recently clear-cut areas and mature forests will be particularly 

distinct compared to each other.  

Although year-to-year variation in carabid species compositions can be 

substantial, it has not often been considered in the majority of analyses. Inter-annual 

studies are necessary to understand population and community dynamics (den Boer 1981, 

1985; Luff 1982; Desender 1996; Kotze & Niemela 2002). Year-to-year changes in plant 

species richness, vegetation structure and habitat heterogeneity have been shown to be 

important factors for temporal variations in carabid abundance (Brose 2003; Harvey et al. 

2008). Previous studies have found low fluctuation in numbers of individuals among 

years (Luff 1982; Niemelä et al 1988) while other studies have found marked differences 

in abundance of common species (den Boer 1985; French and Elliott 1999). I predict that 

more commonly collected species will be present in all sampling years but their 

abundances will vary significantly among years. Year-to-year changes in species 

assemblages will be most rapid in the recently clear-cut areas due to the recent 

disturbance and regenerative processes. More mature forests will have lower turnover in 

species assemblages among sampling years but the abundances of species present will 

vary due to stochasticity, variations in weather and microhabitat structure (Kotze and 

Niemelä 2002; Harvey et al. 2008).  

The majority of carabid diversity and community studies have been conducted in 

higher latitude boreal forests (Szyszko 1983; Niemelä et al. 1993, 1996; Spence et al. 
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1996; Butterfield 1997; Koivula et al. 2002; Jacobs et al. 2008) or in temperate forests of 

Canada and northern Europe (Thiele 1977; Pearce et al. 2003; Latty et al. 2006; Jelaska et 

al. 2011; Kwiatkowski 2011; Magura et al. 2015). Studies from mid-latitudinal North 

American temperate forests are underrepresented in the literature (Lenski 1982; Jennings 

et al. 1986; Riley & Browne 2011), particularly for the southeastern U.S. (Ciegler 2000). 

The objectives of this study are to assess changes among four forest age classes in 

carabid beetle (1) numbers of individuals, richness and diversity; (2) common and rare 

species; (3) species composition; (4) year-to-year variation in numbers of individuals, 

richness, diversity; and (5) species composition both among and within sampling years.  

 

METHODS 

Study area 

The Piedmont of North Carolina is a transitional region between the Blue Ridge 

Mountains and Southeastern Plains with rolling topography and forests accounting for 

more than half of the land cover (Oosting 1942; Napton et al. 2010). Normal monthly 

mean temperatures for the study area are 35.0 – 76.0° F, with mean annual precipitation 

of 46.9 – 47.0 in. relatively evenly spread throughout the year (State Climate Office 2016; 

Figure A1). The early stages of forest regeneration in the Piedmont are dominated by 

herbaceous plants (e.g. several Asteraceae, Panicum) and tree seedlings (Oosting 1942). 

Rapidly growing pines (Pinus) form a closed canopy a few years after disturbance and 

typically persist to dominate the mid-successional stages while, at approximately the 

same time, early shade-intolerant hardwoods (e.g. Liriodendron tulipifera, Acer rubrum) 

become established (Peet & Christensen 1980; Christensen & Peet 1981). Decades after 

initial disturbance, hardwoods outnumber pines until the community transitions to more 
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shade-tolerant deciduous trees (e.g. Quercus spp., Carya spp.). Mature forests of the 

Piedmont are uneven aged, hardwood deciduous forest, characterized by Quercus (oak), 

Carya (hickory), and Liriodendron (poplar) species and on drier areas mixed oak-pine 

(Pinus spp.). The overwhelming majority of southeastern U.S. forests are secondary 

forests regrown on abandoned agricultural land (Christensen & Peet 1984; Peet & 

Christensen 1987; Henderson & Walsh 1995; Drummond & Loveland 2010; Napton et al. 

2010). The classical descriptions of Piedmont succession are based on forests in the 

central Piedmont, approximately 120 km east of the current study area. Forests in the 

study area appear to reach the mature uneven-aged deciduous stage slightly earlier than 

what has been reported for the classical studies of North Carolina forest succession 

(Oosting 1942; Peet & Christensen 1980, 1987, Christensen & Peet 1981, 1984).  

Collection of Carabidae 

Sampling occurred at 34 sites representing four forest age classes within Stokes 

and Surry counties of North Carolina (80° N, 36°W) (Figure 1; Appendix B, Table B2). 

Four forest age classes are represented: recently clear-cut (n = 9), 10 – 20 year forest (n = 

8), 40 – 60 year forest (n = 7) and 80 – 95 year forest (n =10), which are referred to as 

zero, ten, fifty and ninety year age groups respectively (see Appendix B for additional 

site information). Forest ages were estimated using historical records, forest structure and 

tree girth. Of the 34 sampling sites, 29 sites were repeatedly sampled from May 2009 

through April 2012. Twenty-two sampling sites were located within Pilot Mountain State 

Park (PMSP) either in the two larger continuous sections of the park or within the 

Corridor/Bridle Trail (length = 10.6 km) which connects the larger sections. Six zero year 

sites were located within a 65 ha plot which was logged in December 2008. In order to 
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improve the spatial distribution of sample sites for the two younger age classes, an 

additional year of sampling, from November 2012 through October 2013, was 

implemented at seven sites (four zero year sites and three ten year sites). Two of these 

extra year sites (one zero year and one ten year site) were also sampled during the 

original three year period. Newly added zero year sites were clear-cut between Nov. 2011 

and Nov. 2012. Site selection was affected by the availability of forest sites of the proper 

age class, urban surroundings, and collection permits. Sampling sites are similar in 

altitude (258 - 371 m) (Appendix B, Table B1) and soil classification (i.e., 

Metagraywacke and Muscovite – Biotite Schist (CZma2) (Brown 1985). 

Pitfall trapping has shown to be useful for comparing species presence and 

relative activity/abundance levels of larger ground dwelling beetles across habitat types 

(Thiele 1977; Spence & Niemelä 1994; Woodcock 2005). Although pitfall trap sampling 

likely has inherent biases relating to activity (i.e. ‘activity density’) (Greenslade 1964; 

Luff 1975; Thiele 1977; Adis 1979; Spence & Niemelä 1994), sampling under standard 

conditions over the entire active season provides reliable information on activity densities 

and allows for quantitative comparison among species (Baars 1979; Luff 1982; Loreau 

1992; Southwood & Henderson 2000). Passive pitfall trapping samples continuously, 

minimizing investigator associated biases (Melbourne 1999; Woodcock 2005). In this 

study, pitfall traps consisted of 16 oz. plastic drinking cups (Solo® with a 12 cm diameter 

opening) that were positioned flush with the ground. To reduce the amount of water and 

debris in the trap, a flat, dense foam plastic cover was placed over each cup and fixed 

approximately 5 cm above the ground with nails. The cups contained non-toxic antifreeze 

as a preservative. There were a total of 12 traps at each sampling site, divided into two 
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groups of six each with groups located approximately 10 m apart (see Riley 2010, Figure 

1b). Carabids were collected monthly by straining the trap contents through a fine mesh 

screen and subsequently preserved in 95% ethanol. Individuals were identified to species 

using a morphological key (Ciegler 2000), with confirmation made as needed with 

specimens at the Smithsonian National Museum of Natural History in Washington, DC. 

Statistical analysis 

Numbers of individuals, richness and diversity 

 For each sampling site, individual pitfall trap collections were combined for each 

month, with the raw numbers of individuals adjusted for differences in number of trap 

nights between collection periods and for number of intact traps (i.e. versus those 

overturned). Total number of individuals collected at a site was standardized to 365 trap 

nights per month (12 traps x 30.42 days). Inter-annual comparisons were made between 

sampling years one, two and three, with the extra sampling year excluded from these 

analyses. For each sampling site and year, the number of individuals (N), raw species 

richness (S) and a Hill diversity number, the inverse Simpson’s concentration index (1/D) 

(Simpson 1949; Jost 2006; Chao et al. 2014) were determined. To detect changes at a 

higher taxonomic level, the number of individuals and species of each carabid tribe were 

calculated for the forest age classes. These values were used as response variables in 

linear modeling, with forest age and sampling year as predictors (fixed effects). To assess 

changes among forest age classes and sampling years, I used generalized linear mixed 

models (GLMMs) with Poisson error distributions, log links and sampling site as a 

random factor to account for repeated sampling. If over-dispersion was detected (> 1.5), 

standard errors were corrected through a GLMM with a negative-binomial error 
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distribution, log link and sampling site as a random factor (Zuur et al. 2009; O’Hara & 

Kotze 2010). The appropriate type of linear model (e.g. Poisson GLMM) was selected 

based on the data and the Akaike information criterion corrected for small sample size 

(AICc) (Sugiura 1978; Hurvich & Tsai 1989; Bolker et al. 2009; Zuur et al. 2009; 

Burnham et al. 2011). Significance was determined through analysis of deviance using 

Wald chi-square test statistics (Zuur et al. 2009) and Tukey tests for multiple 

comparisons of means. Linear modeling was completed using R packages ‘lme4’, 

‘MASS’, ‘car’, and ‘multcomp’ (Venables & Ripley 2002; Hothorn et al. 2008; Fox & 

Weisberg 2010; Bates et al. 2015; R Core Team 2016).  

Since species richness is sensitive to sample size, it was standardized by 

rarefaction which determines the expected number of species from a random subsample 

of individuals from the overall data set (Gotelli & Colwell 2001, 2011; Colwell et al. 

2012). Rarefaction curves with 95% unconditional confidence intervals were constructed 

using 500 randomizations in R package ‘iNEXT’ (Chao et al. 2014; Hsieh et al. 2015). 

To correct for differences in sample density among sampling sites, the x-axis was 

rescaled to individuals (Gotelli & Colwell 2001, 2011, Colwell et al. 2004, 2012). To 

estimate the number of undetected species, rarefaction curves were extrapolated by a 

factor of two based on the smallest sample size among age classes (Colwell et al. 2012). 

Nonparametric species richness estimators were calculated to provide the potential true 

richness of the forest age classes. The nonparametric species richness estimator, Chao1, 

is an abundance-based estimator and was used for extrapolation of rarefaction. Chao1is 

usually recommended as the lower bound of asymptotic richness (Chao 1984; Colwell et 

al. 2012). To account for estimator bias, two additional nonparametric diversity 
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estimators and associated standard error (randomizations = 1000) were calculated through 

R packages ‘vegan’ (Oksanen et al. 2016): the abundance-based coverage estimator 

(ACE) (Chao & Lee 1992; Chao & Yang 1993; Lee & Chao 1994) and sample-based first 

order jackknife, Jack1 (Burnham & Overton 1979; Heltshe & Forrester 1983). Estimators 

were selected based on the abundance, distribution and evenness of the data, in addition 

to high performance in previous studies (Chazdon et al. 1998; Brose & Martinez 2004; 

Walther & Moore 2005; Hortal et al. 2006; Gotelli & Colwell 2011). Since ACE accounts 

for the frequency of rare species, it has been shown to be appropriate for datasets with a 

high proportion of rare species as is common for studies examining Carabidae 

assemblages (Chao and Lee 1992; Chazdon et al. 1998; Belaoussoff et al. 2003). Jack1 

has performed well in a variety of studies (Palmer 1990; Colwell & Coddington 1994; 

Walther & Moore 2005; Hortal et al. 2006; Basualdo 2011) and it shows low bias for data 

with higher evenness and sample coverage (Brose & Martinez 2004; Brose et al. 2003). 

The three estimators were averaged together to evaluate to sample completeness.  

Species assemblages 

Simpson’s evenness (E1/D) was analyzed though a beta-regression model with 

logit link function since values were continuous on the interval (0-1) using R package 

‘betareg’ (Ferrari & Cribari-Neto 2004; Cribari-Neto & Zeileis 2010). This evenness 

index is known to have high precision and low bias (Smith & Wilson 1996; Payne et al. 

2005). Differences in species abundance distributions among the forest age classes were 

examined through rank abundance curves using logged relative abundance versus species 

rank.  
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To determine if there were differences between more commonly collected species 

compared to less frequently collected species, each species was classified into rarity 

categories based on the proportion of their abundance to the overall carabid beetle catch 

(relative abundance) for the entire sampling period (all sampling years combined). The 

activity-abundance of Carabidae can be measured at several scales and a threshold 

between commonly collected and rare species can be set based on the data. Species were 

classified as ‘dominant’ if their relative abundance contributed more than 10.0% of the 

total number of individuals with all forest ages combined. Species collected in higher 

numbers (‘common’) contributed 1.0 – 9.99% while less frequently sampled species 

(‘rare’) contributed less than 1.0% to the total number of individuals collected. Changes 

in the number of individuals and the number of species among forest age classes for these 

three rarity categories were analyzed using GLMMs. To determine if the distribution of 

common and rare species was random among Carabidae tribes, expected and observed 

values were determined and compared by Chi-square test. Dominant and common species 

were combined for this analysis and referred to as ‘abundant’. The expected number of 

commonly collected and rare species was determined by multiplying the total number of 

species collected for each tribe by the proportion of species in each rarity category (e.g., 

58 of 76 species were rare, 76.32%).   

Differences in species compositions among the forest age classes and among 

forest age classes both within and among sampling years were analyzed using Bray-

Curtis dissimilarity and non-metric multidimensional scaling (NMDS). NMDS is a robust 

unconstrained ordination method which does not make assumptions about the underlying 

nature of species distributions (Minchin 1987; Clarke 1993; McCune & Grace 2002; 
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Oksanen 2015). All species were included in the analyses, with raw abundances 

standardized through relative abundance by sampling site (Faith et al. 1987; Minchin 

1987) as recommended for Carabidae pitfall trap studies (Luff et al. 1992; Dufrene & 

Legendre 1997; Kotze et al. 2011). To ensure solution stability, NMDS was performed on 

the dissimilarity matrix (Bray-Curtis or Jaccard) using 100 runs with random start points 

(Minchin 1987). Statistical significances were determined with adonis, a robust 

permutational multivariate analysis of variance (using 999 permutations) (Legendre & 

Anderson 1999; Anderson 2001; McArdle & Anderson 2001; Oksanen 2015). To test for 

multivariate homogeneity of dispersions within forest types we used R function 

betadisper and post-hoc test, TukeyHSD (Anderson 2006; Anderson et al. 2006; Oksanen 

2015). All community-based analyses were completed using R package ‘vegan’ and 

‘MASS’ (Venables & Ripley 2002; R Core Team 2016; Oksanen et al. 2016).  

To provide additional insight into differences in species assemblages among the 

four forest age classes and determine significant species associations with forest age 

classes, point-biserial group-equalized phi coefficients (De Cáceres & Legendre 2009) 

were calculated. Correlation indices were used to determine the species ecological 

preferences among a set of alternative site groups for each species individually. This 

statistic considers absences and presences in the determination of site groups or site 

group combinations (De Cáceres & Legendre 2009; De Cáceres et al. 2010, 2012; 

Legendre & Legendre 2012). Species included in the analysis had an association index 

value of at least 0.4 (De Cáceres 2013). Analysis was completed using 999 permutations 

with function multipatt in R package ‘Indicspecies’ (De Cáceres et al. 2010). Holm 

correction for multiple testing was used for experiment-wide conclusions (Holm 1979; 
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De Cáceres & Legendre 2009). Species were classified by habitat preferences based on 

ground conditions: open, shaded or either, as described in the literature (Lindroth 1961-

1969; Erwin 1981; Larochelle & Larivière 2003). Numbers of individuals and species 

were compared among forest age classes using linear models.  

In order to examine spatial autocorrelation a multivariate Mantel correlogram was 

constructed (Mantel 1967; Oden & Sokal 1986; Sokal 1986; Borcard & Legendre 2012; 

Legendre & Legendre 2012). Bray-Curtis dissimilarity values for species assemblages 

and the Cartesian coordinates of sampling sites were used in the analysis. Species data 

was Hellinger-transformed and detrended prior to analysis to satisfy normality and the 

second-order stationarity condition (Borcard et al. 2011). Sturge’s rule was used to 

determine the number of distance classes (Borcard et al. 2011). Following 5000 

permutations the significance of the normalized Mantel statistic for the distance classes 

were evaluated using Holm correction for multiple testing (Holm 1979; Borcard et al. 

2011; Goslee & Urban 2013). Autocorrelation analyses were completed in ‘vegan’ 

(Oksanen et al. 2016) and Cartesian coordinates using R package ‘SoDA’ (Chambers 

2013; R Core Team 2016). 

 

RESULTS 

Numbers of individuals, richness and diversity 

A total of 6,548 Carabidae representing 16 tribes, 33 genera and 76 species were 

collected (Table 1 & Appendix C, Table C1). There were no differences in mean values 

among forest age classes for number of individuals, species number or the inverse 

Simpson concentration but there was significant interaction between forest age and 
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sampling year (χ
2
 = 16.9, df = 7, p = 0.018). At the rarefied sample size (n = 1,352) the 

lack of overlap in the unconditional 95% confidence intervals indicated that the zero year 

forests were significantly more species rich than the older age classes (Figure 2). 

Extrapolated rarefaction curves suggest more species will be collected with increased 

sampling for all forest age classes except for ten year forests. Averaging the three 

nonparametric diversity estimators yielded the following values for sample completeness 

among forest age classes: zero (65.9%), ten (90.8%), fifty (80.6%), and ninety (71.9%). 

The nonparametric estimators also indicate that the zero and ninety age classes have the 

highest number of undetected species (lowest sample completeness) and the highest 

estimated true species richness. In comparison, relatively few species remain undetected 

for ten and fifty year forests (Table 1). The three estimators have not completely 

stabilized and most estimates have relatively large standard errors. The ten and ninety 

year forests had significantly lower mean Chao1 values than the zero age class (χ
2
 = 16.1, 

df = 3, p = 0.001; Figure 3).   

The abundance of five Carabidae tribes changed among forest age classes 

(Appendix G, Figure G1). All significant differences were between the zero year age 

class and a combination of the older three forest age classes. In the zero year age class, 

there were fewer Cicindelini compared to ninety year forests (χ
2
 = 8.8, df = 3, p = 0.032), 

fewer Cychrini compared to the ten and ninety year age class (χ
2
 = 21.3, df = 3, p < 

0.001), fewer Licinini versus fifty year forests (χ
2
 = 12.3, df = 3, p = 0.006), more 

Harpalini compared to the three older forest age classes (H = 23.6, df = 3, p < 0.001) and 

more Scaritini compared to ten year old forests (H = 8.02, df = 3, p < 0.046). There were 

no significant differences in number of species among forest age classes for Carabidae 
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tribes, except for Harpalini which had more species in the zero year class compared to the 

three older forest age classes (H = 25.6, df = 3, p < 0.001). 

Species assemblages with forest age 

Of the 76 species collected, 34% (S = 26) were present in all four age classes and 

49% (S = 37) were present in three of four forest age classes (Appendix C, Table C2). 

The three most abundant species, Cyclotrachelus sigillatus (16.3%), Sphaeroderus 

stenostomus (14.9%), and Pterostichus sculptus (13.4%), accounted for 44.6% of the total 

number of individuals. These three species, which were classified as dominant species 

(3.9% of the total S), occurred in all forest age classes, with at least two of the three 

species among the three most commonly collected species for each age class (Appendix 

C, Table C2). Fifteen species (19.7% of the total S) were classified as common and 58 

species were classified as rare (76.3% of the total S), with common species accounting 

for 44.0% of the total number of individuals collected whereas rare species accounted for 

only 11.3%. Although Agonum punctiforme was classified as common based on relative 

abundance, it only occurred at four sampling sites over the entire sampling period and all 

four sites were in the zero age class. In contrast, all other dominant and common species 

occurred at 13 or more sample sites. Four rare species occurred at 13 sampling sites or 

more with their overall relative abundances ranging between 0.43% – 0.67%. Twenty one 

species were represented by one individual (singletons), with the greatest number of 

singletons occurring in the zero year age class (n = 10) and ninety year forests (n = 7) 

(see Appendix C, Table C2). There were no differences in mean numbers of individuals 

or numbers of species among forest age classes for dominant or common species. 

However, there was a significantly higher mean number of rare individuals (χ
2
 = 46.9, p 
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< 0.001) collected from the zero year age class compared to the three older forest age 

classes (Appendix H, Figure H1A) and a significantly higher mean number of species (χ
2
 

= 15.0, p = 0.002) in the zero year class compared to ten and ninety year forests 

(Appendix H, Figure H1B).  

Eighteen species from nine Carabidae tribes were considered abundant (i.e. 

consisting of dominant and common species). The distribution of abundant species within 

the nine tribes was significantly different than the expected numbers of species (chi-

square χ
2
 = 18.0, df = 8, p < 0.025; Appendix H, Table H1). The distributions of the 58 

rare species within 14 tribes were not different than expected. 

The highest proportion of rare species occurred in the zero year age class (70.7%), 

followed by the ninety (53.4%), fifty (43.1%) and ten (39.7) year old forest age classes. 

Of the total numbers of species collected in each forest age class, 53.9% were classified 

as rare for the zero year age class compared to 40.8% in ninety, 32.9% in fifty and 30.3% 

in ten year old age classes. The rank abundance curves (Figure 4) highlight the high 

abundance of rare species (ranks 15 – 43) for the zero year age class compared to older 

forest age classes, as well as the higher overall species richness, as indicated by the 

increased length of the zero year rank abundance curve. The rank abundance curves also 

suggest that species abundance distributions were similar among the three older forest 

age classes. The slope of the zero year age class was lower, indicating higher evenness 

for the zero year age class (Figure 4), which is primarily due to higher abundance of less 

frequently collected species. However, the mean Simpson’s evenness index was lowest 

for the zero year sites (0.39) and highest for fifty year forests (0.45), but the differences 

among forest age classes were not significant.    
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Ordination analysis with all sampling years combined (Figure 5) showed the 

greatest separation along axis 1, with no overlap of the zero year polygon with any of the 

other forest age polygons and with the highest degree of overlap for the ten year forest 

polygon with the fifty and ninety year polygons (k = 2; stress = 17.0). Zero year forest 

sites were negatively associated with axis 1 and had the most distinct species composition 

compared to other forest age classes. The minimal overlap of the fifty and ninety year 

polygons suggests that these forests maintain different species assemblages, with neither 

of these species assemblages different from that of ten year forests. Statistical analysis 

confirmed there were significant differences in species composition among forest age 

classes (F = 4.0, df = 3, p < 0.001). Ordination analysis based on presence/absence data, 

showed that the zero year polygon had little overlap with the polygons of the older three 

forest age classes (Appendix F, Table F1 & Figure F1). There is a higher degree of 

overlap in the polygons for the fifty and ninety year forests in the presence/absence 

NMDS, with approximately half of the sites from each of the two age classes occurring 

close together in the ordination biplot. The multivariate homogeneity of group 

dispersions test among forest age classes was not significantly different (F = 2.6, df = 3, p 

= 0.07). Bray-Curtis dissimilarity index values were relatively high, with no value below 

0.49. The mean within forest age Bray-Curtis dissimilarity value (0.57) was lower than 

the mean value for among age classes (0.68). The zero age class had the highest within 

and among group dissimilarity (Table 2) as reflected in Figure 5. The zero and ten year 

polygons had the largest areas (area: zero = 1.47, ten = 0.85) while fifty and ninety year 

polygons were more compact (fifty = 0.27, ninety = 0.32). Using Jaccard dissimilarity 

index (presence/absence), there were minimal differences for among and within 
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dissimilarity values (mean = 0.027) compared to the abundance-based Bray-Curtis 

dissimilarity values (Appendix F, Table F1). Abundance had the largest effect on within 

group dissimilarity (0.076) for ninety year forest age class and between group 

dissimilarity (0.078) for the zero and ten year forest age classes. 

Ordination analysis with all years combined were conducted without the extra 

year sites (only the first three sampling years included) and the species assemblages for 

the zero year sites were still the most distinct (Appendix E, Figure E1). Although the area 

of the zero year polygon without the extra year sites is smaller than the zero year polygon 

with the extra year sites included, it still has the largest area compared to other age class 

polygons (Figure E1) and has the highest within group Bray-Curtis dissimilarity value 

(Table E1). For the ten year old forest polygon, the area is greatly reduced compared to 

when extra year sites are included in the analysis due to the removal of the outlying site 

(TenBB). When the extra year sites are excluded, the within class Bray-Curtis 

dissimilarity value is lower (0.48) than when extra year sites were included, and the ten 

year old age class has the lowest within class Bray-Curtis dissimilarity value for any 

forest age class (Table E1). The among group dissimilarity values for ten versus fifty and 

ninety year forests are almost equal to when the extra year sites were included (Table E1). 

Additionally, the ten year old forest polygon only overlaps with the fifty year forest 

polygon rather than overlapping with both the ninety and fifty year old forest polygons 

(Figure E1). 

Thirty-five species were classified as open habitat species, 36 species as shaded 

habitat species with the remaining having more general habitat preferences (based on the 

literature). Significantly more individuals preferring open habitats were collected from 



36 

 

zero year forests compared to ten and ninety year forests and there were significantly 

more open habitat individuals collected in fifty year forests compared to ninety (χ
2
 = 34.4, 

df = 3, p < 0.001; Figure 6A). A significantly higher number of species preferring open 

conditions were collected from zero year sites compared to older forest age classes and 

the number of open habitat species in fifty year forests was also higher than in ninety year 

forests (χ
2
 = 47.6, df = 3, p < 0.001; Figure 6B). There were significantly fewer 

individuals which preferred shaded conditions collected in zero year forests compared to 

fifty year forests (χ
2
 = 10.3, df = 3, p = 0.016; Figure 6A). Zero year forests also had 

significantly lower number of species which preferred shaded habitat species than ten, 

fifty and ninety year forests (χ
2
 = 20.2, df = 3, p < 0.001; Figure 6B). All of the dominant 

species in this study were shaded habitat species. For the 35 open habitat species, five 

were common species (14.3%) and 30 were rare (85.7%). For the 36 shaded habitat 

species, three were dominant species (8.3%), nine were common species (37.5%) and 24 

were rare species (66.7%). 

 Several species with significant associations for a particular forest age class or a 

combination of forest age classes were detected in the habitat association analysis (Table 

3). The highest number of species showed associations with the zero year forests. No 

species showed a significant association between zero year forest and any combination of 

older forest age classes (e.g. zero + ten + fifty). The majority of species showing 

preference for zero year forest were members of the Harpalini and Zabrini tribes, whereas 

species significantly associated with ten, fifty and ninety year forests were members of 

the Pterostichini, Licinini, Galertini, Platynini and Cychrini tribes (Appendix C, Table 

C1). A few species were significantly associated with a combination of ten, fifty, and 
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ninety year forest but there was no significant association with the combination of fifty + 

ninety year forests only.  

Year-to-year variation 

The mean number of individuals in year three was significantly less than in years 

one or two (χ
2
 = 29.1, df = 2, p < 0.001; Figure 7A). In year three, the number of 

individuals collected was approximately half that collected during previous years (Table 

4). Mean species number was also significantly lower in year three compared to years 

one and two (χ
2
 = 22.1, df = 2, p < 0.001; Figure 7B) and there was a significant 

interaction between forest age and year (χ
2
 = 15.2, df = 6, p = 0.019). The mean Chao1 

value was significantly lower for year three than for years one and two (χ
2
 = 14.3, df = 3, 

p = 0.003; Figure 3B). However, there were no significant differences in 1/D values 

among sampling years and rarefaction analysis of sampling years showed no significant 

differences in cumulative richness at the rarefied number of individuals (n = 1,207).  

Numbers of individuals for five carabid tribes varied significantly with sampling 

year (Appendix G, Figure G2). Fewer Cychrini were collected in year three compared to 

year one (χ
2
 = 6.6, df = 2, p = 0.036), more Licinini in year two compared to one and 

three (χ
2
 = 8.6, df = 2, p = 0.013). Platynini differed among all years with the highest 

number collected in year one (χ
2
 = 28.4, df = 2, p < 0.001), while fewer Pterostichini 

were collected in year three (χ
2
 = 37.2, df = 2, < 0.001) and there were fewer Zabrini 

individuals collected in year two compared to years one and three (χ
2
 = 10.1, df = 2, p = 

0.006). There were no differences in number of species for any Carabidae tribes with 

sampling year. 
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Species assemblages with sampling year 

Three species, C. sigillatus, S. stenostomus and P. sculptus, were dominant in all 

three years, although their dominance rank differed by sampling year (Appendix C, Table 

C3). The number individuals collected for the three dominant species was significantly 

higher in years one and two compared to year three (χ
2
 = 42.4, df = 2, p < 0.001), and for 

common species, a lower number of individuals were collected in year three (χ
2
 = 16.1, df 

= 2, p < 0.001). The number of common species collected in year three was also lower 

than years one and two (χ
2
 = 19.5, df = 2, p < 0.001) but there were no differences in 

species number for rare species. Number of dominant species was not analyzed since 

there were only three species in this category.  

Mean Simpson’s evenness values indicated that species assemblages were 

significantly more even in year three compared to years one and two (χ
2
 = 18.6, df = 2, p 

< 0.001; Table 4). Community analyses of annual variations within forest age classes 

indicated the zero year sites had the highest mean Bray-Curtis dissimilarities values 

within sampling year (0.67) as well as among sampling years (0.66). Mean Bray-Curtis 

dissimilarity values (abundance-based) within sampling year for the three older forest age 

classes ranged from 0.56 to 0.58 and from 0.55 to 0.60 among sampling years (Appendix 

D, Table D1). Jaccard dissimilarity values (presence/absence data) and Bray-Curtis 

values were similar (mean differences between Jaccard and Bray-Curtis values: zero = 

0.07, ten = 0.11, fifty = 0.06, ninety = 0.06), although dissimilarities were higher overall 

using presence/absence data (Appendix F, Table F2). Ordination analyses of annual 

variations within forest age classes indicated that there were differences in species 

composition among years (Figure 8A-D). Changes in the shape and position of sampling 
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year polygons suggest that highest year-to-year variation occurred in the zero and fifty 

year forests, and that the area of the ninety year forest polygon for sampling year three 

was more than double (1.79) that of year one (0.76) and year two (0.61). Ten year forest 

polygon had the most consistent position in the NMDS biplot among sampling years. 

Permutational multivariate analysis, with sampling site as a blocked factor, indicated that 

there were significant variations in yearly species composition for zero (F = 0.86, df = 2, 

p = 0.018), fifty (F = 1.1, df = 2, p = 0.004) and ninety year forests (F = 1.37, df = 2, p = 

0.002). The homogeneity of dispersion values was insignificant for all year-to-year 

ordination analyses. Ordination analyses using presence/absence data for within age 

yearly variation show similar patterns to abundance-based data (Appendix F, Figure F2). 

The ordination figures and differences in the dissimilarity indices suggest that using 

abundance-based data had the strongest effect on the ten year old forest age class 

followed by the zero year age class although overall differences were minimal. 

Ordination analyses depicting year-to-year variation among forest age classes 

(Figure 9A-C) showed that a general pattern is present among sampling years. There 

were significant variations in species compositions among forest age classes for all three 

sample years: year one (stress = 17.8, k =2; F = 4.0, df = 3, p = 0.001), year two (stress = 

17.4, k = 2; F = 3.6, df = 3 p = 0.001) and year three (stress = 20.4, k = 2; F = 3.0, df = 2, 

p = 0.001). For all years, the zero year site polygons are more negatively correlated with 

axis 1 and axis 2 compared to older forest age polygons. Among sampling years, the 

center of the ninety year forest polygon changed its position in ordination space the most 

relative to other age polygons. For the first sampling year, the zero year polygon did not 

overlap with the polygons of the three older forest age classes (Figure 9A). This is 
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reflected in the high mean Bray-Curtis dissimilarity value (among groups: 0.81) for the 

zero age class compared to the three older forest classes (Appendix D, Table D2). For 

sampling years two and three, the zero age polygon slightly overlapped the polygons of 

older forest age classes (Figures 9B & 9C) and the mean dissimilarity values among age 

classes were somewhat lower than it was for year one, especially for year two (see 

Appendix D, Table D2). The Jaccard dissimilarity indices among forest age classes is 

lower (except in one instance) in all three sampling years compared to Bray-Curtis 

dissimilarity (Appendix F, Table F3) although the values were relatively similar (mean 

differences between Jaccard and Bray-Curtis values: year one = 0.12, year two = 0.13, 

year three = 0.09). Ordination analyses using presence/absence data show similar patterns 

to abundance-based data (Appendix F, Figure F3). The sizes of some polygons decrease 

slightly, especially for sampling year three, which has the highest overlap of the ten, fifty 

and ninety year polygons. The zero year sites show overlap in each sampling year for 

presence/absence data but remain distinct in each sampling year.  

 Spatial autocorrelation analysis indicated that there was a significant positive 

correlation at the smallest distance class (0 - 0.0169 km) and also a significant negative 

correlation for a middle distance class (9.217 - 13.818 km). Since no two study sites were 

within the smallest distance class, these sites can be considered spatially independent. 

 

DISCUSSION 

Numbers of individuals, richness and diversity 

Previous studies in boreal forests (Niemelä et al. 1993; Spence et al. 1996; 

Butterfield 1997) and European temperate forests (Magura et al. 2015) have reported 
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higher Carabidae abundance for recently clear-cut areas. In this study, abundance was 

highest for clear-cuts sites although the differences were not statistically significant, as 

was also reported by Koivula et al. (2002). There were also no significant differences in 

mean species richness among forest age classes for this study, as was also reported by 

Lenski (1982) for sites in western North Carolina. However, rarefaction curves for the 

current study indicate that rarefied cumulative richness values of the zero year sites (i.e. 

clear-cuts) were significantly higher than the older age classes (Chao et al. 2014), 

supporting my prediction of higher richness in the early phases after a clear-cutting event 

(Niemelä et al. 1993; Spence et al. 1996; Butterfield 1997; Jukes et al. 2001; Koivula et 

al. 2002; Pearce et al. 2003; de Warnaffe & Lebrun 2004; Magura et al. 2015). In 

addition, all three of nonparametric estimators indicate that the zero year age class has 

higher true richness than the three older forests classes. In other studies, forest floor 

invertebrates, such as hunting spiders (Pajunen et al. 1995; Niemelä et al. 1996; Buddle et 

al. 2000; Gallé et al. 2014) and ants (Punttila et al. 1991) have shown higher richness 

after clear-cutting or during the earlier stages of forest recovery. In contrast, greater 

species richness has been reported in more mature forests for saproxylic beetles 

(Lassauce et al. 2013), other Coleoptera (Southwood et al. 1979; Johansson et al. 2016), 

web-building spiders (Coyle 1981; Pajunen et al. 1995; Buddle et al. 2000) and 

millipedes (Magura et al. 2015). Abundance and species richness of small mammals and 

breeding birds have increased after clear-cutting in North American temperate forests 

(Kirkland 1990; Keller et al. 2003), and the species richness of trees and herbaceous 

plants typically increases through succession in the study region (Southwood et al. 1979; 

Elliott et al. 1997; Peet et al. 2014). 
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The results of this study suggest that the higher richness of zero age forests is due 

to the presence of carabid species preferring open conditions, combined with the 

temporary persistence of shaded habitat species. Elevated richness of recent clear-cuts 

owing to the combined presence of open habitat and forest species has been reported in 

other studies (Niemelä et al. 1993; Buddle et al. 2006). Forest carabid species can persist 

in an area for up to two to three years after clear-cutting (Niemelä et al. 1993; Spence et 

al. 1996; Koivula et al. 2002; Jacobs et al. 2008). Open habitat species tended to be rare 

with over 85% of the open habitat species were classified as rare. The higher cumulative 

richness of the zero year age class was increased by the high number of rare species 

sampled from this age class. Recently disturbed habitats typically have an increased 

chance of stochastic events and higher frequency of vagrant species which may increase 

the likelihood of rarer species (Niemelä et al. 1996). The higher abundance and species 

number of open habitat species in the zero year sites compared to the three older age 

classes is consistent with results from other studies (Szyszko 1983; Niemelä et al. 1993; 

Koivula et al. 2002; Pearce et al. 2003; Karen et al. 2008; Taboada et al. 2008; Magura et 

al. 2015). The numbers of open habitat carabid individuals and species drop drastically 

by year ten and remain low in fifty and ninety year forests. These carabid species, the 

majority of which are macropterous (flight capable), are able to colonize clear-cut areas 

rapidly and decline soon after forest canopy closure (Haila et al. 1994; Spence et al. 1996; 

Butterfield 1997; Jukes et al. 2001). In this study there were slightly more open habitat 

individuals and species in fifty year forests compared to ten and ninety year forest sites. 

This may be due to the fact that the majority for the fifty year forest age sites occur 

within the PMSP Corridor trail, adjacent to agricultural fields/residential areas and are 
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therefore subjected to the effects of fragmentation. Open habitat species are able to 

invade several meters into the forest (Spence et al. 1996; Magura et al. 2001). Clear-cut 

areas typically have higher abundances of herbaceous plants, providing seeds and other 

vegetal matter which are important for diets of many open habitat carabid species 

(Covington 1981; Niemelä et al. 1996; Pearce et al. 2003; Karen et al. 2008). In addition, 

natural or anthropogenic disturbance and increased habitat heterogeneity can decrease 

dominance within Carabidae communities (Levin & Paine 1974; Connell 1978; Liebherr 

& Mahar 1979; Lenski 1982; Karen et al. 2008).  

Species composition among forest age classes 

In temperate and boreal forests, carabid communities typically have a small 

number of dominant species which account for a large number of the total individuals 

while the majority of species are rare (Belaoussoff et al. 2003; Karen et al. 2008; 

Schirmel et al. 2011; Wang et al. 2014). The rarity classifications and rank abundance 

distributions of this study concur with these findings. The rank abundance curves suggest 

the species assemblages of the zero year age class were more even than the older forest 

age classes while Simpson’s evenness index indicated the opposite trend, with recent 

clear-cuts having the lowest evenness among forest age classes. This is most likely due to 

the omission of variation among study sites and sampling years in the rank abundance 

curves as they were created using cumulative data (all sampling years and study sites 

combined). When these variations are incorporated into the analysis the evenness of 

recent clear-cuts is lower than it appears in the rank abundance curve and the differences 

among forest age classes are not significant.  
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Species classified as abundant were statistically more likely to be in the Licinini 

and Pterostichini while fewer Harpalini species than expected were abundant. Although 

Harpalini was by far the most species rich tribe, only one of the 22 Harpalini species 

collected was common while the remainder were rare, with the majority of these rare 

species collected from recent clear-cuts. Rare species play a role in the distinctness of 

community assemblages among the forest age classes, particularly for the zero year age 

class, where more than 50% of the species are rare. Higher numbers of rare species in 

recent clear-cuts and ninety year old forests indicate that these forest age classes are 

important for maintaining Carabidae diversity at the landscape level. Abundant species 

were also non-randomly distributed into the aforementioned tribes, suggesting a 

predictable oligarchy exists for carabid beetles within temperate Piedmont forests, such 

as that found for Amazonian trees by Pitman et al. (2001). These results suggest that 

pitfall sampling in Piedmont forests will likely uncover a predictable set of species from 

the aforementioned tribes. 

Community analyses indicated there were differences in carabid species 

assemblages among the four forest age classes, with the most distinct differences between 

the zero year forests and the older age classes, likely relating to canopy closure. These 

patterns are similar to those reported for northern higher latitude forests (Szyszko 1990; 

Niemelä et al. 1993, 1996; Haila et al. 1994; Butterfield 1997; Ings & Hartley 1999; 

Koivula et al. 2002; Magura et al. 2006). Other ground dwelling invertebrates that have 

shown distinct species assemblages between recent clear-cuts and more mature forests 

include saproxylic beetles (Kaila et al. 1997; Lassauce et al. 2013), spiders (Niemelä et al. 

1996), millipedes (Magura et al. 2015) and ants (Niemelä et al. 1996; Gallé et al. 2016). 
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In U.S. temperate forests, small mammals and birds also show distinct community 

differences between recently clear-cut areas and mature aged forests (Kirkland 1990; 

Keller et al. 2003). Plant communities in this region also form distinct species 

assemblages with changes in forest age (Oosting 1942; Peet & Christensen 1980; 

Christensen & Peet 1981).  

Based on rank abundance curves and the ordination analysis, the most pronounced 

difference in species assemblages was between the zero year forests versus older forest 

age classes, primarily due to the greater number of less frequently collected rare species. 

In the ordination analysis, the zero year polygon had little overlap with other age 

polygons when using abundance-based or presence/absence dissimilarly indices, 

suggesting that the uniqueness of the zero year age polygon is chiefly due to differences 

in species presence. Both ordination methods suggest that differences between the fifty 

and ninety year forest age classes are due to a combination of differences in species 

presence as well as species abundances for fifty and ninety year forest sites. Based only 

on species presence data, approximately one half of the ninety year polygon and three 

quarters of the fifty year age polygons overlap with each other compared to the more 

distinct separation between polygons when abundance is incorporated. When all data is 

combined, fifty and ninety year forests share 52% of the 59 species occurring in one or 

both of these two forest age classes. Overall, for all age classes the relatively similar 

values for the Bray-Curtis and Jaccard indices indicate that the strongest effect on 

community compositions within and among age classes are the presence/absence of 

species rather than differences in abundance. However, differences in species abundances 

also contributed to the distinctiveness of each of the forest age classes. The disparities 
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between Bray-Curtis and Jaccard dissimilarities were greatest for zero and ten year old 

forest age classes which may relate to the varying abundances of the Cychrini, Harpalini, 

Cicindelini and Scaritini tribes.   

The ten year forest ordination polygon had the second largest area, primarily due 

to the negative score on axis 2 for one study site (TenBB) in the ordination analysis. The 

ten year forest polygon encompassed the majority of the fifty and ninety year forest sites, 

suggesting that ten year forests harbored different species assemblages from the zero year 

sites and that the ten year forests’ species assemblages overlapped with those of the fifty 

and ninety year forests. Based on presence/absence data, most polygons were similar in 

area to their abundance-based counterparts, with the exception of the ten year age 

polygon which is approximately half the area based on presence/absence data. This 

difference is mainly due to the placement of one site, TenBB, suggesting a large role for 

abundance at this site.  

The large variation among zero year sites for the ordination analysis suggests that 

the high cumulative richness of this forest age class is not primarily due to higher alpha 

diversity at individual study sites but is also influenced by higher levels of beta diversity 

among sites. This is supported by the high cumulative carabid richness of the zero year 

age classes when the study sites were pooled by forest age and may also at least partially 

explain the lack of significance in mean richness among forest age classes. Compared to 

mature forests, previous studies in boreal forests measuring carabid richness have also 

reported higher levels of beta diversity in recently clear-cut areas (Haila et al. 1994; 

Niemelä et al. 1996), as well as for younger forest age classes in pine plantations and 

boreal forests (Niemelä et al. 1996; Taboada et al. 2008; Johansson et al. 2016). Higher 
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variation in carabid assemblages among sites may be correlated with increased 

heterogeneity in habitat cover for recent clear-cut sites, due to factors such as newly 

established localized vegetation, woody debris, and greater spatial variation in abiotic 

conditions including temperature, light, wind and humidity (Covington 1981; Holt et al. 

1999; Pearce et al. 2003). The extra year of sampling for the zero and ten year age classes 

increased the geographic distance among sites compared to fifty and ninety year sites, as 

well as increased the temporal variability, both of which added to differences in species 

composition among sites within these age classes. When ordination analysis with the first 

three sampling years combined were conducted without the extra year sites, community 

patterns were similar for the zero year sites, including the unique species assemblages 

and the high beta diversity among sites compared to the older forest age classes. In 

comparison, removing the extra year sites does affect community-level interpretations for 

the ten year old forest. The polygon area is greatly reduced compared to when extra year 

sites are included, reflecting the lower within age group dissimilarity value. The 

relationship with ninety year old forests changed somewhat in the ordination analysis but 

the main influence of the extra year sites for ten year old forests was increased within 

group variability which was mainly owing to an outlying sampling site (TenBB). When 

the extra year sites are excluded, interpretation of the community analyses for the zero 

year sites remains mostly unchanged; however, interpretation for the ten year old forest 

sites does change, but predominantly due to the exclusion of the aforementioned outlying 

site (TenBB). Another extra year site for ten year old forest, TenPZ, produced similar 

results as the original ten year old sites, suggesting that site conditions of TenBB may 

differ from other ten year old sites.  
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Habitat association analysis indicated that the highest number of significant 

species associations were for zero year sites compared to other age classes. All but one of 

the species with a significant association with the zero year class have been reported to 

prefer open habitats, the exception being Myas coracinus, which has previously been 

reported to prefer forested habitats in eastern North America (Erwin 1981; Duchesne et al. 

1999;  Larochelle & Larivière 2003; Jennings & Tallamy 2006; Pearce & Venier 2006). 

In this study, the majority of M. coracinus were collected from zero year forests, with 

only a few individuals collected from ten year forest sites and it was absent from fifty and 

ninety year forests. The results from this study are more consistent with those from 

western Canada and South Dakota where M. coracinus has been reported to be restricted 

to open habitats (Barlow 1970; Niemelä et al. 1992b). This species likely inhabits a 

variety of habitats which may differ with geographic location as habitats preferences for 

specific species can differ among regions (Erwin 1981; Koivula 2011). In this study, the 

majority of species associated with the zero year age class are from genera known to 

include open habitat species (e.g. Amara, Notiobia, and Harpalus). Many species in these 

genera feed on plant material, are good colonizers (Lindroth 1961-1969; Thiele 1977) 

and have been reported to occur in high numbers in clear-cuts areas (Lenski 1982; 

Niemelä et al. 1993; Spence et al. 1996; Butterfield 1997; Koivula et al. 2002). 

According to tribal-level analyses, the higher abundance and species number for 

Harpalini in the zero year age class had an effect on the difference between this age class 

and the older three age classes. Although previous studies have reported Pterostichus 

adoxus typically occurs in mature forests (MacLean & Usis 1992; Pearce & Venier 2006; 

Chavez & Browne 2011), it was significantly associated with ten year forests in this 
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study. Lenski (1982) reported that it was the second most abundant species for clear-cut 

sites, providing additional evidence that P. adoxus is a generalist species. 

The smaller area of the ordination polygons for the fifty and ninety year forest 

sites and the lower dissimilarity values suggest lower site to site variation within these 

age classes relative to zero and ten year forest sites. The minimal overlap of abundance-

based ordination polygons and a 58% – 59% dissimilarity values suggests that although 

fifty and ninety year forests share over half of their species they are relatively distinct 

assemblages. After the forest canopy has closed, open habitat carabid species start to 

decline and forest species requiring environmentally specific ground conditions become 

established (Niemelä et al 1996; Ings and Hartley 1999). This transition from open 

habitat to forest species can lower site-to-site variation for Carabidae species assemblages 

of older forests compared to younger forests (Niemelä et al. 1996; Spence et al. 1996; 

Butterfield 1997; Koivula et al. 2002; Taboada et al. 2008). The lower site-to-site 

variation of the more mature forests relative to zero year forest sites may be due to the 

decline of vagile open habitat species, combined with the increased heterogeneity of 

microhabitats within clear-cuts and the decreased chance of stochastic events in older 

forests (Niemelä et al. 1996).  

The number of shaded habitat individuals, as well as number of shaded habitat 

species, increased from zero year forests to fifty and ninety year forests. There is a 

pronounced community-level change between the zero year forest age class and the three 

older forest age classes which is likely due to the drop in open habitat individuals and 

species. Carabid beetle communities from older forests have been found to be more 

predictable than those of clear-cuts. This is typically attributed to the increased stability 
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of more mature forest habitat relative to recently disturbed habitats, resulting in viable 

populations across multiple generations (Darlington 1943; den Boer et al. 1980; Gutierrez 

& Menendez 1997). Carabids preferring older forest habitats are typically flightless, 

which has been attributed to habitat stability (Darlington 1943; den Boer et al. 1980; 

Riley & Browne 2011).  

Differences in species assemblages between the zero year class and the older 

forest age classes were affected by the higher number of individuals from the Cychrini, 

Harpalini and Cicindelini. Tribal analyses indicated that there are significant differences 

in the abundance of Cychrini among forest age classes, primarily due to the dominant 

species S. stenostomus. Cychrini abundance also plays a role in the differences between 

the zero year age class and both the ten and ninety year forests and, to a lesser extent, 

between the fifty year forests and ten and ninety year forests. Differences in abundance of 

Licinini also likely affected the species composition between zero year age class and fifty 

year forests and to a lesser degree between ten and ninety year forests.  

In this study, carabid beetles demonstrated species specific responses to forest age, 

which may be linked to variations in specific habitat requirements for survival and 

reproduction (Niemelä et al. 1996). Species which demonstrated significant associations 

with ten, fifty and ninety year forest classes are known to prefer shaded ground and/or 

classified as forest species (Lindroth 1961-1969; Thiele 1977; Erwin 1981; Lenski 1982; 

Purrington et al. 1989; Larochelle & Larivière 2003; Pearce et al. 2003). For example, 

Dicaelus spp., Galerita bicolor, Platynus decentis, S. stenostomus, Pterostichus spp. 

showed significant associations with fifty and ninety year forests or a combination of 

these older forest age classes. More carabid species were significantly associated with 
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fifty year forests than ninety year forests, indicating that a higher number of species 

preferred middle aged forest than the more mature forests in this study. Pines are the 

dominant trees in most fifty year forests in North Carolina Piedmont, which can affect 

ground conditions considerably by lowering soil pH, altering litter composition, litter 

dimension and structure (Paje & Mossakowski 1984; Peet & Christensen 1987; Pearce et 

al. 2003). These results suggest that middle aged Piedmont forests maintained relatively 

distinct carabid assemblages compared to more mature forests which are usually 

dominated by deciduous trees. Due to extensive timber commercial operations in 

southeastern U.S. forests, areas are routinely harvested and subsequently replanted or 

regenerate, resulting in over 80% of forests being less than 60 years old (Pan et al. 2011).  

S. stenostomus and Dicealus ambiguus were significantly associated with ten, fifty and 

ninety year forests, indicating that they may be forest generalists requiring a closed 

canopy but not a specific forest age. S. stenostomus has been listed as a forest species in 

other studies, with its occurrence associated with the presence of slugs and snails since it 

is a gastropod specialist feeder (Lindroth 1961-1969; Thiele 1977; Lenski 1982; Pearce & 

Venier 2006; Browne et al. 2014). 

Year-to-year variation 

Sampling year had more of an effect on abundance and species richness than 

forest age; however, these differences are predominantly the result of the low number of 

individuals collected in year three (May 2011 – Apr. 2012). In most cases, years one and 

two had relatively similar species numbers and numbers of individuals. The decrease in 

abundance in sample year three is unlikely to be related to localized population 

depletions due to continuous sampling at the same location since other pitfall trap studies 
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which have repeatedly sampled for three or more years (Luff 1982; Niemelä et al. 1993; 

Haila et al. 1994; Jukes et al. 2001; Günther & Assmann 2004; Harvey et al. 2008; 

Kwiatkowski 2011) or even more than a decade (den Boer 1981) have not found long-

term decreases in carabid abundance. The lower abundances could relate to below 

average annual precipitation and above average annual temperatures in 2010 – 2012 

(State Climate Office 2016; Appendix A, Figure A2). Temperature and precipitation can 

affect carabid populations, either directly and/or indirectly (Haila et al. 1994; Desender 

1996; Kotze & Niemela 2002). Weather conditions were near normal in the first year of 

sampling but the second and third years were interspersed with moderate drought 

conditions inlcuding record high temperatures and lower precipitation associated with the 

La Niña ENSO cycle (NC DMAC 2010; NC DMAC 2011; NC DENR 2012). Many 

carabid species are sensitive to decreased soil moisture, which has been proposed as a 

dominant factor affecting species distributions (Thiele 1977; Luff et al. 1989; Epstein & 

Kulman 1990; Gardner 1991; Niemelä et al. 1992a; Rykken et al. 1997; Karen et al. 

2008). Egg, larva and pupa developmental stages are particularly susceptible to drier 

conditions (Thiele 1977; Lundgren et al. 2005).  

Annual Carabidae pitfall trap catches have been reported to exhibit large year-to-

year variations in abundance and species composition. Haila et al. (1994) found that over 

a six year sampling period carabid yearly abundances fluctuated six fold. Dominant 

species usually remain dominant across years, but the abundance of these species can 

vary widely among sampling years (Haila et al. 1994; Desender 1996; French & Elliott 

1999). In this study, the same three species were dominant in all years; however, from 

year two to year three the number of individuals for these dominant species decreased 
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significantly between 34% – 68%. In addition to the three dominant species, the numbers 

of individuals collected from several tribes were also lower in sampling year three 

compared to years one and two, including Cychrini, Licinini and Pterostichini. Year-to-

year changes in plant species richness, vegetation structure and habitat heterogeneity 

have been shown to be important factors in temporal variations in carabid abundance 

(Brose 2003; Harvey et al. 2008). Relatively few long term studies have documented 

fluctuations and patterns of carabid populations (den Boer 1981; Luff 1982) therefore 

additional studies are needed, particularly for the U.S. (den Boer 1990),  

Species assemblages with sampling year 

The similarity in patterns between ordination analyses using abundance-based 

data and presence/absence data suggest that species presence among sampling sites is the 

main driver of the observed differences among forest age classes within sampling years. 

Removing abundance from the ordination analyses had minimal effects on the 

community analyses. In this study, the zero age class showed the greatest within age 

year-to-year variation in carabid species composition and ten year forests showed the 

least. Previous studies have suggested that there is rapid community change for carabids 

during the first few years after clear-cutting (Szyszko 1983; Niemelä et al. 1993, 1996; 

Haila et al. 1994; Butterfield 1997). At clear-cut sites, the ground cover varied spatially 

and changed markedly from year to year (pers. obs). Changes in habitat structure and 

plant communities are relatively rapid in the first years after a clear-cutting event, which 

in turn, are likely reflected in the carabid community composition (Oosting 1942; Horn 

1980; Covington 1981; Seastedt & Crossley 1981; Niemelä et al. 1996; Elliott et al. 1997; 

Buddle et al. 2006). Approximately a year after clear-cutting at the zero year sites in this 
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study, numerous species of tall, weedy vegetation, densely clustered shrubs and tree 

seedlings became established, as well as tree regrowth from stumps. This newly 

established vegetation was patchily distributed (pers. obs.), as is typical for regenerating 

forests in this region (Horn 1980; Seastedt & Crossley 1981; Peet & Christensen 1987). 

Ground conditions were partially to mostly shade two to three years after clear-cutting, 

similar to the regeneration of southern Appalachian forests (Horn 1980; Seastedt & 

Crossley 1981; Elliott et al. 1997). As ground conditions including canopy closure are 

pivotal for Carabidae species assemblages (Niemelä et al. 1993, 1996; Pearce & Venier 

2006; Koivula 2011), these changes likely influenced the year-to-year variations in 

species compositions observed for the zero year age class. The ground of ten year old 

forests in this study was mostly if not completely shaded by dense juvenile tree cover 

during the growing season.  

Ninety year forests had the second highest variation in species assemblages 

among sampling years, primarily due to the increased variability of sampling sites in year 

three, as reflected in the increased area of the year three ordination polygon. Carabids 

typically aggregate within forest microhabitats, causing them to be patchily distributed 

within forests (Greenslade 1964; Thiele 1977; Niemelä et al. 1992a, 1996). Changes in 

the year-to-year dominance structure as well as patterns and localities of these 

microhabitats may contribute to annual changes in carabid populations.  

Many carabid population studies consist of a single year of sampling which may 

be further limited to only periods when carabids are active. In this study, pitfall trapping 

indicates that carabid activity was highest from May through October (79% of total catch) 

but individuals were collected throughout the year, with 21% of the catch between 
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November through April. In order to provide an accurate representation of species 

composition and abundance for this study area, sampling should occur over the entire 

year. The results from this study indicate that the amount of time before sampling is 

initiated following clear-cutting will affect estimates of community-level differences. The 

variation among individual years is captured in the overall ordination analysis (i.e. 

Figures 5 & E1), with the forest age polygons at intermediate positions and area sizes for 

ordination figures when all sampling years are combined. The community structure of 

Carabidae show a rapid response to clear-cutting, which is supported by the year one 

ordination analysis among forest age classes. In contrast, Niemelä et al. (1993) found 

more modest changes in the first collection season after a boreal forest clear-cutting event, 

with accelerated changes in the second year as forest specialist species disappear. There 

were significant differences among the forest age classes in all three sampling years, 

indicating that single year studies will likely capture the main patterns in carabid beetle 

species assemblages among different aged forests but overlook variations in species 

composition among years. Studies examining carabid responses to environmental 

changes will be more informative if they span multiple years since Carabidae responses 

will be time dependent and species assemblages will likely vary among years (Kotze and 

Niemelä 2002).  

In conclusion, this study confirmed there is a relationship between forest age and 

carabid beetles for temperate forests in the Southeastern U.S. Species richness and 

diversity were less variable with forest age compared to species assemblages. Initially, 

clear-cutting positively influenced species richness but as trees recolonize an area closing 

the forest canopy, species richness decreased and remains stable as the forest continues to 
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mature. Characteristic community assemblages for different aged forests are likely due to 

species-specific responses to clear-cutting and age specific environmental changes. 

Variations among sampling year can affect the number of carabid individuals, species 

richness, diversity and community assemblage. Distinct differences in species 

assemblages among forest age classes indicate that conservation decisions need to be 

considered at the landscape scale.   
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TABLES 

 

 

II Table – 1. Measures of numbers of individuals, species richness and diversity of 

Carabidae among the four forest age classes and the summed totals for the dataset. The 

values include all sampling years. Note: 1/D = inverse Simpson’s concentration index, 

E1/D = Simpson’s evenness. 

Measure Zero Ten Fifty Ninety Total 

No. individuals 1726 1352 1570 1901 6548 

Avg. individuals (± s.e.) 78.4 ± 14.6 64.4 ± 8.1 74.8 ± 11.0 63.4 ± 5.6 -- 

No. tribes 14 12 14 14 16 

No. genera 27 22 26 27 33 

No. species 59 40 42 48 76 

Avg. species (± s.e.) 13.8 ± 1.1 10.7 ± 1.0 12.7 ± 1.0 11.5 ± 0.5 -- 

Avg. 1/D 5.26 ± 0.74 4.17 ± 0.23 5.29 ± 0.32 4.76  ± 0.26 4.87 ± 0.22 

Avg. E1/D (± s.e.) 0.39 ± 0.03 0.44 ± 0.04 0.45 ± 0.03 0.43  ± 0.03 -- 

Richness estimators      

     Chao1 (± s.e.) 107.1 ± 36.9 41.1 ± 1.6 55.5 ± 12.4 76.2 ± 23.2 186.2 ± 92.1 

     ACE  80.6 42.4 49.3 60.8 120.0 

     Jack1 (± s.e.) 80.0 ± 6.7 48.6 ±4.2 51.5 ± 4.1 63.5 ± 4.6 97.8 ± 5.5 
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II Table – 2. Mean Bray-Curtis dissimilarity values for forest age classes when all 

sampling years are combined. Shaded values along the diagonal are the mean within-

group dissimilarities, with non-shaded values representing among-group dissimilarities. 

Dissimilarity values range between 0 – 1, with a value of 1 the maximum dissimilarity 

possible (no shared species). 

 

  Zero Ten Fifty Ninety 

Zero 0.713 

   Ten 0.794 0.560 

  Fifty 0.724 0.611 0.495 

 Ninety 0.750 0.583 0.577 0.490 
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II Table – 3. Carabid species with significant associations (p < 0.05) for one of the four 

forest age classes or groups of forest age classes. Associations were based on the point-

biserial group-equalized phi coefficient (De Cáceres & Legendre 2009) which measures 

the strength of species ecological preferences with the associated habitat. Adjusted p-

values (p.adj holm) for multiple testing correspond to experiment-level conclusions.  

 

Species Code Tribe:Genus Coefficient p 
p.adj 

(holm) 

Zero  

   Harpen Harpalini: Harpalus 0.602 0.003** 0.036* 

Selopa Harpalini: Selenophorus 0.588 0.003** 0.036* 

Amacup Zabrini: Amara 0.540 0.009** 0.063 

Amacra Zabrini: Amara 0.474 0.002** 0.030* 

Anirus Harpalini: Anisodactylus 0.462 0.025* 0.084 

Notter Harpalini: Notiobia 0.447 0.004** 0.036* 

Myacor Pterostichini: Myas 0.445 0.033* 0.084 

Anihap Harpalini: Anisodactylus 0.414 0.017* 0.084 

     

Ten  
   

Pteado Pterostichini: Pterostichus 0.691 0.002** 0.030* 

     

Fifty     

Dicdil Licinini: Dicaelus 0.644 0.002** 0.030* 

Pladec Platynini: Platynus 0.572 0.001** 0.017* 

Ptescu Pterostichini: Pterostichus 0.511 0.016* 0.084 

     

Ninety     

Ptemoe Pterostichini: Pterostichus 0.597 0.004** 0.036* 

Galbic Galertini: Galerita 0.439 0.039* 0.084 

     

Ten + Ninety     

Dicpol Licinini: Dicaelus 0.632 0.001 0.017* 

     

Ten + Fifty + Ninety     

Sphste Cychrini: Sphaeroderus 0.569 0.003 0.036* 

Dicamb Licinini: Dicaelus 0.509 0.014 0.084 
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II Table – 4. Numbers of individuals, species richness and diversity of carabid beetles by 

sampling year. The additional year of sampling was omitted to facilitate inter-annual 

comparisons. Note: 1/D = inverse Simpson’s concentration index, E1/D = Simpson’s 

evenness. 

 

Measure One Two Three 

N total 2310 2135 1210 

No. tribes 15 13 14 

No. genera 31 27 26 

S 61 53 49 

1/D (± s.e.) 4.76 ± 0.31 5.12 ± 0.33 4.72 ± 0.47 

Avg. E1/D (± s.e.) 0.38 ± 0.02 0.40 ± 0.03 0.52 ± 0.03 
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FIGURES 

 

 

II Figure – 1. Map of the study area and the 34 sampling sites with forest age classes 

depicted by different point markers. Sites with an asterisk next to the point marker are 

where sampling occurred for an additional year. 
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II Figure – 2. Rarefaction interpolation (solid lines) and extrapolation (dashed lines) 

curves for zero, ten, fifty and ninety year forests with all four sampling years combined. 

Point markers represent the sampling extent of the current study, with shaded areas 

depicting unconditional 95% confidence intervals. The zero age class differs significantly 

from the other three age classes at the rarefied sample size (n = 1,352). 
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II Figure – 3. Boxplots by forest age and sampling year for the abundance-based 

nonparametric diversity estimator, Chao1. A: Chao1 was significantly lower for ten and 

ninety year forests compared to the zero age class (p = 0.001). B: Chao1 was 

significantly lower for year three than years one and two (p = 0.003). 
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II Figure – 4. Rank abundance distribution curves for the four forest age classes with all 

sampling years combined.  
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II Figure – 5. Non-metric multidimensional scaling (NMDS) ordination of Carabidae 

species assemblages for the four forest age classes with all sampling years combined (k = 

2; stress = 17.0). All species (S = 76) were included in the analysis with each data point 

(denoted by site name) representing one of the 34 sampling sites based on relative 

abundance using the Bray-Curtis dissimilarity index. Significant differences (p < 0.001) 

in species assemblages occurred among forest age classes, with the most distinct species 

assemblages between the zero age class and the three older forest age classes.  

  

Jus t for 
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II Figure – 6. Numbers of individuals (N) and numbers of species (S) known to prefer 

open habitats or shaded habitats changed with forest age. The higher richness for zero 

year sites was primarily due to an influx of species preferring open habitats. Forest age 

classes with different letters are significantly different from those with the same letter. A: 

There were significant differences for mean numbers of individuals preferring open 

conditions among the forest age classes (p < 0.001) and for mean numbers of individuals 

preferring shaded conditions (p = 0.016). B: There were significant differences for mean 

number of open habitat species with forest age (p < 0.001) and for mean number of 

shaded habitat species with forest age (p < 0.001). 
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II Figure – 7. Numbers of individuals and number of species for the first three sampling 

years. A: Significantly fewer individuals were collected in year three compared to years 

one and two (p < 0.001). B: Mean species number was significantly lower in year three 

compared to years one and two (p < 0.001). 
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II Figure – 8. Ordination analyses depicting year-to-year variation in species composition 

within zero, ten, fifty and ninety year old forests. Results include all species sampled in 

the first three years and are derived using relative abundance with the Bray-Curtis 

dissimilarity index. Forest age categories, with the final solution NMDS stress in 

parentheses, are A: zero year (13.9), B: ten year (6.1), C: fifty year (12.6), D: ninety year 

(18.6). The largest year to year changes in species composition occurred for the zero year 

sites (p = 0.018) and the lowest inter-annual changes for ten year forests. There also were 

significant differences in year-to-year species composition for fifty (p = 0.004) and ninety 

year forests (p = 0.002). 
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 II Figure – 9. Ordination analyses depicting year-to-year variation among forest age 

classes. These results include all species sampled in the first three years and are derived 

using relative abundance with the Bray-Curtis dissimilarity index. Forest age categories, 

with the final solution NMDS stress in parentheses, are A: year one (17.8), B: year two 

(17.4), C: year three (20.4). There were significant variations among forest age classes in 

each sampling year (p < 0.001). 
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APPENDIX A 

 

II Figure – A1. Normal monthly averages for precipitation, max temperature (Tmax), 

minimum temperature (Tmin), mean temperature (Tmean) for the study area. Climate 

normals are based on data from 1971 – 2000 and collected in Danbury, NC (36.4 N, -80.2 

W) in Stokes County (State Climate Office 2016).  

 

 

 
* Data from the Climate Division provided by the National Centers for Environmental Information (NOAA) obtained 

from State Climate Office of North Carolina, NC State University. 
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II Figure – A2. Annual summed precipitation (inches) and average temperatures (°F) 

from 2006 – 2013 for the northern Piedmont of North Carolina (State Climate Office 

2016). Normal average temperature and precipitation (dashed lines) were calculated 

using data from 1971 – 2013.   

 

 
* Data from the Climate Division provided by the National Centers for Environmental Information (NOAA) obtained 

from State Climate Office of North Carolina, NC State University. 
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APPENDIX B 

 

Table II – B1. Additional information for the 34 sampling sites, including circumferences 

for the two largest trees within a ten meter radius of the center of each study site and site 

elevation (a.s.l.). The recently clear-cut areas (‘Zero’), 10 – 20 year old forest (‘Ten’), 40 

– 60 year old forest (‘Fifty’), and 80 – 95 year forest (‘Ninety’). Va = Virginia. 
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Site 
Elev 

 (m) 
Tree Species 

Circum-

ference 

(in.) 

Tree Species 

Circum-

ference 

(in.) 

ZeroA 309 

    ZeroB 307 

    ZeroC 304 

    ZeroD 295 

    ZeroE 302 

    ZeroF 298 

    ZeroPT 333 

    ZeroSP 381 

    ZeroWL 315 

    

TenA 324 

Liriodendron 

tulipifera (Yellow 

poplar) 

21.2, 23.7 

Liriodendron 

tulipifera (Yellow 

poplar) 

23.2, 22.8, 

24.2 

TenB 334 
Pinus virginiana 

(Va oldfield) 
12.1 

Pinus virginiana 

(Va oldfield) 
9.8 

TenC 335 

Liriodendron 

tulipifera (Yellow 

poplar) 

6.5 

Prunus 

pensylvanica 

(Cherry) 

8.9 

TenD 320 
Quercus alba 

(White oak) 
11.7 

Pinus virginiana 

(Va oldfield) 
11.7 

TenE 318 
Pinus virginiana 

(Va oldfield) 
15.6 

Liriodendron 

tulipifera (Yellow 

poplar) 

14.6 

TenF 323 
Pinus virginiana 

(Va oldfield) 
13.5 

Pinus virginiana 

(Va oldfield) 
13.2 

TenBB 368 
Pinus taeda 

(Loblolly) 
18 

Liriodendron 

tulipifera (Yellow 

poplar) 

15 

TenPZ 270 
Pinus taeda 

(Loblolly) 
25 

Pinus taeda 

(Loblolly) 
16 

FiftyA 325 
Pinus virginiana 

(Va oldfield) 
34.6 

Pinus virginiana 

(Va oldfield) 
25.9 

FiftyB 318 
Pinus echinata 

(shortleaf) 
26.5 

Pinus echinata 

(shortleaf) 
25.9 

FiftyC 347 
Quercus alba 

(White oak) 
31.3 

Quercus alba 

(White oak) 
33.7 

FiftyD 303 
Pinus virginiana 

(Va oldfield) 
51.4 

Pinus virginiana 

(Va oldfield) 
43.9 

FiftyE 290 
Pinus virginiana 

(Va oldfield) 
41.1 

Pinus virginiana 

(Va oldfield) 
40.6 

FiftyF 297 
Pinus virginiana 

(Va oldfield) 
43.3 

Pinus virginiana 

(Va oldfield) 
39.8 

FiftyG 285 
Pinus virginiana 

(Va oldfield) 
36.5 

Quercus alba 

(White oak) 

36.6, 22.7, 

31.7 

NinetyA 342 

Liriodendron 

tulipifera (Yellow 

poplar) 

49.5, 56.1, 

54.5 

Liriodendron 

tulipifera (Yellow 

poplar) 

40.3, 44.3, 

48.1 

NinetyB 328 
Quercus alba 

(White oak) 
81.1 

Liriodendron 

tulipifera (Yellow 

poplar) 

70.5 
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NinetyC 314 
Quercus prinus 

(Chesnut Oak) 
82.3 

Quercus alba 

(White oak) 
87.6 

NinetyD 314 
Quercus prinus 

(Chesnut Oak) 
72.5 

Quercus prinus 

(Chesnut Oak) 
68 

NinetyE 295 
Quercus alba 

(White oak) 
64.9 Quercus (Oak) 49.6 

NinetyF 290 
Quercus alba 

(White oak) 
55.5 

Quercus velutina 

(Black oak) 
51.8 

NinetyG 258 
Quercus alba 

(White oak) 
93.9 

Quercus alba 

(White oak) 
53.1 

NinetyH 271 
Quercus alba 

(White oak) 
48.2 

Quercus alba 

(White oak) 
44.3 

NinetyI 265 
Quercus alba 

(White oak) 
45.2 

Quercus prinus 

(Chesnut Oak) 
50.1 

NinetyJ 267 
Quercus alba 

(White oak) 
58.4 

Quercus alba 

(White oak) 
46.5 
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Table II – B2. Longitude and latitude data for the 34 study sites. 

 

AGE SITE LON LAT 

Zero ZeroA -80.2504 36.33590 

Zero ZeroB -80.2505 36.33600 

Zero ZeroC -80.2509 36.33582 

Zero ZeroD -80.2525 36.33225 

Zero ZeroE -80.2524 36.33250 

Zero ZeroF -80.2527 36.33257 

Zero ZeroPT -80.3957 36.34834 

Zero ZeroSP -80.6946 36.52844 

Zero ZeroWL -80.1855 36.36258 

Ten TenA -80.4642 36.32737 

Ten TenB -80.4578 36.34438 

Ten TenBB -80.3914 36.35029 

Ten TenC -80.4583 36.34443 

Ten TenD -80.4579 36.34242 

Ten TenE -80.4578 36.34258 

Ten TenF -80.4578 36.34305 

Ten TenPZ -80.1496 36.41340 

Fifty FiftyA -80.4639 36.32713 

Fifty FiftyB -80.4672 36.31923 

Fifty FiftyC -80.4678 36.32970 

Fifty FiftyD -80.4828 36.30270 

Fifty FiftyE -80.4829 36.30035 

Fifty FiftyF -80.4899 36.28443 

Fifty FiftyG -80.4890 36.27047 

Ninety NinetyA -80.4624 36.34068 

Ninety NinetyB -80.4608 36.34152 

Ninety NinetyC -80.4625 36.32888 

Ninety NinetyD -80.4659 36.32115 

Ninety NinetyE -80.4739 36.31360 

Ninety NinetyF -80.4724 36.31458 

Ninety NinetyG -80.4905 36.26818 

Ninety NinetyH -80.4874 36.26237 

Ninety NinetyI -80.4862 36.26133 

Ninety NinetyJ -80.4956 36.27113 
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APPENDIX C 

  

II Table – C1. Scientific names, species codes and tribes for the 76 Carabidae species 

collected. 

 

Species  Species code Tribe 

Agonum pallipes Fabricius Agopal Platynini 

Agonum punctiforme Fabricius Agopun Platynini 

Amara aenea (De Geer) Amaaen Zabrini 

Amara crassispina LeConte Amacra Zabrini 

Amara cupreolata Putzeys Amacup Zabrini 

Amara familiaris (Duftschmid) Amafam Zabrini 

Amara impuncticollis (Say) Amaimp Zabrini 

Amara musculis (Say) Amamus Zabrini 

Amphasia interstitialis (Say) Ampint Harpalini 

Anisodactylus carbonarius (Say) Anicar Harpalini 

Anisodactylus dulcicollis (LaFerté-Sénecteré) Anidul Harpalini 

Anisodactylus furvus LeConte Anifur Harpalini 

Anisodactylus haplomus Chaudior Anihap Harpalini 

Anisodactylus harrisii LeConte Anihar Harpalini 

Anisodactylus melanopus (Haldeman) Animel Harpalini 

Anisodactylus nigerrimus (Dejean) Aninig Harpalini 

Anisodactylus rusticus (Say) Anirus Harpalini 

Anisodactylus verticalis (LeConte) Aniver Harpalini 

Apenes lucidulus (Dejean) Apeluc Lebiini 

Brachinus americanus (LeConte) Braame Brachinini 

Brachinus fumans (Fabricius) Brafum Brachinini 

Calathus opaculus LeConte Calopa Platynini 

Carabus goryi Dejean Cargor Carabini 

Carabus sylvosus Say Carsyl Carabini 

Chlaenius aestivus Say Chlaes Chlaenini 

Chlaenius amoenus Dejean Chlamo Chlaenini 

Chlaenius emarginatus Say Chlema Chlaenini 

Cicindela sexguttata Fabricius Cicsex Cicindelini 

Cicindela unipunctata (Fabricius) Cicuni Cicindelini 

Colliuris pensylvanica (Linnaeus) Colpen Ctenodactylini 

Cyclotrachelus freitaga Bousquet Cycfre Pterostichini 
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Cyclotrachelus sigillatus (Say) Cycsig Pterostichini 

Cymindis americanus (Dejean) Cymame Lebiini 

Cymindis limbatus (Dejean) Cymlim Lebiini 

Cymindis neglectus (Haldeman) Cymneg Lebiini 

Dicaelus ambiguus LaFerté-Sénecteré Dicamb Licinini 

Dicaelus dilatatus Say Dicdil Licinini 

Dicaelus elongatus Bonelli Dicelo Licinini 

Dicaelus furvus Dejean Dicfur Licinini 

Dicaelus politus Dejean Dicpol Licinini 

Dicaelus purpuratus Bonelli Dicpur Licinini 

Galerita bicolor Dry Galbic Galeritini 

Harpalus compar Leconte Harcom Harpalini 

Harpalus fulgens Csiki Harful Harpalini 

Harpalus herbivagus Say Harher Harpalini 

Harpalus katiae Battoni Harkat Harpalini 

Harpalus pensylvanica De Geer Harpen Harpalini 

Harpalus spadiceus (Dejean) Harspa Harpalini 

Myas coracinus (Say) Myacor Pterostichini 

Notiobia terminata (Say) Notter Harpalini 

Notiophilus aeneus (Herbst) Notaen Notiophilini 

Oodes fluvialis LeConte Oodflu Oodini 

Pasimachus punctulatus Haldeman Paspun Scaritini 

Platynus decentis (Say) Pladec Platynini 

Poecilus chalcites (Say) Poecha Pterostichini 

Poecilus lucublandus Bonelli Poeluc Pterostichini 

Poecilus morphospecies wide Poelucw Pterostichini 

Poecilus morphospecies a Poemora Pterostichini 

Poecilus morphospecies b Poemorb Pterostichini 

Pterostichus adoxus (Say) Pteado Pterostichini 

Pterostichus coracinus (Newman) Ptecor Pterostichini 

Pterostichus moestus (Say) Ptemoe Pterostichini 

Pterostichus sculptus LeConte Ptescu Pterostichini 

Rhadine caudata (LeConte) Rhacau Platynini 

Scaphinotus andrewsii Valentine Scaand Cychrini 

Scaphinotus viduus (Dejean) Scavid Cychrini 

Scarites subterraneus Fabricius Scasub Scaritini 

Selenophorus ellipticus Dejean Selell Harpalini 

Selenophorus opalinus (LeConte) Selopa Harpalini 

Sphaeroderus bicarinatus (LeConte) Sphbic Cychrini 

Sphaeroderus stenostomus (Weber) Sphste Cychrini 
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Stenolophus ochropezus (Say) Steoch Harpalini 

Synuchus impunctatus (Say) Synimp Platynini 

Tetraca virginica (Linnaeus) Tetvir Cicindelini 

Trichotichnus autumnalis (Say) Triaut Harpalini 

Trichotichnus dichrous (Dejean) Tridic Harpalini 
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II Table – C2. Number of individuals for each species collected from the four forest age 

classes.  

Species code Zero Ten Fifty Ninety Total 

Agopal 6 

   

6 

Agopun 77 

   

77 

Amaaen 16 

  

1 17 

Amacra 24 

  

1 25 

Amacup 18 2 

  

20 

Amafam 13 3 6 1 22 

Amaimp 30 7 6 

 

44 

Amamus 1 

   

1 

Ampint 5 2 3 6 16 

Anicar 1 

   

1 

Anidul 1 

 

1 

 

2 

Anifur 16 

   

16 

Anihap 16 1 1 

 

18 

Anihar 32 1 5 

 

38 

Animel 1 

   

1 

Aninig 1 

   

1 

Anirus 34 2 

 

1 38 

Aniver 

   

1 1 

Apeluc 

 

3 4 4 11 

Braame 

   

1 1 

Brafum 1 

   

1 

Calopa 113 38 138 27 316 

Cargor 1 4 19 54 78 

Carsyl 8 2 11 3 24 

Chlaes 73 60 31 94 258 

Chlamo 2 2 

 

3 7 

Chlema 3 11 1 7 22 

Cicsex 1 9 6 14 30 

Cicuni 

 

1 

 

3 4 

Colpen 1 

   

1 

Cycfre 2 24 105 125 256 

Cycsig 300 108 193 467 1068 

Cymame 1 3 6 6 16 

Cymlim 

 

2 

 

1 3 

Cymneg 

   

1 1 

Dicamb 5 88 62 89 243 
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Dicdil 8 35 142 30 214 

Dicelo 64 9 24 2 99 

Dicfur 

  

1 

 

1 

Dicpol 4 30 10 42 85 

Dicpur 6 2 

 

4 12 

Galbic 7 27 17 113 164 

Harcom 

  

1 

 

1 

Harful 1 

   

1 

Harher 1 

   

1 

Harkat 37 1 

  

38 

Harpen 270 11 57 13 352 

Harspa 

   

1 1 

Myacor 23 5 

  

28 

Notter 42 

   

42 

Notaen   2 6 8 

Oodflu 

  

1 

 

1 

Paspun 45 11 9 38 103 

Pladec 1 

 

21 11 33 

Poecha 1 

   

1 

Poeluc 4 

 

4 1 9 

Poelucw 1 

 

1 

 

2 

Poemora 9 3 10 2 24 

Poemorb 2 4 1 

 

8 

Pteado 14 311 7 35 366 

Ptecor 49 27 21 110 207 

Ptemoe 1 

  

27 27 

Ptescu 199 154 425 102 880 

Rhacau 

 

5 2 5 12 

Scaand 13 15 3 11 43 

Scavid 4   2 6 

Scasub 41 9 10 4 64 

Selell 

   

1 1 

Selopa 18 

 

2 

 

19 

Sphbic 

   

1 1 

Sphste 48 312 194 421 975 

Steoch 1 

   

1 

Synimp 

   

1 1 

Tetvir 8 6 7 7 28 

Triaut 

   

3 3 

Tridic 

  

1 

 

1 

Column totals 1726 1352 1570 1901 6548 
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II Table – C3. Numbers of individuals for each species collected from the four forest age classes for each sampling year. ‘Ex’ 

represents the additional year of sampling for zero and ten year old age classes. 

 

Species Code  Zero Ten Fifty Ninety   

Year 1 2 3 Ex 1 2 3 Ex 1 2 3 1 2 3 Total 

Agopal 

   

6 

          

6 

Agopun 6 

 

1 71 

          

77 

Amaaen 16 

            

1 17 

Amacra 4 4 8 8 

        

1 

 

25 

Amacup 7 6 2 3 2 1 

        

20 

Amafam 9 

 

5 

    

3 5 1 

 

1 

  

22 

Amaimp 3 2 21 4 

   

7 5 

 

2 

   

44 

Amamus 1 

             

1 

Ampint 

  

5 

 

2 

    

1 2 1 

 

5 16 

Anicar 1 

             

1 

Anidul 

  

1 

      

1 

    

2 

Anifur 2 5 7 2 

          

16 

Anihap 1 1 4 10 1 

    

1 

    

18 

Anihar 9 5 5 13 1 

    

3 2 

   

38 

Animel 

   

1 

          

1 

Aninig 1 

             

1 

Anirus 10 7 7 10 

 

1 

 

1 

   

1 

  

38 

Aniver 

            

1 

 

1 

Apeluc 

    

2 

  

1 1 1 2 1 3 

 

11 

Braame 

            

1 

 

1 
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Brafum 

  

1 

           

1 

Calopa 5 6 10 92 31 5 1 

 

83 45 9 14 11 2 316 

Cargor 

 

1 

   

2 

 

2 3 7 8 7 16 32 78 

Carsyl 5 1 2 

 

2 

   

2 8 1 

 

2 1 24 

Chlaes 20 17 7 29 28 9 15 8 2 15 13 20 35 40 258 

Chlamo 2 

   

1 

  

1 

   

2 1 

 

7 

Chlema 

 

1 

 

2 8 2 

 

1 

 

1 

 

1 2 4 22 

Cicsex 

  

1 

 

3 

 

4 3 2 2 2 4 2 8 30 

Cicuni 

       

1 

   

1 2 

 

4 

Colpen 1 

             

1 

Cycfre 2 

   

7 10 2 5 33 25 47 26 73 26 256 

Cycsig 98 127 69 6 25 27 14 42 70 95 28 160 257 50 1068 

Cymame 1 

   

3 

   

1 5 

 

4 2 

 

16 

Cymlim 

    

2 

      

1 

  

3 

Cymneg 

           

1 

  

1 

Dicamb 2 2 1 

 

27 37 12 12 14 23 25 31 35 22 243 

Dicdil 2 3 

 

3 12 13 2 7 27 54 60 7 17 6 214 

Dicelo 7 19 10 28 3 3 

 

3 5 14 5 

 

2 

 

99 

Dicfur 

         

1 

    

1 

Dicpol 1 3 

  

12 7 5 6 2 8 

 

16 17 8 85 

Dicpur 

 

2 1 3 

 

1 

 

1 

   

1 3 

 

12 

Galbic 2 1 1 3 21 1 

 

5 6 11 

 

60 37 16 164 

Harcom 

          

1 

   

1 

Harful 

  

1 

           

1 

Harher 

 

1 

            

1 

Harkat 1 1 

 

35 

 

1 

        

38 

Harpen 60 25 14 171 3 4 1 4 24 19 14 5 6 2 352 



105 

 

Harspa 

             

1 1 

Myacor 15 4 2 2 

   

5 

      

28 

Notter 37 1  4           42 

Notaen 

        

1 

 

1 1 

 

5 8 

Oodflu 

        

1 

     

1 

Paspun 23 19 3 

 

6 1 3 1 1 5 3 5 11 22 103 

Pladec 1 

       

9 8 3 4 5 1 33 

Poecha 

   

1 

          

1 

Poeluc 1 

  

3 

    

1 1 1 1 

  

9 

Poelucw 1 

        

1 

    

2 

Poemora 2 

 

3 4 

 

1 2 

 

5 3 1 2 

  

24 

Poemorb 

   

2 1 

 

3 

 

1 

     

8 

Pteado 2 7 2 3 183 75 47 7 6 1 

 

27 5 3 366 

Ptecor 9 10 27 3 4 17 

 

6 4 14 3 34 50 26 207 

Ptemoe 

 

1 

         

10 17 

 

27 

Ptescu 22 26 21 130 37 78 8 31 231 119 75 71 22 10 880 

Rhacau 

    

2 

  

3 

 

2 

 

4 2 

 

12 

Scaand 

 

13 

  

6 2 2 5 1 1 1 5 3 4 43 

Scavid 2  2           2 6 

Scasub 6 11 8 16 4 5 

   

7 3 2 1 1 64 

Selell 

           

1 

  

1 

Selopa 

 

9 6 3 

     

1 1 

   

19 

Sphbic 

           

1 

  

1 

Sphste 6 12 24 6 136 102 34 41 54 80 61 195 131 95 975 

Steoch 1 

             

1 

Synimp 

             

1 1 

Tetvir 1 1 2 4 1 4 

 

1 

 

7 

  

7 

 

28 



106 

 

Triaut 

           

2 1 

 

3 

Tridic 

         

1 

    

1 

Column totals 407 354 285 680 575 408 156 213 599 594 377 730 780 391 6548 
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APPENDIX D 

 

 

 

II Table – D1. Mean Bray-Curtis dissimilarity values by sampling year for community 

analyses of year-to-year variations among forest age classes (A: zero, B: ten, C: fifty, D: 

ninety). The mean within-group dissimilarities are the shaded boxes along the diagonal 

and the non-shaded values are the among group dissimilarities. The dissimilarity values 

range between 0 – 1, with a value of 1 the maximum dissimilarity possible (no shared 

species). 

  

A One Two Three 

One 0.694 
  

Two 0.628 0.611 
 

Three 0.702 0.637 0.700 

 

B One Two Three 

One 0.515 
  

Two 0.545 0.605 
 

Three 0.529 0.576 0.564 

 

C One Two Three 

One 0.599 
  

Two 0.577 0.555 
 

Three 0.580 0.573 0.564 

 

D One Two Three 

One 0.552 
  

Two 0.554 0.524 
 

Three 0.621 0.613 0.677 
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II Table – D2. Mean Bray-Curtis dissimilarity values by sampling year (A: one, B: two, 

C: three) for community analyses of year-to-year variations among forest age classes. 

The mean within-group dissimilarities are the shaded boxes along the diagonal and the 

non-shaded values are the among group dissimilarities. The dissimilarity values range 

between 0 – 1, with a value of 1 being the maximum dissimilarity possible (no shared 

species). 

  

 A Zero Ten Fifty Ninety 

Zero 0.694 
   

Ten 0.861 0.515 
  

Fifty 0.786 0.699 0.599 
 

Ninety 0.780 0.613 0.637 0.552 

 

 B Zero Ten Fifty Ninety 

Zero 0.611 
   

Ten 0.790 0.605 
  

Fifty 0.693 0.659 0.555 
 

Ninety 0.676 0.682 0.592 0.524 

 

C  Zero Ten Fifty Ninety 

Zero 0.700 
   

Ten 0.839 0.564 
  

Fifty 0.759 0.726 0.564 
 

Ninety 0.759 0.719 0.693 0.677 
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APPENDIX E 

 

II Table – E1. Mean Bray-Curtis dissimilarity values within and among forest age classes, 

with the first three sampling years combined. Mean within-group dissimilarities are 

shaded boxes along the diagonal and the non-shaded values are the among group 

dissimilarities. The dissimilarity values range between 0 – 1, with a value of 1 being the 

maximum dissimilarity possible (no shared species).  

 

 Zero Ten Fifty Ninety 

Zero 0.602    

Ten 0.792 0.483   

Fifty 0.709 0.621 0.495  

Ninety 0.677 0.593 0.577 0.490 
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II Figure – E1. Non-metric multidimensional scaling (NMDS) ordination of Carabidae 

species assemblages for the four forest age classes with the first three sampling years 

combined. Each data point (denoted by site name) represents one of the 29 original 

sampling sites. Significant differences (p < 0.001) in species assemblages occurred 

among forest age classes (k = 2; stress = 16.7), with the most distinct species assemblages 

between the zero age class compared to older forest age classes. Polygon areas are as 

follows: zero (0.67), ten (0.21), fifty (0.28) and ninety (0.40).  
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APPENDIX F 

 

 

II Table – F1. Mean Jaccard dissimilarity values (presence/absence data) for the forest 

age classes with all sampling years combined. Shaded values along the diagonal are the 

mean within-group dissimilarities and the non-shaded values represent the among-group 

dissimilarities. The dissimilarity values range between 0 – 1, with a value of 1 the 

maximum dissimilarity possible (no shared species). 

 

  Zero Ten Fifty Ninety 

Zero 0.707    

Ten 0.716 0.579   

Fifty 0.703 0.594 0.518  

Ninety 0.750 0.599 0.593 0.567 
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II Table – F2. Mean Jaccard dissimilarity values (presence/absence data) by sampling 

year for community analyses of year-to-year variations within forest age classes (A: zero, 

B: ten, C: fifty, D: ninety). The mean within-group dissimilarities are the shaded boxes 

along the diagonal and the non-shaded values are the among group dissimilarities. The 

dissimilarity values range between 0 – 1, with a value of 1 being the maximum 

dissimilarity possible (no shared species). 

  

 

A One Two Three 

One 0.737   

Two 0.708 0.707  

Three 0.742 0.724 0.748 

 

B One Two Three 

One 0.621 
  

Two 0.616 0.637 
 

Three 0.744 0.694 0.679 

 

C One Two Three 

One 0.621 
  

Two 0.619 0.574 
 

Three 0.644 0.661 0.660 

 

D One Two Three 

One 0.649 
  

Two 0.603 0.581 
 

Three 0.686 0.657 0.713 
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II Table – F3. Mean Jaccard dissimilarity values (presence/absence data) by sampling 

year (A: one, B: two, C: three) for community analyses of year-to-year variations among 

forest age classes. The mean within-group dissimilarities are the shaded boxes along the 

diagonal and the non-shaded values are the among group dissimilarities. The dissimilarity 

values range between 0 – 1, with a value of 1 being the maximum dissimilarity possible 

(no shared species). 

 

  

 A Zero Ten Fifty Ninety 

Zero 0.594 
   

Ten 0.653 0.465 
  

Fifty 0.624 0.559 0.459 
 

Ninety 0.665 0.521 0.519 0.488 

 

 B Zero Ten Fifty Ninety 

Zero 0.554 
   

Ten 0.580 0.476 
  

Fifty 0.572 0.517 0.417 
 

Ninety 0.614 0.487 0.492 0.415 

 

C  Zero Ten Fifty Ninety 

Zero 0.605 
   

Ten 0.765 0.568 
  

Fifty 0.628 0.636 0.503 
 

Ninety 0.683 0.617 0.564 0.567 
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II Figure – F1. Non-metric multidimensional scaling (NMDS) ordination of Carabidae 

species assemblages for the four forest age classes with all species included (k = 2; stress 

= 18.8). Results are based on presence/absence data using Jaccard dissimilarity and for all 

four sampling years combined. Each data point (denoted by site name) represents one of 

the 34 sampling sites. Significant differences in species assemblages occurred among 

forest age classes (p < 0.001). The dispersion of the fifty year polygon was significantly 

less compared to the zero year polygon (p = 0.018). The most distinct species 

assemblages occurred between zero age class and the three older forest age classes.  
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II Figure – F2. Ordination analyses depicting year-to-year variation in species 

composition within zero, ten, fifty and ninety year old forests. Results include all species 

collected in the first three years, based on presence/absence data using Jaccard 

dissimilarity values. Forest age categories, with the final solution NMDS stress in 

parentheses, are A: zero year (18.9), B: ten year (10.9), C: fifty year (18.0), D: ninety 

year (20.8). There were significant differences in year-to-year species composition for ten 

(p = 0.011), fifty (p = 0.003) and ninety year forests (p = 0.014). 
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II Figure – F3. Ordination analyses depicting year-to-year variation among forest age 

classes. Analyses included all species in sampling years one, two and three and are based 

on presence/absence data using Jaccard dissimilarity values. Forest age categories, with 

the final solution NMDS stress in parentheses, are A: year one (22.0), B: year two (19.0), 

C: year three (20.7). There were significant variations among forest age classes in each 

sampling year (p < 0.001). 
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APPENDIX G 

 

 

II Figure – G1. Carabid tribes with significant differences of number of individuals 

among forest age classes. Only tribes with significant differences are shown and forest 

age classes with different letters are significantly different from those with the same letter.  
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II Figure – G2. Numbers of individuals for Carabidae tribes among sampling years one, 

two and three. Only tribes with significant differences are shown (p < 0.05) and years 

with different letters are significantly different from those with the same letter.  
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APPENDIX H 

 

II Table – H1. Carabidae tribes with higher than expected numbers of abundant species. 

The number of species collected in this study are listed under ‘observed’, and the 

expected numbers of species were determined by multiplying the total number of species 

collected in that family by the proportion of species in each rarity category. Analysis 

includes all forest ages and sampling years combined. The relative abundance of 

commonly collected species contributed > 1% to the total number of individuals collected, 

whereas less frequently sampled species contributed < 1%. The number of abundant 

species among carabid tribes were significantly different than the expected number of 

species (Chi-square χ
2
 = 18.0, p < 0.025). Differences in the distribution of rare species 

among tribes were not significantly different than expected. 

 

Abundant 

  

No. of S 

Direction of difference Tribe Observed Expected difference 

More than expected Licinini 4 1.42 2.58 

   

Pterostichini 5 2.84 2.16 

   

Scaritini 2 0.47 1.53 

   

Galeritini 1 0.24 0.76 

   

Platynini 2 1.42 0.58 

   

Carabini 1 0.47 0.53 

       Approximately equal 

 

Chlaenini 1 0.71 0.29 

   

Cychrini 1 0.95 0.05 

       Less than expected Harpalini 1 5.21 -4.21 
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II Figure – H1. For the rare species category, boxplots depict (A) the number of 

individuals and (B) number of species among forest age classes. Significantly more rare 

individuals occurred for the zero age class compared to other age classes (p < 0.001) and 

significantly more rare species occurred in the zero age class compared to ten and ninety 

year forests (p = 0.002). 
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CHAPTER III 

 

 

 

CHANGES IN SPECIES TRAITS OF CARABID BEETLES (COLEOPTERA: 

CARABIDAE) WITH FOREST AGE  
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ABSTRACT  

Assessing the effects of disturbance on community assemblages through changes in 

species traits provides an alternative approach to assist with the identification of 

ecological patterns and increase our ability to predict responses to disturbance regimes. 

The environmental changes associated with clear-cutting and forest regeneration may 

affect not only the taxonomic species assemblages of carabid beetles (Coleoptera: 

Carabidae), but also their ecological traits. The aims of this study were to investigate 

changes in ecological species traits and functional diversity for carabids among four 

forest age classes in the Piedmont of North Carolina. Sampling occurred over four years 

at 34 sites (408 pitfall traps) in four forest age classes: recently clear-cut (zero year), ten 

year old, fifty year old and ninety year old. A total of 6,489 carabid beetles representing 

13 tribes, 27 genera and 48 species are included in the analysis. No significant differences 

among the forest age classes were detected for mean number of individuals, species 

richness, inverse Simpson’s diversity concentration, or for three functional diversity 

indices: functional richness, functional evenness and functional dispersion. Significant 

trends with forest age occurred for six of 18 species trait categories. Significantly higher 

numbers of macropterous (long-winged), omnivorous and pale legged species were 

collected from zero year forests compared to older forests. The number of brachypterous 

(flightless) species increased significantly with forest age. The results from this study can 

be compared to carabid species traits in temperate forests worldwide and may provide 

insight to the responses of species traits (i.e. dispersal ability, body size) to clear-cutting 

and other forest disturbances for other ground-dwelling invertebrate taxa. 
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INTRODUCTION 

Classification of communities using traits relating to species ecology, rather than 

taxonomy alone, can reveal ecologically important aspects of biological communities and 

serve broader conservation purposes (Whittaker 1975; Díaz & Cabido 2001; de Bello et 

al. 2010; Gagic et al. 2015). Analyses based on species traits and functional diversity 

indices convey information on the abundance and richness of traits, as well as the 

redundancy and complementarity of co-occurring species (Díaz & Cabido 2001; Petchey 

& Gaston 2006; de Bello et al. 2010). Trait-based studies provide a less frequently 

reported dimension of animal biodiversity and, unlike taxonomic analyses, data are 

comparable across taxa, geographic locations, ecosystems and an array of disturbance 

types (Willby et al. 2000; Violle et al. 2007; Mouillot et al. 2013). Assessing changes in 

the composition, diversity and richness of ecological species traits along gradients can 

assist in the identification of ecological patterns and increase our ability to predict 

responses to disturbance regimes (Mouillot et al. 2013) which is valuable for policy 

implementation and practices (Díaz & Cabido 2001; Moretti et al. 2009). The use of 

species traits and functional attributes in analyses have been widely used in plant ecology 

and are increasingly being used in ecological studies for animal taxa, including insects 

and other invertebrates (Willby et al. 2000; Moretti & Legg 2009; Vandewalle et al. 2010; 

Simons et al. 2016).  

Forests support a large portion of global biodiversity, with the majority of forests 

recovering from past disturbance events (World Commission on Forests and Sustainable 

Development 1999; Lindenmayer et al. 2006; Bonan 2008; Pan et al. 2011). Disturbances 

vary in type and severity and can drastically alter species traits assemblages in a system 
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(Pickett & White 1985; Mouillot et al. 2013). One type of anthropogenic disturbance, 

clear-cutting, causes an abrupt change from a forested to an open habitat. Removal of the 

forest canopy leads to substantial changes in ground conditions including increased 

insolation, increased soil and air temperatures, larger fluctuation between minima and 

maxima temperatures, aridity and increased wind flow at ground level (Chen et al. 1993, 

1999). After a clear-cutting event, changes in leaf litter, soil pH, organic and nutrient 

matter also affect ground dwelling invertebrate communities (Thiele 1977; Bazzaz 1979; 

Covington 1981; Christensen & Peet 1984; Heliövaara & Väisänen 1984; Swank & Vose 

1988; Niemelä 1997). 

With approximately 40,000 species, Carabidae is one of the most diverse families 

of beetles (Coleoptera) (Erwin 1985). Carabids play ecologically important roles in 

communities and are relatively well known biologically and ecologically (Thiele 1977; 

Erwin 1996; Lövei & Sunderland 1996). Their ground-dwelling lifestyle and sensitivity 

to surroundings make them effective model organisms for ecological and environmental 

changes (Lövei & Sunderland 1996; Niemelä et al. 2000; Rainio & Niemela 2003; Pearce 

& Venier 2006; Koivula 2011; Kotze et al. 2011). Numerous studies have documented 

the relationships between carabid beetle physical attributes (morphology), habit and 

ecology (Erwin 1979, 1981; Evans 1985, 1994; Forsythe 1987; Bauer et al. 1998; Ribera 

et al. 1999a, 1999b, 2001; Konuma & Chiba 2007). Changes in Carabidae species traits 

including physical attributes, trophic level and life history characteristics have been 

incorporated into investigations of species diversity and assemblages as a function of 

disturbance or across habitat types (Erwin 1981; Blake et al. 1994; Ribera et al. 2001; 

Cole et al. 2002; Sadler et al. 2006; Elek & Lövei 2007; Lambeets et al. 2008, 2009; 
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Pizzolotto 2009; Vandewalle et al. 2010; Schirmel et al. 2011, 2012; Bargmann et al. 

2016), but few studies have examined the effects of disturbance on carabid species traits 

and functional diversity in temperate forests (Erwin 1981). 

The environmental changes associated with clear-cutting and forest regeneration 

affect species richness, diversity and assemblage patterns of carabid beetles. Since forest 

age classes have been found to be characterized by distinct taxonomic carabid 

assemblages (Szyszko 1990; Niemelä et al. 1993; Spence et al. 1996; Szyszko et al. 1996; 

Butterfield 1997; Koivula et al. 2002; Magura et al. 2006; Riley & Browne 2011), 

changes in species trait patterns with forest age would also be expected. The objective of 

this study is to test this assumption, identify characteristic species traits, and detect shifts 

in trait assemblages among four forest age classes.  

Since mature forests typically have higher habitat stability (e.g. more stable 

abiotic ground conditions) compared to recent clear-cuts (Covington 1981; Swank & 

Vose 1988; Chen et al. 1993), I predict that there will be a higher proportion of flight-

capable species than flight-restricted species in younger forests (Southwood 1977, 1988; 

Thiele 1977; Niemelä et al. 1993; Koivula et al. 2002; Jelaska et al. 2011). The 

occurrence of winged and non-winged carabid species is not random; it can be linked 

with locality as well as habitat stability (Darlington 1943; Southwood 1977; Erwin 1979; 

den Boer et al. 1980; Roff 1990). Temporary habitats typically contain a higher number 

of macropterous species (fully wings), with higher vagility, while brachypterous species 

(reduced wings), with lower dispersal power, have been positively correlated with 

persistent, stable habitats (Darlington 1943; Southwood 1977, 1988; Kavanaugh 1985; 

Roff 1990; Wagner & Liebherr 1992; Lövei & Sunderland 1996). I also predict an 
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inverse relationship between Carabidae body size and habitat disturbance, as has been 

reported in several studies (Šustek 1987; Blake et al. 1994; Niemelä et al. 2002; Magura 

et al. 2006; Sadler et al. 2006; Elek & Lövei 2007; Vandewalle et al. 2010; Jelaska et al. 

2011; Birkhofer et al. 2015), including habitat succession specifically (Szyszko 1990; 

Szyszko et al. 2000; Rainio & Niemela 2003; Schwerk & Szyszko 2007; Schirmel et al. 

2012). Invertebrate body size often reflects physiological capabilities such as resistance 

to desiccation and starvation and dispersal ability (Šustek 1987; Cushman et al. 1993; 

Entling et al. 2010). Older forests typically have more stable environments and resource 

availability, habitat characteristics which I predict will be associated with larger carabids 

since they typically have longer developmental periods (Southwood 1977; Blake et al. 

1994; Lövei & Sunderland 1996). Since the diversity of herbaceous plants and grasses 

should be higher in recent clear-cuts compared to more mature forests, increasing the 

availability of seeds and plant material (Peet & Christensen 1987), I predict there will be 

a higher number of carabid species which rely on these as food sources (i.e. Harpalini, 

Zabrini tribes) in recently clear-cut areas (Lindroth 1961-1969; Thiele 1977; Ribera et al. 

2001). In addition, since animals with specialized diets are typically found in more stable 

habitat conditions, species with specialized modes of nutrition may be higher in mature 

forest age classes. Lastly, since Vandewalle et al. (2010) reported a positive correlation 

with carabid body pubescence and habitat disturbance, I hypothesize there will be a 

higher number of pubescent species in clear-cut habitats compared to more forested 

habitats. In summary, the objectives of this study are to examine the changes in 

Carabidae among four forest age classes for (1) taxonomic richness and diversity; (2) 
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functional richness and diversity as indicated by multivariate indices and (3) shifts in 

ecological species traits. 

 

METHODS 

Collection of Carabidae 

Carabid beetles were sampled from 34 sites within Stokes and Surry counties in 

the northern Piedmont region of North Carolina (Figure 1). Twenty-two sampling sites 

were located within Pilot Mountain State Park (PMSP) either in the two larger continuous 

sections of the park (Mountain or Yadkin River sections), or along the approximately 10 

km section of the Corridor/Bridle Trail (length = 10.6 km) which connects the larger 

sections. Four forest age classes are represented: recently clear-cut (n = 9), 10 – 20 year 

old forest (n = 8), 40 – 60 year old forest (n = 7), and 80 – 95 year forest (n = 10), which 

are referred to as zero, ten, fifty and ninety age groups, respectively. Forest ages were 

estimated with historical records, tree girth and forest composition and structure. Of the 

34 sampling sites, 29 were sampled for three years from May 2009 through April 2012. 

Six zero year sites were located within a 65 ha plot which was logged in December 2008 

(see Figure 1). An additional year of sampling, from November 2012 through October 

2013, was implemented at seven sites in order to improve the spatial distribution for the 

younger age classes. Two of these extra year sites (one zero year and one ten year site) 

were sampled during the original three year period. Newly added zero year sites were 

clear-cut between Nov. 2011 and Nov. 2012. Site selection was affected by availability of 

forest sites of the proper age class, urban surroundings and collection permits. Sampling 
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sites were similar in altitude (258 – 371 m) and had the same soil classification (i.e., 

Metagraywacke and Muscovite – Biotite Schist (Brown 1985). 

Pitfall trapping is useful to compare species presence and the relative 

activity/abundance levels of larger ground dwelling beetles across habitat types (Thiele 

1977; Spence & Niemelä 1994; Woodcock 2005). Although pitfall trap catches have 

inherent biases relating to activity (‘activity density’) (Greenslade 1964; Luff 1975; 

Thiele 1977; Adis 1979; Spence & Niemelä 1994), sampling under standard conditions 

over the entire active season provides reliable information on activity densities and 

allows for quantitative comparison among species (Baars 1979; Luff 1982; Loreau 1992; 

Southwood & Henderson 2000). This passive sampling approach samples continuously 

which minimizes investigator associated biases (Melbourne 1999; Woodcock 2005). 

Pitfall traps consisted of a plastic drinking cup (16 oz. Solo® cup with 12 cm diameter 

opening) that were positioned flush with the ground. A flat, dense foam plastic cover to 

keep rain and other debris out of the trap was loosely placed over each trap and fixed 

approximately 5 cm above the ground using nails and the traps contained a non-toxic 

antifreeze preservative. Each sampling site had a total of 12 traps, divided into two 

groups of six traps (arranged in two small triangles) with the two groups located 

approximately 10 m apart (see Riley 2010). The trap contents were strained through a 

fine mesh screen monthly, with Carabidae preserved in 95% ethanol. Species 

identifications were made using the morphological key by Ciegler (2000), with 

confirmation made as needed with specimens at the Smithsonian National Museum of 

Natural History in Washington, DC. 
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Species traits  

For more commonly collected species, seven ecological species traits (Table 1) 

were selected to reflect important features of Carabidae physical attributes, life history 

and ecology and have been used in previous trait-based studies (Lindroth 1960-1969; 

Thiele 1977; Erwin 1979, 1981; Ribera et al. 2001; Cole et al. 2002; Schirmel et al. 2012). 

Species were classified into 18 nominal categories for the seven species traits by 

specimen examination, or based on information provided in the Carabidae literature 

(Lindroth 1960-1969; Thiele 1977; Erwin 1981; Larochelle & Larivière 2003). For each 

collection year, 12 individuals were assessed or measured (if n < 12 all available 

specimens were used), with approximately equal representation of males and females and 

forest age classes when possible. When species data was unavailable or inconclusive for a 

trait, the species was excluded from the analysis. For every fully intact specimen in the 

study, Carabidae apparent body length (ABL) was measured to the nearest tenth of a 

millimeter. ABL is the length from the extreme point of the mandible to apex of elytra. It 

is a standard carabid beetle measure for ecological studies which provides a reliable 

estimate of overall size (Erwin & Kavanaugh 1981; Szyszko 1983). Since all other traits 

were categorical, average length was used to classify species into four size class 

categories, although numeric body length values were also analyzed. For wing 

morphology, individuals with hind-wings extending the length of the abdomen were 

classified as macropterous (with the potential for flight) and species with reduced hind-

wings (shorter than the length of the abdomen), or fused elytra and/or no obvious wings 

were classified as brachypterous (incapable of flight). While the presence of long wings 

does not guarantee the ability to fly because there may be atrophy of thoracic flight 
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muscles (Thiele 1977), it is commonly used as evidence of dispersal capability (den Boer 

1970, 1990). The flight capability of long-winged species was reinforced using the 

available literature (Lindroth 1961-1969; Erwin 1981; Larochelle & Larivière 2003). For 

dimorphic-winged species, all specimens were examined and the species was classified 

according to the dominant wing state. A chi-square test was used to determine if species 

were significantly more abundant in the spring and summer months (March – August), or 

the autumn and winter months (September – February). For species where less than ten 

individuals were collected, the literature was consulted for typical annual activity periods, 

or excluded from the analysis if species specific information was lacking in the literature. 

The adult dietary preference for carabid species was based on the literature (Lindroth 

1961-1969; Thiele 1977; Erwin 1981; Larochelle & Larivière 2003). See Table 1 and 

Appendix A (Tables A1 & A2) for the full list of ecological species traits and the number 

of carabid species in each category. 

Statistical analysis 

To reduce the effect of vagrant and/or rare species and to focus on the traits of 

species more abundant in the community, only species captured at three or more of the 34 

sampling sites (based on all years combined) were included in the analysis. Pitfall trap 

collections were combined by site each month, with the raw number of individuals 

adjusted for differences in number of trap nights between collection periods and number 

of intact traps (versus traps overturned from a disturbance). Total number of individuals 

collected at a site was standardized to 365 trap nights per month (12 traps x 30.42 days).  

For each sampling site and year, the number of individuals (N), species richness (S) and 

the inverse Simpson’s concentration index (1/D), a Hill diversity number (Simpson 1949; 
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Jost 2006; Chao et al. 2014) were determined. Three multivariate functional diversity 

indices (FD) were used to examine Carabidae abundance and distribution in functional 

space across the forest age classes: functional richness (FRic), functional evenness (FEve) 

and functional dispersion (FDis) (Mason et al. 2005; Villéger 2008; Laliberté & Legendre 

2010). For categorical data, FRic is simply the number of unique trait combinations. 

FEve weighs the number of unique functional types by abundance to determine the 

functional evenness across communities and decreases when abundance is lower among 

species or functional distances are less regular among species (Villéger 2008; Schleuter et 

al. 2010). FDis expresses functional diversity which decreases as the dominance of single 

species increases. It is the mean distance in multidimensional space (dispersion) of a 

given species to the centroid of all other species, with species weighted by relative 

abundance. Unlike FRic, it is unaffected by species richness and not strongly subject to 

the effects of outliers. High values correspond to a high number of functionally different 

species with approximately even abundances (Laliberté & Legendre 2010).  

Generalized linear mixed models (GLMMs) with Poisson error distributions were 

used to assess changes among the forest age classes for species richness, diversity, 

functional diversity indices and species trait categories. For each species trait category, 

the number of species per site by year was used as the response variable. Forest age and 

sampling year were used as predictors (fixed effects) with sampling site as a random 

factor to account for repeated sampling (Zuur et al. 2009). Although forest age was the 

main interest, year was included as a fixed effect due to the low number of factor levels 

(i.e. 3-4 years) (Bolker et al. 2009; Gotelli & Ellison 2013). If GLMM models failed to 

meet assumptions (mainly heteroscedasticity) then a non-parametric Kruskal-Wallis rank 
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sum test was used. A GLMM with a negative-binomial error distribution, log link and 

sampling site as a random factor was more appropriate to assess changes in numbers of 

individuals among forest age classes (O’Hara & Kotze 2010). FEve values were 

continuous on the interval (0 – 1), so a beta-regression model with logit link function was 

used using package ‘betareg’ (Ferrari & Cribari-Neto 2004; Cribari-Neto & Zeileis 2010). 

Lastly, FDis across forest age classes was assessed using a GLMM with Gaussian error 

structure and identity link function and sampling site as a random factor. Numeric body 

length values were used to construct relative frequency histograms using abundance data 

in order to examine the body size distribution for each forest age class. Normality of body 

size distributions were tested using Shapiro-Wilk tests. For the body size distribution 

with all age classes combined an Anderson-Darling normality test was used (since N > 

5000). A relative frequency histogram of the number of species for body length with all 

age classes combined was also constructed with normality tested using a Shapiro-Wilk 

test. Mean body length among forest age classes was analyzed using a linear mixed 

model (LMM) with sampling site as random factor. 

Statistical inferences were based on the frequentist (i.e. based on p-values) and 

information-theoretic approaches. This combined the strengths of two statistical 

paradigms including the familiarity with p-value based conclusions and the multitude of 

information provided by information-theoretic methods (Bolker et al. 2009; Burnham et 

al. 2011; Murtaugh 2014). Model selection was inferred by Akaike information criterion 

corrected for small sample size (AICc) (Sugiura 1978; Hurvich & Tsai 1989; Burnham et 

al. 2011). Linear model sets were evaluated, ranked and compared using the following 

criteria: Δ AICc (difference in the lowest AICc and another model in the set), model 
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weight (normalized probability of a model in the data set) and an evidence ratio (measure 

of the probability of a given model relative to other models in the set) (Burnham et al. 

2011). Significance and p-values were determined through analysis of deviance using 

Wald chi-square test statistics (Zuur et al. 2009). All statistical analyses were conducted 

using R 3.3.0 (R Core Team 2016) including packages ‘lme4’ (Bates et al. 2015), ‘car’ 

(Fox & Weisberg 2010), ‘MuMIn’ (Barton 2016) and ‘multcomp’ (Hothorn et al. 2008).   

 

RESULTS 

Number of individuals and diversity  

For species collected from at least three sites over the entire study, there were a 

total of 6,489 Carabidae individuals representing 13 tribes, 27 genera and 48 species 

(Appendix A, Table A1). The removal of rare species resulted in the exclusion of 29 

species (62 individuals), the majority of which were from zero year forests (S = 15) and 

ninety year old forest (S = 10). See Appendix B for parameter model sets for the 

information-theoretic approach and Appendix C for frequentist results. There were no 

significant differences in mean number of individuals, richness or the inverse Simpson’s 

concentration values (1/D) among the four forest age classes (Tables 2 & 3; Appendix A, 

Table A3) nor was age included in the top model for any of the candidate model sets. 

However, forest age was included in the second most likely model of the set for all three 

measures. Mean number of individuals was significantly lower for year three compared 

to all other years (Tables 2 & 3), and species richness was also significantly lower for 

year three compared to the previous two years (Tables 2 & 3). See Appendix D (Table 

D1) for differences among sampling years; however, since inter-annual differences are 
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addressed in Chapter II of this dissertation I will focus on differences among forest age 

classes in this chapter. There were no significant differences for any of the functional 

diversity (FD) indices among forest age classes (Figure 2). Forest age was not included in 

the top model for any indices but it was in the second best model for FRic and FEve 

(Appendix B, Tables B3 & B4).  

Ecological species traits 

Forest age was included in the top model and was statistically significant (p < 

0.05) for six of 18 species trait categories (Figure 3; see Appendices B & C for full 

statistical results). A significantly higher mean number of large species was collected 

from zero year areas compared to ten year forests. Mean species numbers for the large 

size category were lower for ten and ninety year forest compared to zero and fifty year 

forests. Carabid beetle body lengths ranged from 5.0 mm to 35.0 mm. Body length 

frequency histograms showed that relative frequencies of body lengths varied with forest 

age (Figure 4) but mean body lengths (log10) were not significantly different among 

forest age classes. Body length distributions for all forest age classes were non-normal 

(zero: W = 0.90, p < 0.001; ten: W = 0.91, p < 0.001; fifty: W = 1.00, p < 0.001; ninety: 

W = 0.94, p < 0.001), as was the relative frequency distribution for all forest age classes 

combined (A = 42.35, p < 0.001). For the zero year age class, > 75% of individuals were 

between 8.1 – 10.0 mm and 14.1 – 20.0 mm, and compared to all other forest age classes, 

the zero age class had the highest proportion of individuals between 8.1 – 10.0 mm. More 

than 75% of individuals had body lengths between 12.1 – 20.0 mm for ten and ninety 

year old forests, and for fifty year old forests > 75% of individuals between 10.1 – 20.0 

mm (Figure 4). The zero year age class showed a bimodal distribution curve, with lower 
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frequency of body lengths between 10.1 – 14.0 mm. For all forest age classes combined, 

body lengths of 75% of individuals were between 12.1 – 20.0 mm (Figure 5A) and 75% 

of species were between 8.1 – 18.0 mm and 20.1 – 22.0 mm (Figure 5B).  

Both of the wing morphology trait categories demonstrated distinct trends with 

forest age. Macropterous species number was significantly higher for the zero year age 

class compared to all other forest age classes (Figure 3). Conversely there was a 

significantly higher number of brachypterous species for ninety year forests compared to 

zero year forests (Figure 3). The number of species with a mixed diet was significantly 

higher for zero year forests than the other age categories and forest age was the only fixed 

effect in the top model, predicted to be 22.1 times more likely than the next best model 

(Figure 3; Appendix B; Table B14). The number of species with pale legs was 

significantly higher for zero year forests compared to ninety year forests and close to 

significantly lower for ten and fifty year forests (Figure 3). For the pale leg trait category, 

forest age was the only fixed effect in the highest ranked model (approximately 2.7 times 

more likely than the next best model; Appendix B, Table B19). For the pubescence trait, 

the number of glabrous species collected in ninety year forest was significantly lower 

than zero year forests (Figure 3). However, there was not a clear trend with forest age as 

zero year and fifty year forests had higher mean numbers of glabrous species compared to 

ten year and fifty year forests. For the glabrous species, forest age and year were in the 

top model, with an evidence ratio suggesting it was approximately 1.6 times more likely 

than the next best model, which only included year (Appendix B, Table B22).  

Two trait categories which have been reported to be correlated with forest 

succession in the literature, demonstrated trends with forest age in this study and were 



 

137 

 

close to statistically significant (p < 0.1). As forest age increased, the number of species 

with their main period of annual activity in the autumn and winter months decreased 

(Figure 6). The mean number of gastropod specialist (snails and slugs) species was 

lowest in zero forests compared to the other three age groups (Figure 6). For both 

autumn/winter seasonal activity and specialist diet, the second best model in the 

candidate model set included forest age with the Δ AICc (0.26) and evidence ratio both 

suggesting the differences between the two best models is low (Appendix B; Table B11 

& B15).  

 

DISCUSSION  

Numbers of individuals, species richness and diversity 

 Changes in the number of individuals, species richness and the Simpson’s 

concentration index (1/D) were similar across the four forest age classes with slightly 

higher average values in year zero and fifty year forest classes. The similarity in these 

three measures indicates any changes in functional diversity indices and ecological 

species traits among forest age classes are likely related to shifts in the carabid beetle 

community composition rather than differences in numbers, richness and diversity.  

Functional richness and diversity 

Previous carabid beetle studies have found significant differences in 

multidimensional functional diversity indices across habitat types or disturbance classes 

(Vandewalle et al. 2010; Woodcock et al. 2010; Schirmel et al. 2012; Schirmel & 

Buchholz 2013; Birkhofer et al. 2015) as have other invertebrate studies across various 

disturbance gradients (Moretti et al. 2009, 2010). In contrast, the functional diversity 
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indices in this study were not significantly different among age classes, nor were those 

reported by Gossner et al. (2013) for a forest management study in European beech 

forests. For this study, the fact that all age classes were forest habitats dominated by trees, 

with the trees removed only recently from the recent clear-cuts, may account for the 

insignificant differences among the functional diversity indices. Previous studies which 

have found greater disparity among functional diversity indices typically examined 

gradients with more distinct land-use types (e.g. agricultural fields versus mature 

woodland) (Vandewalle et al. 2010; Schirmel et al. 2012; Birkhofer et al. 2015) rather 

than chronosequential stages of a habitat type. Species replacement of flora and fauna 

occurs with forest maturity and can include shifts in species life traits without 

substantially altering the overall species number, diversity, functional richness and 

functional diversity of a given area (Roscher et al. 2012; Schirmel et al. 2012; Gossner et 

al. 2013). Since 12 of the 18 trait categories were not statistically different among forest 

age classes, multidimensional functional diversity indices which combine several traits 

into one value were correspondingly not appreciably different. Subtle changes or 

opposing trends in individual single traits can be masked by FD indices (Roscher et al. 

2012; Gossner et al. 2013). As with richness and diversity indices, removal of rare 

species may also have caused greater convergence for FD indices compared to results 

utilizing the full data set.  

Ecological species traits 

 The most pronounced differences in species traits were between the zero year 

forests and the older forests, with carabid species from the zero age class more likely to 

be macropterous (long-winged), have pale legs and a mixed diet. Brachypterous (reduced 
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wings, incapable of flight) species number increased significantly with forest age. Other 

trends which were close to statistical significance (p < 0.1) suggest that species in recent 

clear-cuts are more likely to have higher activity in autumn and winter months (Sept. – 

Feb.) and not to be gastropod specialist feeders.  

Changes in body length (size) categories among forest age classes did not support 

predicted hypotheses. Large body size in less disturbed habitats has been one of the most 

distinct traits reported in other carabid beetle studies (Blake et al. 1994; Spence et al. 

1996; Szyszko et al. 2000; Ribera et al. 2001; Cole et al. 2002; Karen et al. 2008; Jelaska 

et al. 2011; Schirmel et al. 2012). In this study, the large body length category was 

significantly different among forest age classes but the trend did not clearly shift in one 

direction with forest age. Ten year forests had the lowest mean number of large species 

which was affected by the low number of individuals and species collected during 

sampling year three, particularly for the most abundant ‘large’ species in the ten year age 

class, Pterostichus sculptus, which was considerable lower in sampling year three. Only 

eight species were included in the large size category, three of which were among the 

four most commonly collected species in the study and were present in all forest age 

classes. The lack of statistical significances between beetle size categories and forest age 

in certain age classes may be related to the low species numbers for some of the 

categories resulting in low statistical power in some cases.  

Differences in numeric mean body length among forest age classes were also not 

statistically significant. The bimodal distribution in the zero year age class was due to a 

lower frequency of individuals between 10.1 – 14.0 mm. Calathus opaculus was the only 

species with a relatively high number of individuals within this size range and almost half 
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of individuals were in the next smaller size bin (8.1 – 10.0 mm). All other species with 

body lengths between 10.1 – 14.0 mm occurred in relatively low numbers (relative 

abundance < 2%), particularly true for individuals between 12.1 – 14.0 mm. The higher 

frequency of individuals between 8.1 – 10.0 mm is due to the abundances of two Amara 

species, Notobia terminata and approximately half of C. opaculus individuals. Increase in 

relative frequencies for individuals between 14.1 – 20.0 mm were due to high abundances 

of Cyclotrachelus sigillatus, Harpalus pensylvanicus and P. sculptus within the zero year 

forest class (relative abundances > 10%).  

Comparison of the relative frequency histogram for the number of species at 

Plummers Island in Maryland by Erwin (1981) and Figure 5B suggests there were fewer 

species less than 9 mm (especially those < 5 mm) in the current study. In this study there 

were no species less than 5 mm and only 6.25% of the species had body lengths between 

5 – 8 mm. This may be due to differences in sampling techniques as pitfall traps are more 

efficient in collecting larger carabids (Greenslade 1964; Luff 1975; Thiele 1977). Several 

of the carabid body size histograms for carabid communities across the globe in Erwin 

(1981), including the one for Plummers Island, demonstrated bimodalities in carabid 

body size distributions which has been hypothesized to be a result of the influence of ants. 

Ants have been shown to negatively affect carabids in many ways, particularly through 

interference competition (Hawes et al. 2002; Reznikova & Dorosheva 2004), leading to 

negative correlations between abundances of carabid beetles and ants (Heliölä, et al. 2001; 

Koivula et al. 2002). For the Chesapeake Bay area in Maryland, the size distribution for 

the majority of ants is between 3 – 7 mm and there is a corresponding decrease in the 

frequency of carabid fauna for those size classes (see Erwin 1981, Figure 16). Carabidae 
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body sizes of the zero year class in this study showed a bimodal distribution but the body 

sizes causing the ‘dip’ in the histogram are from 10.1 – 14.0 mm, a larger size category 

than the body sizes for the majority of ants from the Chesapeake Bay area reported in 

Erwin (1981). Additional information is needed for body sizes of ants occurring in 

recently clear-cut habitats within the Piedmont of North Carolina to determine if ants 

play a role in the carabid fauna body size distributions. Since clear-cutting has been 

shown to lower ant abundance and species richness, as well as alter the community 

assemblages in deciduous forests of South Carolina (Zettler et al. 2004), the influence of 

ants may change with forest age. Other taxa with similar lifestyles and habitat preferences 

(i.e. spiders, rove beetles) and larger predators (e.g. small mammals and birds) may also 

influence the size distribution of carabid beetles (Erwin 1981). 

As expected, there were significantly higher numbers of macropterous species in 

clear-cuts and a significant increase in the number of brachypterous species with forest 

age, which agrees with previous Carabidae studies (Niemelä et al. 1993; Butterfield 1997; 

Koivula et al. 2002; Riley & Browne 2011; Birkhofer et al. 2015), and other terrestrial 

insects along disturbance gradients (Birkhofer et al. 2015; Simons et al. 2016). In general 

there are more flightless beetles in forested areas than open habitats (Southwood 1962; 

Roff 1990; Desender et al. 1999; Karen et al. 2008). In more unstable, early succession 

habitats macropterous species have superior dispersal power and higher recolonization 

capabilities, increasing their ability to locate patchy resources and relocate if habitat 

suitability changes (Šustek  1987; den Boer 1970; Thiele 1977; Roff 1990). These species 

are often collected in clear-cuts with many adapted to open habitat conditions (Thiele 

1977; Niemelä et al. 1993; Koivula et al. 2002).  
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The significantly higher number of species with a mixed (omnivorous) diet in 

zero year forests may relate to increased habitat heterogeneity which could increase the 

number of food sources available (Covington 1981; Niemelä et al. 1996; Holt et al. 1999; 

Pearce et al. 2003; Rooney et al. 2008). Newly established herbaceous plants and grasses 

provide an influx of plant-based material (e.g. seeds) for carabids with a mixed diet 

(Thiele 1977; Peet & Christensen 1987; Pearce et al. 2003). Species able to consume a 

wider variety of food items and/or with opportunistic feeding strategies would have an 

advantage in a more unpredictable, changing environment (e.g. a recent clear-cut).  

In the eastern United States, adults of carabid species have characteristic seasonal 

activity peaks that are consistent among years (Erwin 1981; Luff 1982; Lövei & 

Sunderland 1996). In this study, most species (S = 26) exhibited higher activity in the 

spring/summer months (Mar. – Aug.) while eight species had peak abundance in the 

autumn/winter months (Sept. – Feb.) which is consistent with other North American 

studies (Niemelä et al. 1992; French & Elliott 1999; Werner & Raffa 2003; Browne et al. 

2014). Annual activity peaks have been associated with reproductive periods, breeding 

seasons, prey availability and abiotic factors such as rainfall, temperature, etc. (Thiele 

1977; Loreau 1985, 1988; Wolda 1988; Niemelä et al. 1992; Lövei & Sunderland 1996; 

Ribera et al. 2001). In this study, the number of species active in the autumn/winter 

decreased with forest age. Previous studies have reported lower numbers of individuals 

collected in the hotter, drier summer months for some Carabidae species (Erwin 1981; 

Niemelä et al. 1992; Spence & Niemelä 1994). This period of lower activity-abundance 

could possibly be more intense for zero year sites which are characterized by direct 

sunlight, higher ground temperatures and lower humidity compared to older aged forests 
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with more canopy cover which can have a buffering effect to create more moderate 

ground conditions (Swank & Vose 1988; Chen et al. 1993). This could be a contributing 

factor for the higher number of autumn/winter active species in the zero year age class. 

The mean number of individuals collected by month varied among forest age classes 

(unpubl. data) with the zero age class exhibiting a more distinct biannual abundance peak 

(in May – Jun. and Sept. – Oct.), compared to other age classes. In contrast, in Ribera et 

al. (2001) more disturbed sites had a higher number of summer active species which they 

attributed to a higher number of spring breeding species in disturbed areas.  

Body color and pattern have also been associated with different aged forests. 

Erwin (1981) found pale legged carabids were more abundant in riparian and open 

habitats while species with darker legs dominated forested habitats. Body coloration and 

color patterns, including legs and metallic sheen, may be related to visibility by predators 

within a given habitat (Erwin 1979). As with this study, previous research has shown 

positive associations with pale species (body and legs) and more open and/or disturbed 

landscapes (Ribera et al. 2001; Vandewalle et al. 2010).  

Although Vandewalle et al. (2010) reported a positive correlation with 

pubescence and disturbance, there was no discernible relationship between pubescence 

and forest age in this study. Since pubescence was a dichotomous trait, the significant 

finding for glabrous species may be a reflection of changes in the number of pubescent 

species with forest age. However, with only seven species classified as pubescent the 

analysis of this trait has relatively low statistical power.   

Trait-based studies have inherent difficulties, including the determination of trait 

effects on fitness, selection of traits for analysis, inadequate knowledge of species 
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ecology and biology and satisfactory classifications of species into trait categories 

(Petchey & Gaston 2006; Villéger 2008; Gagic et al. 2015). A future direction is to 

incorporate a phylogenetic component to this study to determine which traits are products 

of relatedness and which occur independently of phylogeny. For a more in depth analysis 

of adult carabid diet, gut analyses of specimens may provide direct evidence of dietary 

intake for each species. This study identified significant shifts in select Carabidae species 

traits among four forest age classes. Characterization of carabid assemblages based on 

ecological species traits provided insight into functional diversity and shifts in species 

traits of carabids with forest age, with species traits for recent clear-cuts especially 

distinct. The results of this study can be compared to Carabidae species traits in 

temperate forests worldwide. Additionally, some carabid traits (e.g. dispersal ability, 

body size) may provide insight to the species trait responses of other ground-dwelling 

invertebrate taxa to the effects of clear-cutting and forest regeneration (Birkhofer et al. 

2015; Simons et al. 2016).  
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TABLES 

  

 

III Table – 1. Seven ecological species traits for Carabidae included in the analyses of 

functional diversity indices and individual traits. ’Code’ is the trait identification 

representing the 18 species trait categories. ‘No. of S’ is the number of Carabidae species 

included for each trait category.   

 

Species trait Code Category No. of S 

Length (size) LEN small (5-9 mm) 6 

  
medium (9-15 mm) 23 

  
large (15-20 mm) 8 

  
very large (>20 mm) 11 

Wing morphology WIN brachypterous  22 

  
macropterous 26 

Seasonality SEA spring/summer (SprSum) 26 

  
autumn/winter (AutWin) 9 

Diet of ad ult* DIET specialist 8 

  carnivore 23 

  omnivore (mix) 10 

  herbivore 5 

Color of body BOD non-metallic 15 

  
metallic 33 

Color of leg LEG dark 29 

  
pale 18 

Pubescence of PUB glabrous 41 

body   pubescent 7 

* indicates data based on literature. Main sources (Lindroth 1961-1969; Erwin 1981; Larochelle A, 

Larivière 2003). 
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III Table – 2. Mean (± s.e.) numbers of individuals (N), species richness (S) and 

Simpson’s concentration index (1/D) for four forest age classes. Means for zero and ten 

year old forests include an additional year of sampling. Values are based on sampling site 

per year (zero, n = 22; ten, n = 21; fifty, n = 21; ninety, n = 30).  

 

Measure Zero Ten Fifty Ninety 

N 76.9 ± 14.4 64.3 ± 8.0 74.5 ± 11.0 62.8 ± 5.6 

S 13.1 ± 1.0 10.6 ± 1.0 12.4 ± 0.9 11.0 ± 0.5 

1/D 5.25 ± 0.73 4.15 ± 0.23 5.25 ± 0.31 4.67  ± 0.25 
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III Table – 3. Analysis of deviance results (frequentist approach) of each response 

variable for forest age and year (N = 94, df = 3). Response variables include number of 

individuals (N), raw species number (S) and inverse Simpson’s concentration diversity 

index (1/D). Significance was determined through analysis of deviance using Wald chi-

square test statistics (χ
2
) or Kruskal-Wallis rank sum test (H). 

 

                     Fixed effect                   

Response        Age          Year 

N 1.29, p = 0.731 49.5, p < 0.001*** 

S 3.5, p = 0.316 21.9, p < 0.001*** 

1/D H = 6.5, p = 0.09 H = 3.1, p = 0.380 

 

  



 

166 

 

FIGURES 

 

III Figure – 1. Map of the 34 sampling sites in the North Carolina Piedmont with forest 

age classes depicted by different point markers. Sites with * indicate where sampling 

occurred for an additional year. 
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III Figure – 2.  Functional diversity indices (mean ± s.e.) for the forest age classes: 

functional richness (FRic), functional evenness (FEve) and functional dispersion (FDis). 

All species traits are included in the analyses. No significant differences occurred for any 

of the functional diversity indices with forest age.  
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III Figure – 3. Number of Carabidae species (mean ± s.e.) for six ecological species trait 

categories among the four forest age classes. Significance levels among forest age classes 

are indicated by *p < 0.05, **p < 0.01, ***p < 0.001.    
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III Figure – 4. Relative frequency histograms of Carabidae body length for the four forest 

age classes. Distributions for all forest age classes were non-normal (p < 0.001).   

 
  



 

170 

 

III Figure – 5. Relative frequency histograms of Carabidae body length with all forest age 

classes combined. (A) Body length distributions for both the abundance-based curve (p < 

0.001) and (B) the species-based curve (p = 0.04) were non-normal.   

 

   

A B 
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III Figure – 6. Numbers of Carabidae species (mean ± s.e.) for two species traits which 

were close to statistical significance (p < 0.1). These two trait categories have shown 

significant trends with forest disturbance in previous studies.  
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APPENDIX A 

 

 

III Table – A1. Scientific names, species codes and tribes for the 48 species in this study.  

 

Species  
Species     

code 
Tribe 

Agonum punctiforme Fabricius Agopun Platynini 

Amara crassispina LeConte Amacra Zabrini 

Amara cupreolata Putzeys Amacup Zabrini 

Amara familiaris (Duftschmid) Amafam Zabrini 

Amara impuncticollis (Say) Amaimp Zabrini 

Amphasia interstitialis (Say) Ampint Harpalini 

Anisodactylus furvus LeConte Anifur Harpalini 

Anisodactylus haplomus Chaudior Anihap Harpalini 

Anisodactylus harrisii LeConte Anihar Harpalini 

Anisodactylus rusticus (Say) Anirus Harpalini 

Apenes lucidulus (Dejean) Apeluc Lebiini 

Calathus opaculus LeConte Calopa Platynini 

Carabus goryi Dejean Cargor Carabini 

Carabus sylvosus Say Carsyl Carabini 

Chlaenius aestivus Say Chlaes Chlaenini 

Chlaenius amoenus Dejean Chlamo Chlaenini 

Chlaenius emarginatus Say Chlema Chlaenini 

Cicindela sexguttata Fabricius Cicsex Cicindelini 

Cyclotrachelus freitaga Bousquet Cycfre Pterostichini 

Cyclotrachelus sigillatus (Say) Cycsig Pterostichini 

Cymindis americanus (Dejean) Cymame Lebiini 

Dicaelus ambiguus LaFerté-Sénecteré Dicamb Licinini 

Dicaelus dilatatus Say Dicdil Licinini 

Dicaelus elongatus Bonelli Dicelo Licinini 

Dicaelus politus Dejean Dicpol Licinini 

Dicaelus purpuratus Bonelli Dicpur Licinini 

Galerita bicolor Dry Galbic Galeritini 

Harpalus katiae Battoni Harkat Harpalini 

Harpalus pensylvanica De Geer Harpen Harpalini 

Myas coracinus (Say) Myacor Pterostichini 

Notiobia terminata (Say) Notter Harpalini 

Notiophilus aeneus (Herbst) Notaen Notiophilini 

Pasimachus punctulatus Haldeman Paspun Scaritini 
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Platynus decentis (Say) Pladec Platynini 

Poecilus lucublandus Bonelli Poeluc Pterostichini 

Poecilus morphospecies a Poemora Pterostichini 

Poecilus morphospecies b Poemorb Pterostichini 

Pterostichus adoxus (Say) Pteado Pterostichini 

Pterostichus coracinus (Newman) Ptecor Pterostichini 

Pterostichus moestus (Say) Ptemoe Pterostichini 

Pterostichus sculptus LeConte Ptescu Pterostichini 

Rhadine caudata (LeConte) Rhacau Platynini 

Scaphinotus andrewsii Valentine Scaand Cychrini 

Scaphinotus viduus (Dejean) Scavid Cychrini 

Scarites subterraneus Fabricius Scasub Scaritini 

Selenophorus opalinus (LeConte) Selopa Harpalini 

Sphaeroderus stenostomus (Weber) Sphste Cychrini 

Tetraca virginica (Linnaeus) Tetvir Cicindelini 
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III Table – A2. Species classifications for the 18 species trait categories. ‘NA’ means data 

was not available or could not be determined based on the literature. Abbreviations are as 

follows: length (LEN); seasonality (SEA), AutWin = main annual active period between 

Sep. – Feb. SprSum = main annual active period between Mar. – Aug.; wing morphology 

(WIN), macro = macropterous, long winged, brachy = brachypterous, short winged; diet 

(DIET), carn = carnivore, herb = herbivore, mix = omnivore, spec = specialist; body 

(BODY), metal = metallic, nonmetal = non-metallic; pubescence (PUB), glab = glabrous 

body, pub = pubescent body. 

 

Species code LEN SEA WIN DIET BODY LEG PUB 

Agopun small AutWin macro carn nonmetal pale glab 

Amacra small SprSum macro herb metal pale glab 

Amacup small NA macro herb metal pale glab 

Amafam small SprSum macro herb nonmetal pale glab 

Amaimp small SprSum macro herb metal pale glab 

Ampint med SprSum macro herb nonmetal pale pub 

Anifur med SprSum macro mix nonmetal dark glab 

Anihap med NA macro mix nonmetal dark glab 

Anihar med SprSum macro mix nonmetal dark glab 

Anirus med SprSum macro mix nonmetal dark glab 

Apeluc med NA macro NA nonmetal pale glab 

Calopa med AutWin macro carn nonmetal pale glab 

Cargor verylarge SprSum brachy carn nonmetal dark glab 

Carsyl verylarge AutWin brachy carn nonmetal dark glab 

Chlaes large SprSum brachy mix metal pale pub 

Chlamo med NA macro mix metal pale pub 

Chlema med SprSum macro mix metal pale pub 

Cicsex med SprSum macro carn metal dark pub 

Cycfre med SprSum brachy carn nonmetal dark glab 

Cycsig large SprSum brachy carn nonmetal dark glab 

Cymame med NA brachy carn nonmetal pale pub 

Dicamb verylarge SprSum brachy spec nonmetal dark glab 

Dicdil verylarge SprSum brachy spec nonmetal dark glab 

Dicelo large SprSum brachy spec nonmetal dark glab 

Dicpol med SprSum brachy spec nonmetal dark glab 
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Dicpur verylarge SprSum brachy spec nonmetal dark glab 

Galbic verylarge SprSum macro carn nonmetal pale pub 

Harkat verylarge SprSum macro mix nonmetal dark glab 

Harpen large AutWin macro mix nonmetal pale glab 

Myacor med AutWin brachy NA metal dark glab 

Notaen small NA macro carn metal pale glab 

Notter med AutWin macro mix nonmetal pale glab 

Paspun verylarge SprSum brachy carn nonmetal dark glab 

Pladec med SprSum brachy carn nonmetal dark glab 

Poeluc med NA macro carn metal dark glab 

Poemora med SprSum macro carn nonmetal dark glab 

Poemorb med NA macro carn metal dark glab 

Pteado med AutWin brachy carn nonmetal dark glab 

Ptecor large NA brachy carn nonmetal dark glab 

Ptemoe large SprSum brachy carn nonmetal dark glab 

Ptescu large AutWin brachy carn nonmetal dark glab 

Rhacau med NA brachy carn nonmetal NA glab 

Scaand verylarge AutWin brachy spec metal dark glab 

Scasub large SprSum macro carn nonmetal dark glab 

Scavid verylarge NA brachy spec metal dark glab 

Selopa med NA macro carn nonmetal pale glab 

Sphste med NA brachy spec metal dark glab 

Tetvir verylarge SprSum macro carn metal pale glab 
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III Table – A3. Number of individuals for each species collected from the four forest age 

classes. Only species collected at three or more of the 34 sampling sites (based on all 

years combined) were included in the analysis.  

 

Species code Zero Ten Fifty Ninety Total 

Agopun 77 

   

77 

Amacra 24 

  

1 25 

Amacup 18 2 

  

20 

Amafam 13 3 6 1 22 

Amaimp 30 7 6 

 

44 

Ampint 5 2 3 6 16 

Anifur 16 

   

16 

Anihap 16 1 1 

 

18 

Anihar 32 1 5 

 

38 

Anirus 34 2 

 

1 38 

Apeluc 

 

3 4 4 11 

Calopa 113 38 138 27 316 

Cargor 1 4 19 54 78 

Carsyl 8 2 11 3 24 

Chlaes 73 60 31 94 258 

Chlamo 2 2 

 

3 7 

Chlema 3 11 1 7 22 

Cicsex 1 9 6 14 30 

Cycfre 2 24 105 125 256 

Cycsig 300 108 193 467 1068 

Cymame 1 3 6 6 16 

Dicamb 5 88 62 89 243 

Dicdil 8 35 142 30 214 

Dicelo 64 9 24 2 99 

Dicpol 4 30 10 42 85 

Dicpur 6 2 

 

4 12 

Galbic 7 27 17 113 164 

Harkat 37 1 

  

38 

Harpen 270 11 57 13 352 

Myacor 23 5 

  

28 

Notter 42 

   

42 

Notaen 

  

2 6 8 

Paspun 45 11 9 38 103 
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Pladec 1 

 

21 11 33 

Poeluc 4 

 

4 1 9 

Poemora 9 3 10 2 24 

Poemorb 2 4 1 

 

8 

Pteado 14 311 7 35 366 

Ptecor 49 27 21 110 207 

Ptemoe 1 

  

27 27 

Ptescu 199 154 425 102 880 

Rhacau 

 

5 2 5 12 

Scaand 13 15 3 11 43 

Scavid 4 

  

2 6 

Scasub 41 9 10 4 64 

Selopa 18 

 

2 

 

19 

Sphste 48 312 194 421 975 

Tetvir 8 6 7 7 28 

Column totals 1691 1349 1563 1885 6489 
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APPENDIX B 

 

 

Model sets with AICc comparisons of linear model parameters for numbers of individuals, 

species richness, diversity, functional diversity (FD) and ecological species traits. The Δ 

AICc is the difference between the specified model and the model with the lowest AICc; 

model weight is a normalized measure providing the relative strength of a model relative 

to other candidates determined through the model likelihood divided by the total 

likelihood of all models; evidence ratio (calculated by dividing the weight of the given 

model by the weight of the top model) is a measure of the probability of a given model 

within the dataset. Models with a Δ of 9-11 have low empirical support and those over 20 

have little or no support. Evidence ratio can be interpreted as a measure of the probability 

of a given model relative to other models in the set. Note: A generalized mixed linear 

model (GLMM) with Poisson error distribution and sampling site as a random factor was 

used unless otherwise stated. The notation (~1) refers to the null model (intercept only). 
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Numbers of individuals, species richness, diversity and functional diversity indices (FD) 

 

 

III Table – B1. Parameter model set for numbers of individuals (N). A negative binomial 

GLMM with log link function was used with a dispersion parameter of 6.35 (N = 94). 

Model Residual deviance AICc Δ AICc Weight Evidence Ratio df  

N ~ YEAR 900.8 913.8 0 0.951 1 6 

N ~ AGE + YEAR 899.6 919.7 5.93 0.049 19.41 9 

N ~ 1 946.6 952.9 39.1 0  3 

N ~ AGE 945.7 958.7 44.95 0  6 

 

 

III Table – B2. Parameter model set for species richness (S) (N = 94).  

Model Residual deviance AICc Δ AICc Weight Evidence Ratio df  

S ~ YEAR 499.5 510.2 0 0.871 1 5 

S ~ AGE + YEAR 496.3 514 3.83 0.128 6.80 8 

S ~ 1 522.6 526.7 16.49 0  2 

S ~ AGE 519.3 530 19.83 0  5 

 

 

III Table – B3. Parameter model set for functional richness (FRic) (N = 94). 

Model Residual deviance AICc Δ AICc Weight Evidence Ratio df  

FRic ~ YEAR 485.4 496.1 0 0.884 1 5 

FRic ~ AGE + YEAR 482.5 500.2 4.08 0.115 7.69 8 

FRic ~ 1 505.1 509.3 13.15 0.001 884.00 2 

FRic ~ AGE  502.1 512.8 16.68 0  5 
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III Table – B4. Parameter model set for functional evenness (FEve). Since FEve values 

were continuous on the interval (0-1), a beta-regression model with logit link function (N 

= 94). 

Model logLik AICc Δ AICc Weight Evidence Ratio df  

FEve ~ YEAR 94.15 -177.6 0 0.958 1 5 

FEve ~ AGE + YEAR 94.401 -171.1 6.51 0.037 25.89 8 

FEve~1 85.483 -166.8 10.78 0.004 239.50 2 

FEve~ AGE  86.005 -161.3 16.29 0  5 

 

III Table – B5. Parameter model set for functional dispersion (FDis). GLMM with 

Gaussian error structure, identity link function and study site as a random factor was used 

(N = 94). 

Model Residual deviance AICc Δ AICc Weight Evidence Ratio df  

FDis ~ 1 0.3865 -245.5 0 0.832 1 2 

FDis ~ YEAR 0.3786 -240.9 4.59 0.084 9.90 5 

FDis ~ AGE  0.3792 -240.8 4.74 0.078 10.67 5 

FDis ~ AGE + YEAR 0.371 -235.8 9.7 0.006 138.67 8 
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Ecological species trait categories 

 

 

III Table – B6. Parameter model set for small body length (N = 29).    

Model 
Residual 

deviance 
AICc Δ AICc Weight 

Evidence 

Ratio 
df  

small ~ 1 83.66 88.1 0 0.861 1.00 2 

small ~ AGE  79.87 92.5 4.36 0.097 8.88 5 

small ~ YEAR 81.63 94.2 6.12 0.04 21.53 5 

small ~ AGE + YEAR 77.48 100.7 12.56 0.002 430.50 8 

 

 

III Table – B7. Parameter model set for medium (‘med’) body length (N = 93). 

Model Residual deviance AICc Δ AICc Weight Evidence Ratio df  

med ~ YEAR 365.7 376.4 0 0.916 1.00 5 

med ~ 1 378.3 382.4 6.07 0.044 20.82 2 

med ~ AGE + YEAR 365.1 382.8 6.42 0.037 24.76 8 

med ~ AGE  377.2 387.9 11.54 0.003 305.33 5 

 

 

III Table – B8. Parameter model set for large body length (N = 94). 

Model 
Residual 

deviance 
AICc 

Δ 

AICc 
Weight 

Evidence 

Ratio 
df  

large ~ AGE + YEAR 353.3 371 0 0.429 1.00 8 

large ~ AGE  361.5 372.2 1.21 0.234 1.83 5 

large ~ YEAR 361.5 372.2 1.21 0.234 1.83 5 

large ~ 1 369.7 373.8 2.86 0.103 4.17 2 

 

 

III Table – B9. Parameter model set for very large (‘v.large’) body length (N = 90). 

Model 
Residual 

deviance 
AICc 

Δ 

AICc 
Weight 

Evidence 

Ratio 
df  

v.large ~ 1 320.3 324.5 0 0.549 1.00 2 

v.large ~ YEAR 315.1 325.8 1.34 0.281 1.95 5 

v.large ~ AGE  316.8 327.5 3.01 0.122 4.50 5 

v.large ~ AGE + YEAR 311.6 329.4 4.89 0.048 11.44 8 
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III Table – B10. Parameter model set for macropterous (‘mac’) wing morphology (N = 

89).  

Model Residual deviance AICc Δ AICc Weight Evidence Ratio df  

mac ~ AGE  363.1 373.8 0 0.83 1.00 5 

mac ~ AGE + YEAR 359.3 377.1 3.21 0.167 4.97 8 

mac ~ 1 381.5 385.7 11.84 0.002 415.00 2 

mac ~ YEAR 375.8 386.5 12.68 0.001 830.00 5 

 

 

III Table – B11. Parameter model set of values for autumn/winter (‘AutWin’) seasonality 

(main activity period) (N = 89). 

Model 
Residual 

deviance 
AICc 

Δ 

AICc 
Weight 

Evidence 

Ratio 
df  

AutWin ~ YEAR 293.6 304.3 0 0.316 1.00 5 

AutWin ~ AGE  293.8 304.6 0.26 0.278 1.14 5 

AutWin ~ AGE + YEAR 287 304.8 0.45 0.252 1.25 8 

AutWin ~ 1 301.6 305.7 1.43 0.155 2.04 2 

 

 

III Table – B12. Parameter model set for carnivorous (‘carn’) diet (N = 94). 

Model 
Residual 

deviance 
AICc Δ AICc Weight 

Evidence 

Ratio 
df  

carn ~ YEAR 408.2 418.8 0 0.751 1 5 

carn ~ AGE + YEAR 403.6 421.2 2.4 0.226 3.32 8 

carn ~ 1 422.4 426.5 7.65 0.016 49.94 2 

carn ~ AGE  417.7 428.4 9.54 0.006 125.57 5 
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III Table – B13. Parameter model set for herbivore (‘herb’) diet (N = 28). 

Model Residual deviance AICc Δ AICc Weight Evidence Ratio df  

herb ~ 1 80.2 84.7 0 0.881 1.00 2 

herb ~ AGE  76.87 89.6 4.92 0.075 11.75 5 

herb ~ YEAR 78 90.7 6.05 0.043 20.49 5 

herb ~ AGE + YEAR 74.61 98.2 13.52 0.001 881.00 8 

 

 

III Table – B14. Parameter model set for the omnivore (‘mix’) diet (N = 79). 

Model Residual deviance AICc Δ AICc Weight Evidence Ratio df  

mix ~  AGE 236.2 247.1 0 0.951 1 5 

mix ~ AGE + YEAR 235.2 253.2 6.19 0.043 22.12 8 

mix ~ 1 253.3 257.5 10.42 0.005  2 

mix ~ YEAR 250.9 261.8 14.71 0.001  5 

 

 

III Table – B15. Parameter model set for specialist (‘spec’) diet (N = 91). 

Model 
Residual 

deviance 
AICc Δ AICc Weight 

Evidence 

Ratio 
df  

spec ~ YEAR 319.9 330.6 0 0.307 1 5 

spec ~ AGE + YEAR 313.1 330.8 0.26 0.27 1.14 8 

spec ~ AGE  320.2 330.9 0.36 0.256 1.20 5 

spec ~ 1 327.7 331.8 1.23 0.166 1.85 2 

 

 

III Table – B16. Parameter model set for non-metallic (‘nonmet’) body color (N = 94). 

Model 
Residual 

deviance 
AICc 

Δ 

AICc 
Weight 

Evidence 

Ratio 
df 

nonmet ~ YEAR 461.4 472.1 0 0.798 1.00 5 

nonmet ~ AGE+YEAR 457.1 474.8 2.75 0.202 3.95 8 

nonmet ~ 1 491.5 495.6 23.59 0  2 

nonmet ~ AGE 487.3 497.9 25.89 0  5 
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III Table – B17. Parameter model set for the metallic (‘met’) body color (N = 92). 

Model 
Residual 

deviance 
AICc Δ AICc Weight 

Evidence 

Ratio 
df 

met ~ 1 326.8 330.9 0 0.539 1.00 2 

met ~ AGE  321 331.7 0.74 0.373 1.45 5 

met ~ YEAR 324.3 335 4.1 0.069 5.41 5 

met ~ AGE + YEAR 319.8 337.6 6.65 0.019 3.63 8 

 

 

III Table – B18. Parameter model set for dark leg color (N = 94). 

Model 
Residual 

deviance 
AICc Δ AICc Weight 

Evidence 

Ratio 
df  

dark ~ YEAR 440.6 451.3 0 0.929 1.00 5 

dark ~ AGE + YEAR 439 456.7 5.37 0.063 14.75 8 

dark ~ 1 456.8 461 9.66 0.007 9.00 2 

dark ~ AGE 454.9 465.6 14.32 0.001 7.00 5 

 

 

III Table – B19. Parameter model set for pale leg color (N = 88). 

Model 
Residual 

deviance 
AICc Δ AICc Weight 

Evidence 

Ratio 
df 

pale ~ AGE  340.8 351.5 0 0.62 1 5 

pale ~ 1 349.3 353.5 1.95 0.233 2.66 2 

pale ~ YEAR 337.9 355.7 4.22 0.075 3.11 8 

pale ~ AGE + YEAR 345.1 355.8 4.32 0.071 1.06 5 

 

 

III Table – B20. Parameter model set for pubescence (‘pub’) body (N = 73). 

Model Residual 

deviance 
AICc Δ AICc Weight 

Evidence 

Ratio 
df 

pub ~ 1 221.5 225.7 0 0.835 1.00 2 

pub ~ AGE  218.6 229.5 3.83 0.123 6.79 5 

pub ~ YEAR 221 231.9 6.22 0.037 3.32 5 

pub ~ AGE + YEAR 217.9 236.2 10.44 0.005 7.40 8 
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III Table – B21. Parameter model set for glabrous (‘glab’) body (N = 94). 

Model Residual deviance AICc Δ AICc Weight 
Evidence 

Ratio 
df  

glab ~ AGE + YEAR 466.3 484 0 0.617 1 8 

glab ~ YEAR 474.3 485 0.96 0.383 1.61 5 

glab ~ AGE  489.5 500.2 16.15 0  5 

glab ~ 1 497.7 501.8 17.76 0  2 
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APPENDIX C 

 

 

III Table – C1. Analysis of deviance results (frequentist approach) for each trait category 

for two fixed effects: forest age and year (df = 3). Significance was determined through 

analysis of deviance using Wald chi-square test statistics (χ
2
). If models failed to meet 

assumptions (e.g. homogeneity), non-parametric Kruskal-Wallis rank sum test was used 

(denoted with H as the critical statistic).  

 

 

 

 

  

                     Fixed effect                        

Trait category n Age Year 

LEN    

small 29 3.8, p = 0.281 2.4, p = 0.522 

medium 93 0.6, p = 0.819 11.7, p = 0.008 

large 94 9.2, p = 0.026* 8.1, p = 0.046* 

very large 90 3.3, p = 0.345 5.0, p = 0.172 

WIN    

macropterous 89 21.1, p < 0.001*** 3.9, p = 0.276 

brachypterous 94 H = 8.4, p = 0.039* H = 19.4, p < 0.001*** 

SEA    

autumn/winter 89 6.6, p = 0.084  6.5, p = 0.088 

spring/summer 94 H = 4.0, p = 0.266 H = 16.5, p = 0.001*** 

DIET    

specialist 91 6.8 , p = 0.079 7.2, p = 0.067 

carnivore 94 4.6 , p = 0.204  13.4, p = 0.004** 

herbivore 28 3.0, p = 0.396 2.3, p = 0.519 

mix 79 19.9, p < 0.001*** 1.0, p = 0.790 

BODY    

non-metallic 94 4.76, p = 0.191 28. 3, p < 0.001*** 

metallic 92 4.9, p = 0.178 1.2, p = 0.764 

LEG    

dark 94  1.7, p = 0.636 15.4, p = 0.001*** 

pale 88 8.5, p = 0.036* 2.8, p = 0.412 

PUB    

pubescent 73 3.0, p = 0.387 0.8, p = 0.860 

glabrous 94 9.6, p = 0.023* 22.1, p < 0.001*** 



 

187 

 

APPENDIX D 

 

 

III Table – D1. Means (± s.e.) for numbers of individuals (N), species richness (S), 

inverse Simpson’s concentration index (1/D) and functional diversity indices for forest 

age classes and sampling years. Means for sampling years one, two and three are based 

on the original 29 sampling sites (see Figure 1) and means for the extra year are based on 

the additional year of sampling for zero year and ten year age classes. 

Measure Year Zero Ten Fifty Ninety 
          

N 

One 

Two 

Three 

Extra 

64.2 

58.6 

47.0 

168.0 

± 8.4 

± 9.6 

± 11.6 

± 55.2 

95.5 

68.0 

26.0 

70.63 

± 11.8 

± 9.2 

± 3.7 

± 29.7 

85.4 

84.3 

53.7 

---  

± 25.7 

± 15.5 

± 13.9 

--- 

72.2 

77.4 

38.7 

--- 

± 8.5 

± 9.1 

± 6.8 

--- 

S 

One 

Two 

Three 

Extra 

14.3 

13.7 

11.8 

12.5 

± 1.0 

± 1.7 

± 2.6 

± 3.5 

13.8 

10.7 

5.8 

13.7 

± 1.6 

± 1.1 

± 0.7 

± 2.4 

11.4 

15.6 

10.3 

--- 

± 1.2 

± 1.7 

± 1.1 

--- 

11.6 

12.5 

9.0 

--- 

± 0.7 

± 0.6 

± 0.9 

--- 

          

1/D 

One 

Two 

Three 

Extra 

5.73 

5.12 

5.35 

5.21 

± 1.18 

± 1.02 

± 2.03 

± 2.05 

4.33 

4.02 

3.57 

5.26 

± 0.39 

± 0.50 

± 0.28 

± 0.44 

4.38 

6.21 

5.16 

--- 

± 0.63 

± 0.37 

± 0.40 

--- 

4.53 

4.91 

4.58 

--- 

± 0.35 

± 0.51 

± 0.49 

--- 

          

FRic 

One 

Two 

Three 

Extra 

13.83 

12.33 

11.00 

11.50 

± 0.87 

± 1.36 

± 2.22 

± 2.87 

13.17 

10.00 

5.67 

12.33 

± 1.58 

± 1.10 

± 0.80 

± 2.60 

11.00 

14.14 

9.29 

--- 

± 1.16 

± 1.45 

± 1.06 

---- 

10.44 

11.30 

8.60 

--- 

± 0.74 

± 0.62 

± 0.91 

--- 

          

FEve 

One 

Two 

Three 

Extra 

0.64 

0.62 

0.64 

0.49 

± 0.03 

± 0.04 

± 0.02 

± 0.07 

0.57 

0.56 

0.69 

0.63 

± 0.04 

± 0.04 

± 0.05 

± 0.01 

0.60 

0.63 

0.66 

--- 

± 0.03 

± 0.02 

± 0.04 

--- 

0.60 

0.57 

0.69 

--- 

± 0.02 

± 0.03 

± 0.03 

--- 

          

FDis 

One 

Two 

Three 

Extra 

0.34 

0.30 

0.28 

0.28 

± 0.03 

± 0.03 

± 0.03 

± 0.06 

0.30 

0.25 

0.28 

0.32 

± 0.02 

± 0.02 

± 0.03 

± 0.03 

0.26 

0.30 

0.31 

--- 

± 0.03 

± 0.01 

± 0.02 

--- 

0.32 

0.28 

0.32 

--- 

± 0.01 

± 0.03 

± 0.02 

--- 
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ABSTRACT 

Although tropical regions harbor the highest level of arthropod diversity on Earth, the 

majority of these taxa are taxonomically and scientifically unknown. Few studies have 

compared understory arthropod diversity and species assemblages for different forest 

types within Amazonia. This study examines the differences in species richness, diversity 

and community composition of carabid beetles (Coleoptera: Carabidae) in temporarily 

flooded (FP) forest and non-flooded terra firme (TF) forest in the Yasuní area of Ecuador. 

The forest understory was sampled by flight intercept traps (FITs) and systematic nightly 

hand collections in June and July 2011 and 2012, and in October and November 2011. A 

total of 1,255 Carabidae individuals representing 20 tribes, 54 genera and 143 

morphospecies were collected. Mean number of individuals and mean species richness 

did not differ between FP and TF; however, numbers of Cicindelini (tiger beetles) and 

Pentagonicini were higher in TF forest while numbers of Lachnophorini and Scaritini 

were higher in FP forest. Interpolated rarefaction curves show FP had significantly higher 

rarefied richness but extrapolation curves and nonparametric diversity estimators suggest 

these differences may decrease with additional sampling. Means for the inverse 

Simpson’s concentration index and a nonparametric diversity estimator, ACE, were 

significantly higher for FP than TF forest. Nonmetric multidimensional scaling ordination 

and dissimilarity coefficient values suggest that FP and TF forests maintain unique 

assemblages with minimal overlap in community composition. Greater understanding of 

the richness, diversity and community assemblages of Yasuní rainforests are needed as 

anthropogenic pressures, particularly petroleum extraction, continue to threaten this 

megadiverse area.  
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INTRODUCTION 

Insects and their relatives dominate global biodiversity (Erwin 1982; Hammond 

1992; Samways 1993; Basset et al. 2012). Although approximately 1.24 million 

arthropod species have been described, over 80% which are insects (Zhang 2011), a 

recent estimate by Hamilton et al. (2013) suggests that 60 – 80% of 6.1 million arthropod 

species await description (Erwin & Johnson 2000; Dunn 2005; Hamilton et al. 2010, 

2013; May 2010). As major components of highly diverse ecosystems, arthropods play 

vital roles in ecological processes (Samways 1993; Kim 1993). With current rates of 

deforestation, degradation, many tropical forest species, including arthropods will remain 

unknown indefinitely (Kellert 1993; Samways 1993; Kim 1993; Godfray et al. 1999; 

Dunn 2005; Finer et al. 2008).  

A greater comprehension of tropical arthropod diversity and communities is 

needed for realistic global diversity estimates, to discern ecological patterns including 

species distributions and to detect and mitigate disturbance and conservation strategies 

(Erwin 1991a; Oliver & Beattie 1996; Carlton et al. 2004; Rohr et al. 2007; Erwin & 

Geraci 2009; May 2010; Mora et al. 2011). Although species turnover across habitats is 

an important aspect of Amazonian diversity (Pitman et al. 2001; Condit et al. 2002), we 

have only a limited understanding of the structure, general patterns and assembly rules 

for arthropods communities in tropical forests, even across broad scale environmental 

gradients. Arthropods are expected to have high spatial turnover across lowland tropical 

forests owing, at least in part, to high ecological specialization compared to temperate 

forests (Erwin 1983; Lucky et al. 2002; Dyer et al. 2007; Fine et al. 2013). Fine et al. 
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(2013) found high turnover of herbivorous insects for a single tree species across two 

Amazonian forest types, as well as high turnover within the same habitat.  

More research on species turnover is needed, particularly for non-herbivore 

arthropods, as the majority of current estimates and knowledge are based on herbivorous 

arthropods (Kitching 2006; Fine et al. 2013). Amazonian forests have been classified into 

broad types based on forest structure, drainage, floristic composition, geology and soils 

(Prance 1979; Duivenvoorden & Lips 1995; Herrera-MacBryde & Neill 1997; Baraloto et 

al. 2011). Two major forest types in Amazonia, including the Yasuní area of Ecuador, are 

floodplain forests and upland non-flooded terra firme forests (Pitman 2000; Myster 2014). 

Terra firme forests are the most widespread forest type in the Amazon Basin while 

floodplain forests are riparian forests subject to episodic inundations by adjacent rivers 

during periods of high precipitation or upland Andean precipitation and/or snowmelt 

(Prance 1979; Junk et al. 1989; Worbes 1997; ter Steege et al. 2000; Parolin et al. 2004; 

Junk & Piedade 2010; Myster 2014).  

Inventories of tree communities across Amazonia have shown that although both 

forest types are rich in species, terra firme forests are generally more species rich than 

floodplain forests (Campbell et al. 1986; Balslev et al. 1987; Gentry 1988, 1992; 

Duivenvoorden & Lips 1995; ter Steege et al. 2000; Parolin et al. 2004; Pitman et al. 

2014). Arthropod investigations have also shown similar increases in diversity for terra 

firme forests relative to flooded forests for spiders (Höffer 1997), ants (Wilson 1987; 

Majer & Delabie 1994; Mertl et al. 2009), canopy arthropods (Erwin 1983; Adis et al. 

1984; Adis et al. 2010) and terrestrial arthropods in general (Adis 1997; Adis & Junk 

2002; Lamarre et al. 2016). However only a relatively small amount of comparative data 
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are currently available, particularly for understory Coleoptera (Adis & Junk 2002). The 

reasons for the reported richness patterns are typically attributed to stress due to flooding 

events (Junk et al. 1989; Duivenvoorden 1995; ter Steege et al. 2000; Wittmann et al. 

2004; Adis et al. 2010) and differences in overall area coverage (Rosenzweig 1995; ter 

Steege et al. 2000; Tuomisto et al. 2003; Myster 2014). In addition to species number, 

floodplain and terra firme forests can have prominent differences in vegetation structure, 

dynamics, stem density, soil moisture and soil chemical composition (Campbell et al. 

1986; Balslev et al. 1987; Duivenvoorden & Lips 1995; Worbes 1997; Pitman 2000; 

Baraloto et al. 2011). Differences in environmental conditions, resource availability and 

disturbance regimes between the two forest types may select for particular ecological 

strategies leading to differences in community structure (Kubitzki 1989; Duivenvoorden 

& Lips 1995; Parolin et al. 2004; Wittmann et al. 2010; Fine et al. 2013), including 

arthropod community compositions (Erwin 1983; Adis 1997; Ellis et al. 2001; Mertl et al. 

2009; Baccaro et al. 2013; Lamarre et al. 2016), particularily for Coleoptera (Adis et al. 

2010). 

Within Insecta, the beetles (Coleoptera) are functionally, ecologically and 

morphologically diverse and extremely species rich, with beetles comprising up to a 

quarter of the planet’s species (Erwin 1996; Ødegaard 2000; Hunt et al. 2007). The beetle 

family Carabidae has a global distribution, with many predaceous species while other 

taxa are predominately phytophagous, omnivorous or have specialized modes of nutrition 

(Thiele 1977; Lövei & Sunderland 1996). With approximately 40,000 described species, 

Carabidae are one of the most diverse families of beetles, with the highest diversity in 



 

193 

 

tropical regions (Erwin 1985; Paarmann et al. 2002), including the Ecuadorian Amazon 

(Lucky et al. 2002; Erwin et al. 2005). 

Only a few ecological studies have compared understory arthropod diversity and 

species assemblages from different forest types within Amazonia (Adis 1981; Pearson & 

Derr 1986; Majer & Delabie 1994; Zerm et al. 2001; Mertl et al. 2009; Lamarre et al. 

2016). Much of the current knowledge is based on research within Central Amazonia 

where floodplain forests are annually inundated by several meters of water for several 

months a year (i.e. Irmler 1979a, 1979b; Adis 1981; Paarmann et al. 1982; Zerm et al. 

2001). This study focuses on forests within the highly diverse western Amazon which 

experiences less severe inundation events compared to Central Amazonia, both in 

duration and frequency (Burnham et al. 2001; Hoorn et al. 2010). The goals of this study 

are to (1) investigate differences in species abundance, richness and diversity between 

flooded and non-flooded terra firme forests; (2) identify patterns in the abundance and 

species distributions of common and rare species; and (3) examine carabid species 

assemblages for each forest type, including identification of taxa characteristic of 

floodplain and terra firme forests. In contrast to the majority of results reported for other 

taxa, I predict that temporarily flooded (FP) forests of lowland Ecuador will have greater 

species richness and diversity for Carabidae compared to adjacent terra firme (TF) forests. 

Since the taxon pulse concept (Erwin 1979, 1985) suggests that early carabid lineages 

were associated with waterside habitats, higher diversity is predicted for FP forest which 

experience temporary flooding events. Higher Carabidae richness has been previously 

reported for flooded forests relative to terra firme forests in some studies (Erwin & Adis 

1982; Pearson 1984; Pearson & Derr 1986). Additionally, since higher species richness 
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has been reported for carabid beetles response to forest disturbances (e.g. clear-cutting) 

(Erwin 1979; Riley & Browne 2011), disturbance associated with flooding events may 

also increase carabid species richness through reduction in competitve mechanisms 

(Connell 1978; Erwin & Adis 1982; Zerm & Adis 2001a, 2001b). Disturbance through 

flooding has deterministic properties as it has been occurring for millions of years (Junk 

1997), but also stochastic components resulting in unpredictable effects (Junk 2000; 

Zerm and Adis 2001a). Floodplain communities consist of not only of residents, 

completing their full life cycle in floodedplain habitats, but also migrants completing part 

of their life cycle in flooded forests. Also, there are species, either regular or occasional, 

which visit flooded forests from other habitats (Adis 1997; Junk 1997; Adis & Junk 

2002). I hypothesize that the majority of species will be rare, in terms of the overall 

carabid beetle catch, and FP forest will have a higher proportion of rare species than TF 

forest, owing to the higher frequency of migrant and visiting species. Since common 

species will likely occur in both forest types (Hanski 1982; Pitman et al. 2001), I do not 

expect a significant difference in numbers of common species or individuals between FP 

and TF forests. However, I expect carabid species composition to differ between the 

forest types, because of the aforementioned differences between FP and TF forests 

partiularily plant composition, forest structure and resource availability (Campbell et al. 

1986; Balslev et al. 1987; Worbes 1997). Species specific adaptions and survival 

strategies for flooding regimes have been reported for tropical carabid beetles (Adis 1982; 

Adis 1997; Anorim et al. 1997; Adis et al. 1998; Paarmann et al. 1982), suggesting that 

distribution of certain species may be specific to flooded areas. As a result of flooding 
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events, I expect higher variability within species assemblages for FP forests compared to 

TF forest.  

 

METHODS 

Study site 

This research was conducted at Tiputini Biodiversity Station (TBS) (0°37’55” S, 

76°08’39” W; 190 – 270 m elevation) (Figures 1A & 1B) located in the Ecuadorian 

Amazon, within the province of Orellana. TBS consists of 650 ha of moist tropical 

rainforest and borders the megadiverse Yasuní National Park (Bass et al. 2010). The 

forest surrounding TBS has experienced relatively minimal anthropogenic disturbance. 

The area has average annual temperatures of 24 – 27°C and high yearly rainfall 

(approximately 3200 mm). The climate is considered aseasonal compared to other areas 

in Amazonia, as no month receives < 100 mm of rain. However there are seasonal 

patterns in precipitation with rainier months (‘wetter season’) from April through June 

and September – October and drier periods (‘drier season’) in August and November – 

January (Pitman 2000; Blake et al. 2011).  

The area is relatively flat but several ridges, approximately 25 – 50 m higher than 

rivers and streams, add slight topographic variation. Approximately 90% of the landscape 

surrounding TBS is non-flooded terra firme forest (TF) which occurs along the slopes 

and tops of ridges. Rivers dissect these large blocks of terra firme forest creating narrow 

bands of floodplain (FP) forest which comprise around 2% of the study area (Pitman 

2000; Pitman et al. 2001, 2014; Mapa de Vegetación del Ecuador 2012). The palm, 

Iriartea deltoidea is a dominant tree species in both FP and TF forests near TBS (Pitman 
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et al. 2001; Myster 2014). (For more information on forest structure and tree assemblages 

in the Yasuní area see Burnham et al. 2001, Pitman et al. 2001 and Myster 2014). FP 

forest occurs within a relatively narrow area along the Tiputini River, an intermediately 

sized, mixed-water river (contributions of white and black water) with a relatively high 

sediment load (Pitman 2000). Tiputini River water height mainly depends on rainfall and 

snowmelt in the Andes Mountains (Prance 1979; Pitman 2000; Burnham 2002). See 

Appendix A for more information on mean annual river heights. Forests are inundated by 

the river for various lengths of time depending on elevation and distance from the river 

(Burnham et al. 2001; Pitman et al. 2001; Mertl et al. 2009). Previous studies have 

estimated that the floodplains around TBS are inundated (up to two meters) one to three 

times a year with inundations lasting less than a week (Pitman 2000; Burnham et al. 2001; 

Leimbeck & Balslev 2001; Burnham 2002; Mertl et al. 2009).  

TBS is located on a geologically young landform consisting of fluvial deposits 

(red clays and alluvium) originating from the Andes Mountains and are rich in 

exchangeable bases (Hoorn et al. 2010). TF soils have been classified as Ultisols which 

are clayey, acidic and high in iron and aluminum (Pitman 2000; Sombroek 2000; 

Tuomisto et al. 2003). FP soils are less acidic, lower in iron and aluminum but higher in 

other nutrients (Ca, Mg, K, Na, P) and organic carbon compared to TF soils (Kapos et al. 

1990; Duivenvoorden & Lips 1995; Pitman 2000)  

Collection of Carabidae 

Carabid beetles were sampled during the rainier months of June and July in 2011 

and 2012 and during the transition to the drier season in October and November of 2011. 

Two sampling methods, flight intercept traps (FITs) and hand sampling, were utilized at 
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24 sites in the forest understory with half of the sites located in FP forest and half in TF 

forest (Figure 1C). Both methods were employed in the rainier seasons but for logistical 

reasons only FITs were employed in the transitional season in 2011. The number of FIT 

trapping days varied slightly among forest types due to flooding events in the 2011 wet 

season, ranging from 33 – 49 days in the 2011 wetter season, 30 – 31 days in the 2012 

wetter season and 29 days in the 2011 transitional season.  

Each FIT consisted of PVC tubes, screen netting, a plastic awning (to prevent rain 

and debris from entering the trays) and plastic collection trays. Screening was stretched 

between two 1 m PVC tube, with a 1 m support PVC tube across the top of the trap to 

create an approximately 1 m
2
 flight barrier (See Riley et al. 2016 for additional details on 

trapping techniques). Plastic trays were placed underneath the flight barrier to collect 

specimens and filled with water and biodegradable soap. Sampling trays were emptied 

every other day by filtering the contents through a metal strainer with mesh openings < 1 

mm.  

Since the majority of Carabidae are active at night (Lövei & Sunderland 1996), 

hand sampling occurred between 8:30 pm and 10:30 pm. This included active searching 

of the ground (leaf litter, tree trunks, etc.), tree trunks and vegetation (up to eye level) and 

decaying logs. Seven hand sampling events were performed at each of the 24 sampling 

sites, four in 2011 and three in 2012. Each sampling event consisted of 0.5 hour of search 

effort within 100 meters of the FIT for each site. I participated in every collection event 

with the assistance of 1 – 2 amateur collectors. Immediately after capture, carabids were 

preserved in 95% ethanol.  
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Carabid beetles were sorted using a dissecting microscope and identified to 

genera and morphospecies. Since a species-level taxonomic key is not available for the 

study region, a genera level key for French Guyana Carabidae (Erwin et al. 2012) was 

used, with subsequent identification to morphospecies and taxonomic confirmation by T. 

Erwin. The use of morphospecies for Neotropical arthropods has been successful in 

ecological studies and is the most feasible option for an extraordinarily speciose region, 

with the majority of species not described (Oliver & Beattie 1996; Stork et al. 2008; 

Grimbacher & Stork 2009).  

Statistical analysis 

Numbers of individuals, richness and diversity 

 For each sampling site, the number of individuals (N), raw morphospecies 

richness (S) (hereafter referred to as species richness) and the inverse Simpson’s 

concentration index (1/D), a Hill diversity number (Simpson 1949; Jost 2006; Chao et al. 

2014) were determined. To detect changes at higher taxonomic levels, the numbers of 

individuals and species for each Carabidae tribe found in FP and TF forests were also 

analyzed. To compare mean Carabidae body length between FP and TF forests, apparent 

body length (ABL) was determined by measuring at least 80% of all specimens with the 

exception of the tiger beetles (Cicinidelini) in which 23% were measured. ABL is the 

length from the extreme point of the mandible to apex of elytra and is considered a 

standard carabid beetle measure for ecological studies which provides a reliable estimate 

of overall size for Carabidae (Erwin & Kavanaugh 1981). To compare FP and TF forests, 

a two-sample t-test with equal variance was used. If the assumption of homogeneity was 

violated then a two-sample t-test with a Welch correction was used. Data failing to meet 
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the assumption of normality and nonparametric estimators were analyzed with a 

Wilcoxon rank sum test.  

To account for differences in numbers of individuals collected between forest 

types and under-sampling bias, sample size was standardized by rarefaction which 

determines the expected number of species from a random subsample of individuals from 

the overall data set (Gotelli & Colwell 2001, 2011). Rarefaction curves for each forest 

type were constructed in R package, ‘iNEXT’ (Hsieh et al. 2015), using 500 

randomizations to determine 95% unconditional confidence intervals (Chao et al. 2014). 

The x-axis was rescaled to individuals to correct for differences in sample density among 

sampling sites within each forest type (Gotelli & Colwell 2001, 2011, Colwell et al. 2004, 

2012). To estimate the number of undetected species rarefaction curves were extrapolated 

by a factor of two from the smallest sample size between forest types (Colwell et al. 

2012). The abundance-based non-parametric species richness estimator, Chao1 was 

calculated to estimate potential true richness and to extrapolate the rarefaction curves. 

Chao1 has been recommended as the lower bound of asymptotic richness (Chao 1984; 

Hortal et al. 2006; Colwell et al. 2012). To account for estimator bias, two additional 

non-parametric diversity estimators and standard errors (randomizations = 1000) were 

calculated through R package ‘vegan’ (Oksanen et al. 2016): the first order jackknife, 

Jack1 (Burnham & Overton 1979; Heltshe & Forrester 1983) and the abundance-based 

coverage estimator, ACE (Chao & Lee 1992; Chao & Yang 1993; Lee & Chao 1994). 

Estimators were selected based on the species abundance distribution and evenness of the 

data, all of which affect estimator biases, in addition to the high performance reported in 

previous studies (Chazdon et al. 1998; Brose & Martinez 2004; Walther & Moore 2005; 
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Hortal et al. 2006; Gotelli & Colwell 2011). Since ACE accounts for the frequency of 

rare species, it is more appropriate for datasets with a high proportion of rare species as is 

common for studies examining Carabidae assemblages (Chao and Lee 1992; Chazdon et 

al. 1998; Belaoussoff et al. 2003). Jack1 has performed well in a variety of studies 

(Colwell & Coddington 1994; Walther & Moore 2005; Hortal et al. 2006; Basualdo 2011) 

with low bias for data with higher evenness and more mobile organisms (Palmer 1990; 

Brose & Martinez 2004). Results from the three estimators were averaged to provide 

values relating to sample completeness. Estimators were selected based on the 

aforementioned data attributes and high performance in previous studies (Colwell & 

Coddington 1994; Brose & Martinez 2004; Walther & Moore 2005; Hortal et al. 2006; 

Gotelli & Colwell 2011). 

Species assemblages 

Simpson’s evenness (E1/D) values were calculated for each sampling site and 

significance determined by a Wilcoxon rank sum test. This evenness index has high 

precision and low bias (Smith & Wilson 1996; Payne et al. 2005). Rank abundance 

curves were used to examine species abundance distributions for FP and TF forests using 

logged relative abundance versus species rank. To determine if there were differences 

between more commonly collected species and less frequently collected species, species 

were assigned to rarity categories based on the proportion of their abundance to the 

overall carabid beetle catch (relative abundance) over the entire sampling period with 

both forest types combined. Species were classified as ‘dominant’ if their relative 

abundance contributed more than 10.0% of the total number of individuals collected. 

Species collected in higher numbers contributing 1.0 – 9.99% were classified as 
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‘common’ while less frequently sampled species were classified as ‘rare’ if they 

contributed less than 1.0% to the total number of individuals collected. Changes in the 

number of individuals and the number of species between FP and TF forests for these 

three rarity categories were analyzed through two-sample t-tests or, when t-test 

assumptions were not met, nonparametric Wilcoxon tests. To determine if rarity category 

was related to the number of sampling sites at which a species was present, a generalized 

linear model (GLM) was used with Poisson error distributions and a log link, with 

significance determined by analysis of deviance using the Wald chi-square test statistic. 

To determine if the distributions of common and rare species were random among 

Carabidae tribes, expected and observed values were determined and compared using a 

chi-square test. Dominant and common species were combined for this analysis and 

referred to as ‘abundant’. The expected numbers of abundant and rare species were 

determined by multiplying the total number of species collected in the tribe by the 

proportion of species in each rarity category (e.g. 125 of 143 species were rare, 87.4%).   

Species assemblages for FP and TF were compared using Bray-Curtis and Jaccard 

dissimilarity indices and ordination analysis with non-metric multidimensional scaling 

(NMDS) methods (Minchin 1987; Oksanen 2015). Bray-Curtis (abundance-based) and 

Jaccard (presence/absence) dissimilarity values range between 0 (identical species 

assemblages) and 1 (completely different). NMDS is a robust unconstrained ordination 

method which does not make assumptions about the underlying nature of species 

distributions. Since the mean-variance relationships were similar between FP and TF 

forests, raw abundance values of all species were used as the input for community-level 

analyses (Minchin 1987; Clarke 1993; McCune & Grace 2002; Nekola et al. 2008). To 
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ensure solution stability, all NMDS analyses were performed using a dissimilarity matrix 

(Bray-Curtis or Jaccard), using 100 runs with random start points (Minchin 1987). 

Statistical significance was determined with adonis, a robust permutational multivariate 

analysis of variance (permutations = 999) (Legendre & Anderson 1999; Anderson 2001; 

McArdle & Anderson 2001; Oksanen 2015). To test for multivariate homogeneity of 

dispersions within forest types I used function betadisper and TukeyHSD for the post-hoc 

test (Anderson 2006; Anderson et al. 2006; Oksanen 2015). All community-based 

analyses completed using R package ‘vegan’ and ‘MASS’ (Venables & Ripley 2002; R 

Core Team 2016; Oksanen et al. 2016). Linear modeling was completed using R 

packages ‘lme4’, ‘car’, and ‘multcomp’ (Hothorn et al. 2008; Fox & Weisberg 2010; 

Bates et al. 2015; R Core Team 2016). 

Characteristic species 

To identify species driven differences in community level analyses, the species 

indicator statistic (IndVal) was calculated. This statistic, developed by Dufrêne and 

Legendre (1997), is insensitive to community-level beta diversity and does not consider 

absences as negative preferences (Dufrene & Legendre 1997; De Cáceres & Legendre 

2009). IndVal is calculated independently for each species and is the product of two 

components: specificity (A: uniqueness to a group using relative abundance) and fidelity 

(B: relative frequency of occurrence within a group). The highest value is 1, which 

indicates a species was present only in the given habitat type (specificity, i.e. only in TF 

forests) and present in all samples (fidelity, i.e. at all TF sampling sites) (Dufrene & 

Legendre 1997; De Cáceres & Legendre 2009). Only species which occurred at three 

sites (i.e. 25% of the number of sites in a forest type) over the entire sampling period 



 

203 

 

were included in the analysis. Indicator value and statistical significance were determined 

using function multipatt in R package ‘indicspecies’ (permutations = 999). Holm 

correction for multiple testing used in experiment wide conclusions (Holm 1979; De 

Cáceres & Legendre 2009). 

Spatial autocorrelation 

In order to examine spatial autocorrelation, a multivariate Mantel correlogram 

was constructed (Mantel 1967; Oden & Sokal 1986; Sokal 1986; Borcard & Legendre 

2012; Legendre & Legendre 2012). The analysis inputs were the Bray-Curtis 

dissimilarity for species assemblages and the Cartesian coordinates of the sampling sites 

determined using R package ‘SoDA’ (Chambers 2013). If a linear trend was detected, 

species data was Hellinger-transformed and detrended prior analysis to satisfy normality 

and the second-order stationarity condition (Borcard et al. 2011). Sturge’s rule was used 

to determine the number of distance classes (Borcard et al. 2011). Following 5000 

permutations the significance of the normalized Mantel statistic for the distance classes 

were evaluated using Holm correction for multiple testing (Holm 1979; Borcard et al. 

2011; Goslee & Urban 2013). Autocorrelation analyses were completed using R package 

‘vegan’ (Oksanen et al. 2016; R Core Team 2016).  

 

RESULTS 

Numbers of individuals, richness and diversity 

 A total of 1,255 Carabidae individuals were collected, representing 20 tribes, 54 

genera and 143 species (Table 1). There were no significant differences between forest 

types for mean number of individuals or mean species number, although raw richness 
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was close to significant (p = 0.060; Table 1). The rarefaction curve for the overall dataset 

is not near an asymptote and the extrapolation curve estimates a total species number of 

189.0 ± 22.3 if sample effort was increased by a factor of two (Figure 2A). The rarefied 

richness of FP was significantly higher than TF, which is supported by the lack of overlap 

between the 95% unconditional confidence intervals for the rarefaction curves at the 

rarefied sample size (n = 564; Figure 2B). The rarefied numbers of species (± 95% CI) 

for FP and TF were 96.0 ± 8.0 and 71.7 ± 8.1, respectively. The extrapolated rarefaction 

curves suggest that as sample size increases the difference in cumulative richness 

between FP and TF will decrease and the differences may not be significant once sample 

size is increased by a factor of two. For the nonparametric estimators, two of the three 

predict TF will have a higher true richness than FP (Table 1). Averaging the three 

estimators together yielded the following approximations of sample completeness among 

forest types and for the overall dataset completeness: FP (74.2%), TF (55.4%) and overall 

(62.0%). None of the estimators have stabilized and most have relatively large standard 

errors. The inverse Simpson’s concentration diversity index was significantly higher for 

FP than TF (t = 3.3, df = 22, p = 0.003; Figure 3). 

Carabidae body length (ABL) ranged from 1.3 to 24.7 mm, with an overall mean 

(± s.e.) of 6.68 ± 0.19 mm for both forest types combined. There were no significant 

differences in mean body size between FP (6.78 ± 0.19) and TF individuals (6.59 ± 0.34). 

Since tiger beetle abundance differed between forest types and they have a relatively 

large body size (mean range: 9.9 – 16.1 mm), body length was also analyzed without 

Cincidelini. Excluding tiger beetles, mean body length of individuals collected TF (5.47 
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± 0.15 mm) was significantly smaller than FP individuals (6.45 ± 0.16 mm; t = 4.4, df = 

22, p < 0.001; Figure 4). 

Species assemblages 

There were tribal-level differences between the two forest types with six tribes 

(Callistini, Collyridini, Galertini, Hiletini, Oodini, Perigonini) collected from FP forest 

only and no tribes were unique to TF forest (Appendix B, Table B1). Two of the six 

tribes unique to FP forest were represented by a single individual. FP and TF forests 

shared 14 tribes, with 20 tribes represented in FP forest and 14 in TF. The most species 

rich tribes for FP forest were Lebiini (14.6% of total S), Scaritini (14.6% of total S) and 

Lachnophorini (12.5% of total S), followed by Harpalini and Bembidiini (both with 11.5% 

of total S). The most species rich tribe for TF forest by a large margin was Lebiini (35.4% 

of total S), followed by Harpalini (10.1% of total S), Bembidiini (10.1% of total S) and 

Pterostichini (8.9% of total S). When both forest types are combined, four species of 

Cicindelini accounted for 35% (n = 438) of the total number of individuals sampled. The 

mean number of Cicindelini individuals was significantly greater for TF forest than FP 

forest (W = 24, p = 0.011; Figure 5). For carabid tribes occurring in both forest types, the 

mean number of individuals for Scaritini was significantly higher in FP forest (t = 6.5, df 

= 11, p < 0.001) but significantly lower for Pentagonicini (W = 14, p = 0.040; Appendix 

D, Figure D1). The mean species number was significantly higher in FP forest for 

Lachnophorini (W = 64, p = 0.008) and Scaritini (t = 7.3, df = 11, p < 0.001), but 

significantly lower for Pentagonicini in FP forest (W = 15, p = 0.036; Appendix D, 

Figure D2).  
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Pentacomia (Pentb) within the Cicindelini was the only species to be classified as 

dominant, accounting for 23.3% of the overall number of individuals sampled (n = 292). 

There were 18 species classified as common (12.6% of the total S) and 125 species as 

rare (87.4% of total S). In relation to the total numbers of individuals collected, 

individuals classified as common made up 48.9% (n = 614) while rare individuals 

contributed 27.8% (n = 349). Within the rare species, there were 63 represented by a 

single individual (singletons) and 22 species by two individuals (doubletons). Of the total 

number of species collected, 43.8% were singletons and 15.3% doubletons. Pentb made 

up 11.7% of the total individuals in FP forest and 32.7% of the individuals in TF forest, 

with the number of Pentb individuals in TF significantly higher than FP forest (W = 20.5, 

N = 21, p = 0.02; Appendix C, Figure C1). There were no differences in numbers of 

individuals for common or rare species between the forest types.  

Rare species contributed a large proportion of the total species richness for both 

forest types (80.2% for FP forest and 78.5% for TF forest). The number of species 

classified as rare was significantly higher for FP forest than TF forests (t = 2.2, df = 22, p 

= 0.04; Appendix C, Figure C2) but there were no differences in the number of species 

classified as common. All but two common species (90% of total common S) occurred in 

both forest types while only 15 rare species (12% of total rare S) occurred in both forest 

types. Dominant species occurred at a higher number of sampling sites than common 

species and common species occurred at a higher number of sampling sites than rare 

species (χ
2
 = 291.2, df = 2, p < 0.001; Appendix C, Figure C3).  

There were 19 abundant species (abundant = dominant + common), contributing 

72.2% of the total number of individuals collected and representing seven Carabidae 
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tribes. The distribution of these commonly collected species within the seven tribes was 

significantly different than expected species number calculated based on the total number 

of species in each tribe (chi-square χ
2
 = 33.6, df = 6, p < 0.001; Appendix C, Table C1). 

The distribution of 124 rare species within 19 tribes was not significantly different than 

expected. 

 Simpson’s evenness index (E1/D) indicated that species assemblages had 

significantly higher evenness for FP than TF forests (t = 2.9, df = 22, p = 0.008; Figure 6). 

The rank abundance distribution curves (Figure 7) show that both forest communities 

have long ‘tails’ of rare species, the FP forest curve is less steep than the TF forest curve, 

further supporting the increased evenness of species assemblages for FP forests. The high 

dominance of the first ranked species (Pentb) for TF forest is evident in the TF 

abundance curve. The abundance distribution curve for FP forest is longer, indicating the 

increased species richness of this forest, and the lower slope of the curve for ranks 25 – 

62. The two abundance curves diverge after the threshold between common and rare 

species, approximately at species rank 25. This divergence is due an increased number of 

species represented by 3 – 4 individuals in FP forests (n = 18) compared to TF (n = 6), 

and due to a higher number of doubleton species in FP (n = 19) compared to TF forests (n 

= 9). There were also a higher number of singleton species collected for TF forest (n = 33) 

compared to FP forest (n = 30). To compare a tropical and temperate forest assemblage, 

rank abundance distribution curves for the TF forest at TBS and an approximately 90 

year old forest from the Piedmont of North Carolina are shown in Figure C4 (Appendix 

C). The greater contribution of rare species in the tropical Carabidae assemblage 

compared to the temperate curve is clear from the ‘tails’ for the curves. The temperate 
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forest curve was created using data from Chapter II of this dissertation and it should be 

noted that the temperate forest curve was sampled for a longer period of time using 

different sampling methods.  

NMDS ordination indicated that there is clear separation between FP and TF 

species assemblages with no overlap in their respective polygons (Figure 8; stress = 13.7). 

The greatest divergence was along axis 1, with FP sites aggregated on the positive side 

and TF sites on the negative side of the axis. The mean within group Bray-Curtis 

dissimilarity was 0.68 for FP forest and 0.65 for TF forest while the between group 

dissimilarity value was 0.81, with significant differences between FP and TF species 

assemblages (F = 6.64, df = 1, p < 0.001). The area of the FP polygon (1.18) was larger 

than the TF polygon (0.72) but there was no difference in dispersion within multivariate 

space between FP and TF sites. The two forest types shared 32 out of the 143 total 

species (22%) and 21 of 54 total genera (38%). When singletons were eliminated from 

the comparison, FP and TF share 40% of species and 51% of genera. The low number of 

shared species and high between group mean Bray-Curtis dissimilarity value is reflected 

in the ordination biplot (Figure 8). To determine the influence of abundance on NMDS, 

ordination analysis was also completed with presence/absence data using Jaccard 

dissimilarity values. The resulting patterns for FP and TF forest are highly similar to the 

results based on abundance data, with the species assemblages for FP and TF forest 

significantly different (F = 3.86, df = 1, p < 0.001; Appendix E; Figure E1). The mean 

Jaccard dissimilarly value between FP and TF forest was 0.87 while mean within forest 

type values were 0.80 for FP forest and 0.76 for TF forest. Using presence/absence data 
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affected the within forest type dissimilarity values more than the dissimilarity value 

between FP and TF forests. 

Characteristic species 

There were several species that had significant indicator values for sites within FP 

or TF forests (Table 2). Most of these species had high specificity values (A) for a forest 

type (mean = 0.96) while fidelity values were relatively lower (mean = 0.61). Paratachys 

(Bembidiini) and Peruphorticus (Lachnophorini) had representative morphospecies for 

each forest type. There were several taxa with significantly associations for FP forest 

within the Scaritini (Nyctosyles and Clivina) as well as a Eucaerus (Lachnophorini) 

species while morphospecies from within Pentagonicini (Pentagonica) were significantly 

associated with TF sites.  

Spatial autocorrelation 

Since a linear trend was detected (F = 3.08, df = 2, p < 0.01), data were Hellinger-

transformed and detrended prior to construction of the Mantel correlogram. There were 

six distance classes, with the smallest ranging from 0 to 32.5 meters; however, no 

significant spatial correlations were detected. 

 

DISCUSSION  

Numbers of individuals, richness and diversity 

The results from this study indicate that understory Carabidae richness, diversity 

and species composition from eastern Ecuadorian lowland rainforests are influenced by 

forest type, but there was no significant difference in the number of Carabidae individuals 

by forest type. In contrast, Lamarre et al. (2016) found higher numbers of individuals for 
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Carabidae and Cicindelidae in seasonally flooded forests than terra firme forest in French 

Guiana and Peru, with approximately 75% of carabid and 91% of cicindelid individuals 

collected in flooded forests. This disparity may be due to several factors, including 

differences in species compositions, sampling protocol, sample completeness and the 

time period and duration of sampling periods. In this study, all Cicindelini species 

occurred in both FP and TF forests but significantly more Cicindelini individuals were 

collected from TF forest. In other parts of the Amazon, Cicindelini has been found to be 

more abundant in terra firme forests (Zerm et al. 2001; Adis & Junk 2002), but higher 

abundance has also been reported for floodplain forests (Pearson & Derr 1986; Lamarre 

et al. 2016), suggesting that there is not a clear abundance pattern for Cicindelini between 

flooded and terra firme forests in Amazonia. Studies examining invertebrate assemblages 

have found lower abundances within the understory of flooded forests compared to terra 

firme forests (Pearson & Derr 1986; Mertl et al. 2009; Lamarre et al. 2016). Since the 

flooding cycle causes seasonal movements and shifts in the biotic communities of 

riparian areas, the time of year will likely affect the relative number of individuals 

occurring in the understory of floodplain and nearby terra firme forests (Irmler 1979a; 

Adis 1981; Erwin & Adis 1982; Adis & Junk 2002). Abundance patterns for Carabidae 

vary in space and time, depending upon factors such as flooding duration, frequency and 

intensity.   

Although mean species richness was not statistically different (but close), all other 

measures of richness and diversity were significantly higher in FP forest compared to TF 

forest which agrees with some previous studies (Erwin & Adis 1982; Pearson 1984; 

Pearson & Derr 1986). The higher species richness and diversity of FP forest is likely 
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related to the higher number of rare species sampled in FP forest compared to TF forest. 

An increase in Carabidae richness after a flooding event has been recorded for Central 

Amazonian forests (Adis 1981), as well as for temperate forests (Bonn 2000; Ellis et al. 

2001; Bonn et al. 2002; Lambeets et al. 2008, 2009). After an inundation event in the FP 

forests near TBS the litter layer and ground vegetation are covered by a thin layer of mud 

and sediments (pers. obs.; Mertl et al. 2009). The higher nutrient content in the soils of 

flooded forests could be attractive to carabids or the higher richness could be related to an 

increase in the abundance of food resources after an inundation event (Irmler 1979b; 

Duivenvoorden & Lips 1995; Bonn 2000; Adis & Junk 2002; Haugaasen & Peres 2005; 

Adis et al. 2010). Flooding could also increase the number of microhabitats available of a 

given area, potentially increasing the alpha diversity (Salo et al. 1986; Erwin 1991b; 

Kalliola et al. 1991; Zerm & Adis 2001a; Wittmann et al. 2006). Flooding events could 

also play a role in the moderation of competitive exclusion, resulting in higher diversity 

for floodplains through higher levels of coexistence (Levin & Paine 1974; Connell 1978; 

Erwin & Adis 1982; Zerm & Adis 2001a, 2001b).  

Similar to the results of this study, studies in Central Amazonia have shown 

higher tiger beetle richness in terra firme forests (Adis et al. 1998; Zerm et al. 2001; Adis 

& Junk 2002). Differences in carabid beetle richness and diversity patterns among 

localities within Amazonia may be due to local variations among sites, particularly for 

flooded forests as spatial and temporal changes are continuously occurring through 

erosion, deposition and changes in the river channel (Kalliola et al. 1991; Junk 2000). 

Richness and diversity have been strongly tied to length, frequency and severity of 

flooding events (Bonn et al. 2002), which will vary among Amazonian rivers depending 
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on factors such as flooding cycles, topography and weather patterns (Junk et al. 1989; 

Junk 2000; Tuomisto et al. 2003; Adis et al. 2010; Junk & Piedade 2010). Temporarily 

flooded forests with less severe and frequent flooding regimes, such as those near TBS, 

will likely show different patterns in richness and diversity compared to more intense 

flooding regimes in Central Amazonia.  

Previous studies have suggested that a large proportion of Amazonian carabid 

beetles species inhabit riverine and wetland habitats (Erwin 1979; Erwin & Adis 1982). 

Since Carabidae may have evolved and radiated from tropical wetland habitats (Erwin 

1979, 1985), they may be well adapted to the changing environmental conditions along 

riverbanks (Adis 1982). Species specific traits within Carabidae assist in enduring 

unfavorable periods during the flooding cycle such as: synchronized life cycles, 

reproductive dormancy, submersion tolerance (Erwin 1979, 1985; Adis 1982; Erwin & 

Adis 1982; Paarmann et al. 1982; Adis et al. 1986; Amorim et al. 1997; Zerm & Adis 

2001b, 2003). The higher observed Carabidae richness and diversity values in FP 

compared to TF may relate to historical and evolutionary factors. Although Amazonian 

wetland and floodplain habitats may have experienced repeated reductions and 

expansions through changes in paleoclimate, it has been suggested they continued to be 

available possibly serving as refuges and therefore allowing species with adaptions to 

flooding cycles to persist (Erwin & Adis 1982; Kubitzki 1989; Irion et al. 1995, 1997, 

2010; Müller et al. 1995; Haffer & Prance 2001; Adis & Junk 2002; Hoorn et al. 2010; 

Wittmann et al. 2010).  

The results from this study suggest that Carabidae species richness per unit area 

or search effort is higher in FP forests than TF forests, which may help explain the lower 
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observed richness and sample completeness in TF forest. Based on extrapolation curves, 

a substantial proportion of TF species remain to be collected, and the observed difference 

in species richness between FP and TF sites will decrease with greater sampling effort. 

The nonparametric diversity estimator, ACE, also suggests TF has a higher true richness 

than FP. Only the Jack1 estimator indicates that FP forests will maintain higher overall 

richness with increased sampling effort. The geographical spatial coverage of TF sites 

was slightly greater than that of FP sites. Since terra firme forests are more extensive than 

flooded forests within Amazonia, richness and diversity estimates for terra firme forest in 

this study should increase relative to floodplain forest as sample area increases 

(Rosenzweig 1995; ter Steege et al. 2000; Pitman et al. 2001; Burnham 2002; Tuomisto 

et al. 2003; Myster 2014). Compared to terra firme forests, flooded forests are limited to 

narrower bands adjacent to rivers and lakes and are more fragmented at the landscape 

level (ter Steege et al. 2000; Pitman et al. 2001). Larger more contiguous areas generally 

contain a greater number of species, which has been postulated to be reason for the higher 

richness of many taxa in terra firme compared to other Amazonian forest types (ter 

Steege et al. 2000).  

In terms of the number of individuals collected, hand sampling was not as 

efficient at TF sites as it was at FP sites (Riley et al. 2016). The smaller overall body size 

of carabids (excluding Cicindelini) from the TF forests may have contributed to hand 

collecting inefficiency for TF sites and be reflected in the lower species number for TF 

forests. However, other explanations exist including greater vertical stratification of 

Carabidae in TF forest and more aggregated carabid distributions in FP forests (see 

Chapter V for further discussion). Carabids in tropical regions are known to have patchy 
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distributions, making their abundance appear very low and higher sampling effort needed 

to sample a representative portion of the fauna (Erwin 1979; Paarmann et al. 2002; Erwin 

et al. 2005). Since the analysis of sample completeness suggests that increased sampling 

effort will likely uncover many more species, particularly for TF forest, additional 

sampling is needed for broader conclusions regarding Carabidae species richness and 

diversity in the Yasuní area.  

There is little comparable data on how arthropod body size varies among 

Amazonian forest types and few studies on tropical Carabidae body size at the 

community-level. A body size histogram for Carabidae in Erwin (1981) shows that the 

majority of species at Barro Colorado Island (BCI) Panama are 2 mm and between 4 – 8 

mm, with a gap between 2 and 4 mm. Erwin (1983) found smaller body lengths for terra 

firme compared to floodplain forests for lowland tropical canopy Coleoptera and reported 

the overall mean body length for Carabidae was 3.23 mm, which is smaller than the 

averages for both FP and TF forests in this study. However, canopy carabid species 

assemblages are likely different from the ground fauna (Erwin 1982; Erwin et al. 2005; 

Charles & Basset 2005; Stork et al. 2016).  

Species assemblages 

Rank abundance curves for tropical Carabidae communities have rarely if ever 

been reported. In temperate and boreal forests, carabid communities typically have a few 

dominant species with the majority of species being rare (Belaoussoff et al. 2003), similar 

to the assemblages for FP and TF forests in this study. Dominant and common species 

comprised 72.2% of the total number of individuals but only 13.3% of the total observed 

species. As with many tropical insect assemblages, the contribution of rare species was 
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high (Novotný & Basset 2000), with rarer species typically having a greater contribution 

to species assemblages compared to temperate communities. Singleton species can make 

up half of the observed species in tropical insect assemblages, even with a relatively high 

amount of sampling effort (Novotný & Basset 2000). In this study, singletons contributed 

slightly less than half of the overall species richness (43.8%) but the results from a 

canopy fogging in a nearby Ecuadorian terra firme forest found 28.6% were singletons 

(Lucky et al. 2002). Methodological effects can also cause species to appear to be rare. 

For example, a species may be abundant within a given area but undersampled due to 

inefficiency of the sampling methods used (Longino et al. 2002). Additional sampling is 

needed to provide additional information concerning rarity and determine if rare species 

in this study remain rare at higher sampling effort.  

Abundant species were significantly more likely to be within the Cicindelini, 

Lachnophorini, Loxandrini, Pentagonicini and Bembidiini tribes, with fewer Lebiini 

species collected than expected. Although Lebiini was by far the most species rich tribe 

(S = 35), only two species were classified as common while the remaining 33 species 

occurred at low numbers. In contrast, all four of the Cicindelini species were classified as 

abundant. More commonly sampled species were sampled from a higher number of 

sampling sites within the study area, suggesting that they have wider spatial distributions 

than less frequently encountered species. This agrees with previously reported positive 

relationships between local population abundance and the occurrence at a greater 

proportion of sample sites (Gaston & Lawton 1988; Hanski 1982; Brown 1984; Niemelä 

& Spence 1994). In this study, the presence or absence of rare species strongly influenced 

estimates of Carabidae richness, diversity and community-level differences between FP 
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and TF, with a small proportion of abundant species (13%) contributing 72% of the total 

number of individuals. The percentage of species considered common (15%) and rare 

(85%) for Ecuadorian trees by Pitman et al. (2001) are similar to the percentages for this 

study (common = 13%, rare = 87%), suggesting that an oligarchy for carabid beetles 

exists within the study area. Additional sampling is needed in other localities to 

determine the geographic limits of this oligarchy. These results suggest that sampling by 

hand and FITs in the forests near TBS will likely uncover a predictable set of species 

from the aforementioned tribes. 

Differences between FP and TF forests occurred not only at the species level but 

also at the tribal level. There were higher numbers of Scaritini and Lachnophorini 

individuals and/or species in FP forest and higher numbers of Pentagonicini and 

Cicindelini individuals and/or species in TF forest. With the exception of species within 

Lebia (Lebiini) and Paratachys (Bembidiini), all the characteristic species with 

significant IndVal values belonged to one of the tribes with significant differences in 

abundance or species number between forest types. Although life histories are unknown 

for most Amazonian carabid species, general life history information is known for many 

genera and tribes. For example, the majority of the Lebiini genera sampled in this study 

are not typically collected from the ground but more frequently are observed on fallen or 

standing tree trunks, vegetation, in suspended vegetation or associated with fig falls (i.e. 

Apenes). Genera within Scaritini and Lachnophorini are typically more ground-dwelling 

whereas Pentagonicini and Cicindelini occur on vegetation (per. obs.; Erwin et al. 2012). 

Many Lachnophorini prefer wetter habitats and many species within the Scaritini have 

been collected from wetter habitats including those within inundation forests (Erwin et al. 
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2012; Erwin & Zamorano 2014). The genus Peruphorticus (Lachnophorini) has been 

found in dry or wet leaf litter within Amazonia (Erwin & Zamorano 2014) therefore its 

distribution is likely less associated with wetter habitats. This supports the results of this 

study where Peruphorticus was sampled at several sites from both FP and TF forests, 

with one species found to be characteristic of FP while another species was characteristic 

of TF forest. Paratachys (Bembidiini) are a diverse group within Central and South 

America and have been sampled from many different ground microhabitats (Erwin et al. 

2012). This genus was also sampled from both forest types, with characteristic species for 

both FP and TF forests. Differences in microhabitat preferences among tribes and genera 

may be the reason for the observed differences in tribal species richness and numbers of 

individuals, as well as variations in species composition between forest types.  

Community-level analyses indicate that distinct carabid species assemblages 

occurred in FP and TF forests, with this finding further supported by the relatively high 

number of characteristic species for each forest type. The high level of dissimilarity in 

species assemblages between the two forest types is reinforced by previous tropical 

studies of vegetation (ter Steege et al. 2000), birds (Remsen & Parker 1983), understory 

arthropods (Adis & Junk 2002; Lamarre et al. 2016), canopy arthropods (Erwin 1983; 

Adis et al. 2010), spiders (Höffer 1997) and understory tiger beetles (Zerm et al. 2001). 

In this study, only 32 of 143 species were collected in both forest types, suggesting 

floodplain forests maintain unique assemblages compared to neighboring non-flooded 

forests. The distinct assemblages suggest species within these forest communities have 

likely adapted to their respective forest type and/or exhibit strong habitat preference 

between flooded and terra firme forests. Differences in species assemblages may be 
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related to factors such as flooding regime adaptions, differences in plant composition, 

forest structure and resource availability between FP and TF forests. Near Manaus, Brazil, 

Zerm et al. (2001) reported similar results for 25 tiger beetle species, with only two 

species occurring in both floodplain and terra firme forests. The spatial and temporal 

distribution of tiger beetle guilds have been shown to be determined by specific 

microhabitats within a particular habitat type (such as open areas, forest type) (Zerm and 

Adis 2001a; Zerm et al. 2001; Adis & Junk 2002). Lamarre et al. (2016) reported 

significant associations for seasonally flooded forest or terra firme forests for several 

arthropod families, with carabid beetles demonstrating a particularly strong association 

with seasonally flooded forests. Temperate studies have also shown Carabidae 

communities to be sensitive to the effects of flooding (Ellis et al. 2001; Rothenbücher & 

Schaefer 2006; Lambeets et al. 2008). 

Since flooded forests oscillate between aquatic and terrestrial phases and there is 

high variability in flooding events among rivers, it is difficult to adequately measure the 

overall biodiversity and community composition of flooded forests (Junk et al. 1989; 

Junk 2000). Floodplain communities consist of residents, migrants and visiting species 

(Adis 1997; Junk 1997; Adis & Junk 2002). Species collected from flooded forests may 

be briefly inhabiting opportunists or long-term inhabitants which are highly adapted 

organisms (Adis 1997). The presence of both resident and migrant species in FP forest 

may have contributed to the higher observed richness and diversity in this study, as well 

as the higher number of rare species in FP forest. During flooding events, Carabidae may 

move into the canopy or sub-canopy strata via tree trunks (Irmler 1973, 1979a; Adis 1981; 

Adis et al. 1997), may move horizontally following the waterline (Irmler 1979a; Adis et 
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al. 1997; Zerm & Adis 2003) or commonly fly to non-flooded uplands (Irmler 1973; Adis 

1982; Erwin & Adis 1982; Adis et al. 1986) as the majority of carabid beetles living in 

tropical forests are winged and presumably capable of flight (Erwin 1979). Other 

specializations to flooding regimes have also been reported, including retreat to subsoil 

layers (e.g. a flightless Stratiotes species), aestivation and submersion tolerance (Adis 

1982, 1997; Adis et al. 1986; Rothenbücher & Schaefer 2006; Lambeets et al. 2009).  

Terborgh and Andresen (1998) suggest that vegetation occurring in floodplain 

forests may be more closely allied taxonomically to adjacent non-flooded forests rather 

than to other flooded forests. Conversely, specific adaptions to life in flooded forests 

could cause a convergent effect on floodplain community composition, causing them to 

be more similar to one another, even at broad geographic scales, than to adjacent terra 

firme forests (e.g. Lamarre et al., 2016). In this study, two genera (Paratachys and 

Peruphorticus) had species with significant associations for FP as well as TF forests, and 

there were 14 shared tribes between the two forest types. A paired site design at a larger 

geographic scale could help determine if Carabidae richness, diversity and species 

composition are more similar within geographically distant forests of the same forest type 

or to an adjacent forest type. 

This is one of the few ecological-based studies of Carabidae which compares two 

major Amazonian forest types but the conclusions are limited by the relatively small area 

sampled over a relatively short timeframe. Since many Amazonian Carabidae are 

seasonal, particularly in flooded habitats (Paarmann 1986; Pearson & Derr 1986; Adis & 

Junk 2002; Erwin et al. 2005), additional sampling is needed within the drier season at 

TBS. For a more comprehensive representation of Carabidae richness, diversity and 
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species assemblages, sampling should extend throughout the year (Pearson & Derr 1986; 

Lucky et al. 2002; Erwin et al. 2005). For a detailed assessment of the overall richness 

and diversity of flooded forests and for measuring the effects of flooding events, 

sampling should occur before and after several flooding events (Junk 2000). In this study 

the ground and understory fauna were sampled, but to determine overall patterns in 

diversity and species assemblages for Carabidae within Yasuní forests, all forest strata 

should be included in community-level analyses (Basset et al. 2001, 2003; Chung 2004; 

Charles & Basset 2005), especially since tropical arthropods in the forest canopy may be 

more species rich than the understory (Erwin 1982; Erwin et al. 2005; Charles & Basset 

2005). Greater knowledge and understanding of Yasuní rainforests are of are imperative 

as anthropogenic factors, particularly oil exploration and extraction, continue to threaten 

these megadiverse areas (Finer et al. 2009, 2010; Bass et al. 2010).  
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TABLES 

 

 

IV Table – 1. Measures of abundance, species richness and diversity of Carabidae 

collected for floodplain (FP) and terra firme (TF) forests.  

Measure FP TF Total 

No. individuals 564 691 1255 

Avg. individuals (± s.e.) 47.0 ± 5.0 57.6 ± 7.1 52.3 ± 4.4 

No. morphospecies  96 79 143 

Avg. morphospecies (± s.e.) 21.6 ± 2.0 16.9 ± 1.6 19.3 ± 1.3 

No. tribes 20 14 20 

No. genera 44 31 54 

No. singletons 34 38 63 

No. doubletons 15 8 22 
    
Richness estimators 

 
  

 
Chao1 (± s.e.) 126.4 ± 13.7 159.1 ± 38.3 237.4 ± 32.9 

 Jack1 (± s.e.) 130.8 ± 12.9 122.1 ± 9.8 210.1 ± 17.8 

 ACE 131.4 147.0 248.6 

 

  



 

247 

 

IV Table – 2. List of the characteristic Carabidae species which had significant indicator 

values for floodplain (FP) and terra firme (TF) forests. Indicator values were calculated 

using the IndVal statistic developed by Dufrêne & Legendre (1997). ‘A’ measures the 

specificity of a given species using relative abundance within and among study sites for a 

forest type and ‘B’ measures fidelity though relative frequency within the study sites of 

each forest type. Adjusted p-values (p.adj holm) for multiple testing correspond to 

experiment-level conclusions. 

Morphospecies Tribe:Genus A B 
IndVal 

index 
p 

p.adj 

(holm) 

FP  

     Clivb Scaritini: Clivina 0.969 0.917 0.942 0.001 0.025* 

Perua Lachnophorini: Peruphorticus 0.94 0.917 0.93 0.001 0.025* 

Nyctb Scaritini: Nyctosyles 1 0.583 0.764 0.005 0.110 

Nycta Scaritini: Nyctosyles 0.917 0.583 0.731 0.021 0.378 

Eucaa Lachnophorini: Eucaerus 1 0.500 0.707 0.013 0.247 

Parac Bembidiini: Paratachys 1 0.500 0.707 0.012 0.24 

       

TF  
     

Pentgd Pentagonicini: Pentagonica 0.895 0.833 0.863 0.001 0.025* 

Lebih Lebiini: Lebia 1 0.500 0.707 0.01 0.21 

Perua_2 Lachnophorini: Peruphorticus 0.971 0.500 0.697 0.031 0.527 

Pentga Pentagonicini: Pentagonica 0.917 0.500 0.677 0.039 0.72 

Parae Bembidiini: Paratachys 1 0.417 0.645 0.045 0.72 

 

  



 

248 

 

FIGURES 

 

IV Figure – 1. Map of the study area. A: South America with the Amazon Basin outlined, 

B: Ecuador with the locations of Tiputini Biodiversity Station (TBS) and Yasuní National 

Park and C: Shows a digitial evelation map of TBS and the 24 sampling sites are shown 

with floodplain (FP) forest sites represented as blue squares and terra firme (TF) forest as 

green circles.  

 

* Maps created using R packages: ‘raster’ (Hijmans 2015), ‘sp’ (Pebesma & Bivand 2005; Bivand et al. 

2013), ‘GISTools’ (Brunsdon & Chen 2014), and ‘maps’ (Becker et al. 2015). 
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IV Figure – 2. Rarefaction interpolation (solid lines) and extrapolation curves (dashed 

lines) with point markers representing the sampling extent of the study and shaded areas 

depicting unconditional 95% confidence intervals. A: The dataset with FP and TF forests 

types combined with richness extrapolated to n = 2,510 (twice the number of individuals 

collected). B: Rarefaction curves for floodplain (FP) forests (blue square) and terra firme 

(TF) forests (green circle) with sample size extrapolated to n=1,128 (twice the number of 

individuals collected in FP forests). FP forests were significantly more rich than TF 

forests at the rarefied sample size (n = 564).  
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IV Figure – 3. Inverse Simpson’s concentration (1/D) for floodplain (FP) forest and terra 

firme (TF) forest. FP forest had significantly higher 1/D values than TF (p = 0.003). 
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IV Figure – 4. Mean beetle body length (mm) of carabid individuals collected in 

floodplain forest (FP) and terra firme forest (TF), excluding Cicindelini. Body length for 

FP forest was significantly larger than TF forest (p < 0.001). 
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IV Figure – 5. Number of Cincidelini (tiger beetles) collected from terra firme (TF) and 

floodplain (FP) forests. There were significantly more Cicindelini individuals collected in 

TF forest (p = 0.011). 
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IV Figure – 6. Simpson’s evenness index (E1/D) for species assemblages were 

significantly more even from floodplain (FP) than terra firme (TF) forests (p = 0.008). 
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IV Figure – 7. Rank abundance distribution curves for temporarily flooded (FP) and non-

flooded terra firme forest (TF). 
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IV Figure – 8. Non-metric multidimensional scaling (NMDS) ordination using Bray-

Curtis dissimilarity for Carabidae species assemblages from floodplain (FP) and terra 

firme (TF) forests (stress = 13.7, k = 2). Each data point represents one of 24 sampling 

sites, with square point markers representing FP forest sites and circles representing TF 

forest sites. Species assemblages are significantly different between FP and TF (p < 

0.001).  
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APPENDIX A 

 

 

IV Figure – A1. Water height for the Tiputini River at Tiputini Biodiversity Station, 

Ecuador. (A) Monthly values represent overall mean river height and the mean maxima 

and minima based on data from 2009 – 2014, (B) three years before and after the 

sampling period for this study. Monthly river height values during the sampling period, 

2011(B) and 2012, (C) for mean river height in addition to water height maxima and 

minima.  
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APPENDIX B 

 

 

IV Table – B1. List of the 143 Carabidae morphospecies collected, including the tribe, 

genera and identification code for each morphospeices. Numbers of individuals are 

provided for floodplain (FP) and terra firme (TF) forests, as well as combined totals. 

 

Carabidae taxa FP TF Total 

Bembidiini 65 42 107 

 Erwinana 1 1 2 

  Erwia 1  1 

  Erwib  1 1 

 Geballusa 2 6 8 

  Gebasp 2 6 8 

 Meotachys 2  2 

  Meotsp 2  2 

 Micratopus 4  4 

  Micrsp 4  4 

 Mioptachys  1 1 

  Miopsp  1 1 

 New Genus 1 3 1 4 

  NG1a 3  3 

  NG1b  1 1 

 New Genus 2 2  2 

  NG2sp 2  2 

 Paratachys 50 33 83 

  Paraa 33 11 44 

  Parab 2 13 15 

  Parac 14  14 

  Parad 1  1 

  Parae  9 9 

 Polyderis 1  1 

  Polysp 1  1 

Callistini 6  6 

 Dercylus 6  6 

  Derca 4  4 

  Dercb 2  2 

Calophaenini 2 4 6 
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 Calophaena 2 4 6 

  Caloa 2  2 

  Calob  3 3 

  Caloc  1 1 

Cicindelini 109 329 438 

 Odontocheila 30 94 124 

  Odona 14 46 60 

  Odonb 16 48 64 

 Pentacomia 79 235 314 

  Penta 13 9 22 

  Pentb 66 226 292 

Collyridini 1  1 

 Ctenostoma 1  1 

  Ctensp 1  1 

Galeritini 6  6 

 Galerita 6  6 

  Galea 2  2 

  Galeb 2  2 

  Galec 2  2 

Harpalini 36 24 60 

 Notiobia 23 14 37 

  Notia 7 3 10 

  Notia_2 2 1 3 

  Notia_3 2 7 9 

  Notib 8 3 11 

  Notib_2 1  1 

  Notib_3 1  1 

  Notib_4 1  1 

  Notic 1  1 

 Selenophorus 13 10 23 

  Selee 9 2 11 

  Selea 3 5 8 

  Seleb  2 2 

  Selef  1 1 

  Selee_6 1  1 

Helluonini 6 3 9 

 Helluobrochus 2 2 

  Hellub_a  1 1 

  Hellub_b  1 1 

 Helluomorpha 1  1 
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  Hellum 1  1 

 Helluomorphoides 5 1 6 

  Hella 3  3 

  Hellb  1 1 

  Hellc 2  2 

Hiletini 5  5 

 Ecuamaragnathus 5  5 

  Ecuabat 5  5 

Lachnophorini 129 41 170 

 Amphithasus 3  3 

  Ampha 2  2 

  Amphb 1  1 

 Eucaerus 10  10 

  Eucaa 6  6 

  Eucaa_2 3  3 

  Eucab 1  1 

 Peruphorticus 106 41 147 

  Perua 84 5 89 

  Perua_2 1 33 34 

  Perua_3 13 3 16 

  Perub 7  7 

  Perub_2 1  1 

 Pseudophorticus 10  10 

  Pseua 6  6 

  Pseub 4  4 

Lebiini 30 90 120 

 Apenes 5 15 20 

  Apena  1 1 

  Apena_2 1 1 2 

  Apena_3 2  2 

  Apenb 1 2 3 

  Apenb_2  1 1 

  Apenb_3a  1 1 

  Apenb_3b 1  1 

  Apenb_3c  2 2 

  Apenb_4  1 1 

  Apenb_5  1 1 

  Apenbb  1 1 

  Apenc  1 1 

  Apenc_2  1 1 
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  Apenc_3  1 1 

  Apene  1 1 

 Coptodera  2 2 

  Coptb  1 1 

  Copta  1 1 

 Eucheila  1 1 

  Euchsp  1 1 

 Hyboptera  2 2 

  Hybosp  2 2 

 Lebia 21 69 90 

  Lebia 3 5 8 

  Lebib  1 1 

  Lebic 1  1 

  Lebid 2 32 34 

  Lebid_5 1  1 

  Lebie 7 8 15 

  Lebif 1  1 

  Lebig  2 2 

  Lebih  10 10 

  Lebij  1 1 

  Lebik 4 1 5 

  Lebil 2 8 10 

  Lebio  1 1 

 Negrea  1 1 

  Negrsp  1 1 

 Nemotarsus 1  1 

  Nemosp 1  1 

 Stenognathus 3  3 

  Stensp 3  3 

Loxandrini 45 47 92 

 Adrimus 1  1 

  Adrisp 1  1 

 Loxandrus 41 47 88 

  Loxaa  1 1 

  Loxab 20 19 39 

  Loxac  3 3 

  Loxae 7 6 13 

  Loxae_2 2  2 

  Loxae_3 10 9 19 

  Loxae_4  7 7 
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  Loxae_6 2  2 

  Loxaf  1 1 

  Loxag  1 1 

 Stolonis 3  3 

  Stolsp 3  3 

Odacanthini 8 2 10 

 Colliuris 8 2 10 

  Colla 3  3 

  Collb  1 1 

  Collc 4  4 

  Collc_2  1 1 

  Colld 1  1 

Oodini 6  6 

 Macroprotus 5  5 

  Macrsp 5  5 

 Oodinus 1  1 

  Oodisp 1  1 

Pentagonicini 17 78 95 

 Pentagonica 17 78 95 

  Pentga 1 11 12 

  Pentgb 12 33 45 

  Pentgd 4 34 38 

Perigonini 1  1 

 Perigona 1  1 

  Perisp 1  1 

Platynini 6 3 9 

 Glyptolenus 6 3 9 

  Glypsp 6 3 9 

Pterostichini 1 23 24 

 Abaris  17 17 

  Abara  12 12 

  Abarb  5 5 

 Haplobothynus 1 2 3 

  Hapla  2 2 

  Haplb 1  1 

 Pseudabarys  1 1 

  Pseuabsp  1 1 

 Trichonillia  3 3 

  Trica  2 2 

  Tricb  1 1 
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Scaritini 84 3 87 

 Ardistomis 1  1 

  Ardisp 1  1 

 Camptidius 1  1 

  Camptisp 1  1 

 Camptodontus  1 1 

  Camptosp  1 1 

 Clivina 42 1 43 

  Cliva 2  2 

  Clivb 31 1 32 

  Clivc 1  1 

  Clivc_2 3  3 

  Clivd 1  1 

  Clivd_2 4  4 

 Nyctosyles 32 1 33 

  Nycta 11 1 12 

  Nyctb 21  21 

 Oxydrepanus 5  5 

  Oxyda 1  1 

  Oxydb 3  3 

  Oxydc 1  1 

 Stratiotes 3  3 

  Strasp 3  3 

Zuphiini 1 2 3 

 Pseudaptinus 1 2 3 

  Pseuapa 1  1 

  Pseuapb  2 2 

Column totals 564 691 1255 
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APPENDIX C 

IV Table – C1. Carabidae tribes with higher numbers of common species than expected. 

The number of species collected in this study are listed under ‘observed’, whereas the 

expected number of species was calculated (see methods). Analysis conducted on the 

combined values for both floodplain and terra firme forests. The number of abundant 

species among carabid tribes was significantly different than the expected number of 

species (chi-square χ
2
 = 33.6, p < 0.001). Differences in the distribution of ‘rare’ species 

among tribes were not significantly different. 

Abundant   No. of S 

Direction of difference Tribe Observed Expected Difference 

More than expected Bembidiini 3 1.99 1.01 

  

Cicindelini 4 0.53 3.47 

  

Lachnophorini 3 1.59 1.41 

  

Loxandrini 3 1.59 1.41 

  

Pentagonicini 2 0.40 1.60 

   
   

Approximately equal Scaritini 2 1.99 0.01 

   
   

Less than expected Lebiini 2 4.65 -2.65 
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IV Figure – C1. Number of individuals for the morphospecies Pentb (genus Pentacomia), 

for floodplain (FP) and terra firme (TF) forests (p = 0.02). 
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IV Figure – C2. Number of rare species for the floodplain (FP) and terra firme (TF) forest 

(p = 0.04).  
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IV Figure – C3.  Species relative abundance by the number of sampling sites at which 

they were present. Point markers represent the 143 morphospecies coded according the 

three rarity categories: ‘dominant’ (circle), ‘common’ (triangles) and ‘rare’ (diamonds). 

Species classified as ‘dominant’ occurred at a higher number of sampling sites than 

‘common’ species and ‘common’ species occurred at a higher number of sampling sites 

than ‘rare’ species (p < 0.001). 
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IV Figure – C4. Rank abundance distribution curves for terra firme rainforest (TF) in 

Ecuador, and mature (approximate 90 year old), mixed hardwood deciduous temperate 

forest (Ninety) in North Carolina, USA.  
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APPENDIX D 

IV Figure – D1. Numbers of individuals for Carabidae tribes with significant differences 

(p < 0.05) between floodplain (FP) and terra firme (TF) forests. 
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IV Figure – D2. Numbers of species for Carabidae tribes with significant differences (p < 

0.05) between floodplain (FP) and terra firme (TF) forests.
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APPENDIX E 

 

IV Figure – E1. Non-metric multidimensional scaling (NMDS) ordination based on 

Jaccard dissimilarity values (presence/absence data) of Carabidae species assemblages 

for floodplain (FP) and terra firme (TF) forests (stress = 13.7, k = 2). Each data point 

represents one of the 24 sampling sites. Significant differences (p < 0.001) in species 

assemblages occurred between FP and TF.  
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Abstract 

Carabidae beetles (Coleoptera) were sampled by flight intercept traps (FITs) and hand 

sampling in the understory of a lowland rainforest in eastern Ecuador. Sampling occurred 

in the June and July of 2011 and 2012 at 24 sites within temporarily flooded forest (FP) 

and non-flooded terra firme (TF) forest. A total of 674 Carabidae (excluding Cicindelinae) 

individuals, representing 18 tribes, 50 genera and 133 morphospecies, were collected.  

Significantly more individuals were collected by hand compared to FITs, particularly by 

hand in FP forests. After correction through sample-based rarefaction there are no 

significant differences in species richness between sampling methods and forest types. 

Ordination and dissimilarity analysis show FITs and hand sampling target different 

portions of the Carabidae community. Understanding sampling biases for various 

sampling methods and how it may be affected by forest type will result in more accurate 

and efficient surveys in tropical forests.  

 

Keywords: flight intercept trap (FIT); Neotropics; Ecuador; hand sampling; trapping 

methods; Tiputini Biodiversity Station (TBS); inundation forests; Insecta; species 

assemblages; diversity. 
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Introduction 

Insects and other arthropods dominate biodiversity in terms of individuals, biomass and 

species richness and play a vital role in ecological processes and ecosystem function 

(Erwin 1982; May 1988; Kremen et al. 1993; Samways 1993; Kim 1993). While the 

tropics harbor the greatest insect diversity, the majority of taxa have not been collected 

and/or described (Erwin 1982; Stork 1988; Godfray et al. 1999; Primack & Corlett 2005; 

Fonseca 2009). With current rates of tropical deforestation, degradation and conversion, 

many tropical forest insect species will remain unknown indefinitely (Samways 1993; 

Kim 1993; Dunn 2005). A greater comprehension of tropical insect diversity and 

communities is needed to discern ecological patterns, detect and mitigate disturbance and 

develop conservation strategies (Erwin 1991a; Carlton et al. 2004; Rohr et al. 2007; 

Erwin & Geraci 2009).   

Ecological entomology studies in Amazonian forests are challenging for several 

reasons, including the sheer diversity of the fauna, incompleteness of taxonomic 

descriptions, adequate spatio-temporal replication and logistical challenges associated 

with sampling complex ecosystems (Lawton et al. 1998; Godfray et al. 1999; Wagner 

2000; Kitching et al. 2001; Brehm et al. 2008). Ideally, tropical entomological surveys 

should utilize a range of sampling techniques with the scale varied in space and time 

(Gadagkar et al. 1990; Longino & Colwell 1997; Kitching et al. 2001; Ozanne 2005; 

Missa et al. 2009). However, field work is not always ‘ideal’; time and resources 

typically limit the number of methods researchers employ (Kitching et al. 2001). A 

variety of collection methods have been employed in tropical forests, including 

insecticidal fogging, flight interception, beating and sweeping vegetation, hand samples 
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and leaf litter sifting (Erwin 1982; Southwood & Henderson 2000; Leather 2005; 

Lamarre et al. 2012); however, there are few studies that provide quantitative differences 

in insect abundance, richness, diversity and species composition among sampling 

methods in the Amazonian forest understory (Missa et al. 2009; Lamarre et al. 2012).  

It is well known that sampling methods target different portions of insect 

communities (Morse et al. 1988; Southwood & Henderson 2000; Kitching et al. 2001; 

Hyvärinen et al. 2006; Missa et al. 2009). Trapping method efficiency can be affected by 

faunistic differences (taxonomic and behavior) between two areas and/or habitats and the 

trappability of taxa can change with habitat structure (Gadagkar et al. 1990; Melbourne 

1999; Missa et al. 2009). Tropical researchers have to make decisions integral to the 

success of a study before departure to the field site. Beforehand knowledge of 

performance, effectiveness and short-comings of various sampling methods would be 

immensely beneficial, especially for ‘hyperdiverse’ groups of organisms, such as insects 

(Colwell & Coddington 1994; Hyvärinen et al. 2006; Bouget et al. 2008). Planning for, 

employing and maintaining plots at remote field sites is difficult and requires time and 

money (Gadagkar et al. 1990; Coddington et al. 1991) with many common sampling 

methods in temperate regions being less successful or failing completely for tropical 

fauna (Erwin 1979; Paarmann et al. 2001).  

Flight intercept traps (FITs) have a high success rate for collecting flying 

arthropods within forested habitats (Peck & Davies 1980; Hill & Cermak 1997; Stork & 

Grimbacher 2006, 2009; Missa et al. 2009; Lamarre et al. 2012). FITs are reported to be 

more effective at collecting insects with relatively greater mass, that tend to drop after 

hitting a surface (like many Coleoptera), and those which fly in a direct path (unlike the 
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‘fluttering’ of butterflies) (Peck & Davies 1980; Southwood & Henderson 2000; Bouget 

et al. 2008; Missa et al. 2009; Lamarre et al. 2012). FITs are a commonly used passive 

sampling method which provides representative baseline data, repeatable results and 

consistent function among study sites (Chapman & Kinghorn 1955; Bouget et al. 2008; 

Missa et al. 2009). In addition, passive intercept traps also have the ability to collect 

individuals with relatively low labor intensity; however, they can add complications 

including bias towards more actively flying species, distinction of tourist species, 

installation difficulties, material necessities, trap disturbances, and lack of information 

regarding micro habitat preferences (Southwood & Henderson 2000; Hyvärinen et al. 

2006; Bouget et al. 2008; Missa et al. 2009). FITs have successfully collected Coleoptera 

in previous tropical studies (Chung et al. 2000; Stork & Grimbacher 2006, 2009; Missa et 

al. 2009; Erwin et al. 2012; Lamarre et al. 2012), but their effectiveness for collecting 

carabid beetles is not well known in the rainforest understory of Amazonia so an 

objective of this study was to evaluate this. Hand sampling has been employed with 

success in biodiversity assessments of tropical arthropods including spiders (Coddington 

et al. 1991), ants (Majer & Delabie 1994; Brühl et al. 1998; Mertl et al. 2009; Ryder 

Wilkie et al. 2010) and beetles (Carlton et al. 2004), including Carabidae (Erwin 1991b; 

Maveety et al. 2011, 2014; Maveety & Browne 2014). It has the benefit of collecting an 

individual directly from the habitat in which it occurs. This method is more labor 

intensive; it can lead to low numbers of individuals per species and collectors can 

individually vary in their effectiveness depending on expertise and experience (Bouget et 

al. 2008). These two methods were chosen because they were predicted to be efficient, 

complementary and have minimal overlap in species composition (Coddington et al. 1991; 
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Carlton et al. 2004). FITs target individuals flying through the forest understory (Peck & 

Davies 1980; Hyvärinen et al. 2006; Stork & Grimbacher 2006) while hand sampling 

focuses on the flight restricted and/or less mobile species occurring on vegetation, trees 

and the forest floor.  

Coleoptera, and other arthropods, are extremely diverse and of high interest for 

biodiversity related studies. Information regarding efficiency, species richness and 

defining community characterization for different trapping methods is needed, 

particularly for lowland Neotropical forests (Colwell & Coddington 1994; Longino & 

Colwell 1997; Hyvärinen et al. 2006; Rohr et al. 2007). Carabidae are of interest as 

subjects for biodiversity and bioindicator studies (McGeoch 1998; Niemelä et al. 2000; 

Koivula 2011). There are approximately 40,000 described species of carabid beetles (also 

known as ground beetles), making it one of the most diverse beetle families (Lövei & 

Sunderland 1996; Niemelä 1996). Previous studies (Lucky et al. 2002; Erwin et al. 2005) 

have documented the immense diversity of Carabidae within the Ecuadorian Amazon. 

The objectives of this study were to (1) investigate differences among FITs and hand 

sampling in terms of numbers of individuals, richness and diversity within Carabidae 

(excluding Cicindelinae); (2) compare species composition among sampling techniques; 

and (3) evaluate results of both methods among temporally flooded and non-flooded 

forest in the understory of lowland tropical rainforest in eastern Ecuador.  
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Materials and methods 

Study site 

The study area is located in western Amazonia in Ecuador, within the province of 

Orellana, at Tiputini Biodiversity Station (TBS) (0°37’55” S, 76°08’39” W; 190-270 m 

elevation) (Figure 1). The station, consisting of 650 ha of moist tropical rainforest, 

borders the megadiverse Yasuní National Park (Bass et al. 2010). The forest surrounding 

TBS has experienced relatively minimal anthropogenic disturbance. The area has warm 

average annual temperatures (24-27°C) and high yearly rainfall (approximately 3200 

mm). There is subtle seasonal variation, with the wet season extending from April to 

August and the dry season from October to February (Pitman 2000). Approximately 90% 

of the landscape around TBS is terra firme forest, which does not flood. Standing water 

in terra firme forests may last for only a few hours after heavy rains (Burnham 2002). 

Floodplain forests in this study occur along the Tiputini River, a mixed water river with 

the largest contribution from white water (Pitman 2000) and are inundated by the 

adjacent Tiputini for various time periods, typically after heavy rains in the Andes 

Mountains (Prance 1979; Mertl et al. 2009). Maps created using R packages: ‘raster’ 

(Hijmans 2015), ‘sp’ (Pebesma & Bivand 2005; Bivand et al. 2013), ‘GISTools’ 

(Brunsdon & Chen 2014), and ‘maps’ (Becker et al. 2015). 

 

Collection of Carabidae  

Carabid beetles were collected over two field seasons in 2011 and 2012 with sampling 

occurring in June and July of each year. Two sampling methods, FITs and hand, were 

employed at 24 sites in the forest understory, with half of the sites located in temporarily 
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flooded forest (FP) and half in non-flooded terra firme (TF) forest (Figure 1). Trapping 

days for FITs ranged from 65 to 76 days, varying slightly due to flooding events, 

logistical limitations and trap disturbance. However, a repeated measures t-test showed 

the difference between the two forest types for numbers of carabids collected per trapping 

day to be insignificant for 65 collection days (t63=1.99, p=0.91).  

Each FIT consisted of PVC tubing, screen netting, a plastic awning (to prevent 

rain and debris from entering the trays) and plastic collection trays (Figure 2). Screening 

was stretched between two 1 m PVC tubing, with 1 m support tubing across the top of the 

trap to create an approximately 1 m
2
 flight barrier. Due to limited material availability, 

the color of the screen netting was not identical for all traps. Screens were black or green, 

with the exception of one white screen, and there were equal numbers of FITs with green 

and black screening in floodplain and terra firme forests. Raw numbers of individuals and 

species composition were not significantly different among screen colors. Plastic trays 

were placed side by side underneath the flight barrier to collect specimens and filled with 

water mixed with biodegradable soap. There was the possibility individuals may have 

fallen into small gaps between plastic trays but this error was likely small and any effect 

equally applied across all FITs. Sampling trays were emptied every other day by filtering 

the contents through a metal strainer with mesh openings less than <1 mm.  

Since many Amazonian Carabidae are active at night (T. Erwin, pers. obs.), hand 

sampling occurred between 20:30 and 22:30 h. This method included searching the 

ground (leaf litter, rocks, etc.), tree trunks and vegetation (up to eye level) and decaying 

logs. Seven hand sampling events were performed at each of the 24 study sites, four in 

2011 and three in 2012. Each sampling event consisted of 0.5 hour of search effort and 
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occurred within 100 meters of the FIT for each study site. The senior author participated 

in every collection event with 1-2 other amateur collectors assisting. Immediately after 

capture, carabids were preserved in 95% ethanol. In addition to FITs and hand samples, 

during the 2011 field season three pitfall traps were employed at each study site. 

However, due to the low number of individuals collected in 2011 (n=22) pitfall traps 

were not continued in 2012 and were not used in subsequent analyses. 

Carabid beetles were sorted using a stereo-microscope, identified to genera and 

subsequently to morphospecies (hereafter referred to as species). Since species-level 

taxonomic keys are not available for the region, the generic key for French Guyana 

Carabidae (Erwin et al. 2012) was used followed by identification to morphospecies 

based on external morphology with confirmation by T. Erwin, Curator of Coleoptera, 

Smithsonian Institution, National Museum of National History. The use of 

morphospecies for Neotropical arthropods has been successful in ecological studies and 

is the most feasible option for an extraordinarily speciose region, with the majority of 

species not described (Oliver & Beattie 1996; Stork et al. 2008; Grimbacher & Stork 

2009). 

 

Statistical analysis 

Number of individuals, richness and diversity 

Raw numbers of individuals and species collected by FITs and hand sampling were 

compared using a Wilcoxon signed-ranked test. Samples of mobile organisms are 

affected by abundance and species richness, in addition to activity patterns, therefore 

sample size was standardized by rarefaction for quantitative comparison (Gotelli & 
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Colwell 2001; Gotelli & Colwell 2011), using R 3.0.1, package vegan (Oksanen et al. 

2013; R Core Team 2013). Rarefaction provides the expected number of 

species/incidences from a random subsample of the overall data set and allows trapping 

methods that are used simultaneously in the same area to be compared at a standardized 

sampling effort (Longino et al. 2002; Ellison et al. 2007; Rohr et al. 2007; Gotelli & 

Colwell 2011). Since all sampling techniques have inherent and typically unknown 

sampling bias, species detection may vary, creating the potential for some species to be 

over- or under-represented, so incidence-based data was used in rarefaction analysis 

(Gotelli & Colwell 2001, 2011; Longino et al. 2002; King & Porter 2005; Ellison et al. 

2007). Sample-based rarefaction curves were constructed in EstimateS v. 9.1.0. using 

1000 randomizations (resamples) and depicted with 95% unconditional confidence 

intervals (Colwell et al. 2012; Colwell 2013) and the x-axis for the rarefaction curves 

were rescaled to species occurrences (incidence data) (Gotelli & Colwell 2001, 2011; 

Longino et al. 2002; King & Porter 2005; Ellison et al. 2007). Fisher’s alpha was 

computed using abundance with EstimateS (Colwell 2013) with individuals from samples 

added to the sampling pool at random and subjected to 1000 randomizations without 

replacement to calculate a mean and a bootstrapped standard deviation (Colwell 2013). 

Three incidence-based non-parametric diversity estimators, Chao2 (Chao 1984), 

Jackknife2 (Jack2) (Burnham & Overton 1979) and Incidence Coverage Estimator (ICE) 

(Lee & Chao 1994), were calculated to estimate potential true richness (Colwell & 

Coddington 1994; Longino et al. 2002; Brose et al. 2003; Chao 2005). EstimateS was 

used to calculate log-linear 95% confidence intervals for Chao2 and Jack2. Sample-based 

estimators were chosen based on their performance in similar studies and because they 
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represent the upper (Jack2), intermediate and lower (Chao2) limits for nonparametric 

richness estimators (Chao 1984, Colwell & Coddington 1994; Chiarucci et al. 2003; 

Brose et al. 2003; King & Porter 2005). Uniques, species represented in a single sample 

only, and duplicates, species known from two samples, were calculated. They are often 

used as indicators of sampling completeness and are two main components in 

calculations of nonparametric estimators (Longino et al. 2002; Brehm et al. 2008).  

 

Species assemblages 

Species assemblages collected by the two sampling methods in FP and TF forest were 

analyzed through non-metric multidimensional scaling (NMDS) ordination. Function 

metaMDS in R, vegan package, was used to perform ordination analysis with vegdist to 

compute dissimilarity using the Bray-Curtis measure (Oksanen et al. 2013; R Core Team 

2013). Since there were large differences among species abundances, abundance data was 

standardized through relative abundance and 100 random starts were utilized in the 

NMDS (Legendre & Gallagher 2001; Kotze et al. 2011; Oksanen 2013). To determine if 

carabid species assemblages differed among sampling techniques and forest types, mean 

Bray-Curtis dissimilarity measures were calculated. Dissimilarity values were scaled 

from 0 (identical) to 1 (no overlap). All analyses of dissimilarity matrices were carried 

out in R (R Core Team 2013) using the vegan package (Oksanen et al. 2013). Prior to 

dissimilarity analysis, data were also standardized through relative abundance to reduce 

large differences in abundances in order to improve detection of dissimilarities (Oksanen 

2013). Dissimilarity data was grouped by collection technique (FIT or hand) and then by 

forest type (FP or TF). The function meandist was used to calculate mean dissimilarity 
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values among study groups. Function adonis was used to compare dissimilarity measures 

among technique and forest type groups (Anderson 2001; Oksanen et al. 2013). 

Homogeneity of group variances was tested using betadisper post-hoc test, TukeyHSD 

(Anderson 2006; Anderson et al. 2006; Oksanen 2013).  

 

 

Results 

The majority of individuals collected were understory species, which are commonly 

found in the leaf litter, on foliage, on tree trunks and fallen trees and associated bracket 

fungi, and in areas of highly concentrated organic matter (i.e. rotting foliage, fruit and 

blossom falls). During hand sampling, the majority of carabids were collected from the 

ground (> 97%) but were also collected from vegetation leaves, tree trunks and decaying 

woody or other organic matter. 

 

Number of individuals 

With both collection techniques combined, 674 Carabidae individuals were collected, 

representing 18 tribes, 50 genera and 133 species. Significantly more individuals were 

collected by hand (median=20) than by FITs (median = 9; W23 = 34.5, p < 0.003; Table 1). 

Significantly more individuals were collected by hand in FP forests (median = 27) than in 

TF forests (median = 6; W12 = 5, p < 0.008) but there was no difference in FITs 

collections in number of individuals between the two forest types (medians: FP = 7, TF = 

10; W12 = 25, p = 0.803; Figure 3). Each of the two sampling methods selected, 
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exclusively or by higher numbers, for particular Carabidae higher taxa and species (see 

Appendix 1).  

 

Richness and diversity 

Raw species number was significantly greater for hand than for FITs collections (W12 = 

53.5, p < 0.04; Table 1), with 50% (S = 67) of the total number of species collected by 

hand only, 39% (S = 52) by FIT only and 10% (S = 14) collected by both techniques. 

Raw species number was significantly greater for hand sampling in FP forests than for TF 

(W12 = 3, p < 0.05), but after the number of incidences were corrected through rarefaction 

there were no significant differences in richness between FITs and hand sampling in 

either forest type (Figures 4, 5). There is a high degree of overlap in the 95% confidence 

intervals at the rarified incidence number for both FITs and hand rarefaction curves and 

each technique in the two forest types. The relatively steep slopes of all sample-based 

rarefaction accumulation curves, particularly for FITs, indicate that only a portion of the 

overall Carabidae diversity was sampled in this study (Figures 4, 5). The high proportion 

of uniques (39-78% of incidence total) suggests that many species have not been sampled 

by either technique (Table 1; Figure 6). Even when data for both techniques are 

combined the slope of the sample-based rarefaction curve becomes less steep but still is 

not asymptotic (Figure 4).  

All diversity estimators predict more species will be added with greater sampling 

effort for both techniques (Table 1; Figure 6). For the entire dataset, all three estimators 

predict that 55.4-59.1% of the potential true species number was collected in the study 

period. FITs sampled 50.1-55.5% and hand samples collected approximately 54.7-60.5% 
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of the potential richness of the area. The Chao2 estimators stabilized for FIT and hand 

sampling and ICE for hand sampling. For the entire dataset all diversity estimators 

predict similar richness, within a 7% range. Fisher’s alpha was not significantly different 

between FIT and hand collections, nor for either collection method in FP or TF forests 

(Table 1).     

 

Species assemblages 

In the NMDS ordination analysis, most of the hand sampling study sites were more 

negatively correlated with axis 1 compared to the FIT sites (Figure 7; stress = 18.5, k = 2). 

The separation of polygons for collection technique in each forest type along axis 1 

suggests that FITs and hand sampling target different portions of the Carabidae fauna 

(see Appendix 2). The ordination figure showed no overlap between the FIT and hand 

sampling polygons for FP forest sites. Polygons representing FP forest for FITs was 

entirely nested within the respective TF polygon, indicating that collection technique 

more strongly affected species composition than forest type. FITs in the TF had the 

highest compositional variation while hand sampling in the FP had the least (Figure 7).   

The Bray-Curtis dissimilarity values corroborate the high compositional 

differences both within and between FITs and hand sampling, as well as when each is 

analyzed by forest type (Table 2). Average species composition within sampling 

techniques were slightly more similar than between collection techniques (within: 0.90, 

between: 0.96). Composition analyzed by technique within FP and TF forests followed 

the same pattern (Table 2). The lowest within group similarity was hand sampling the 

floodplains (0.66). The groups with the greatest compositional dissimilarity were the TF 
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hand and TF FIT samples (0.978) and also between the FP hand and TF FIT samples 

(0.987). No dissimilarity values between groups were below 0.89 signifying a high level 

of variation. Dissimilarity matrices between FIT and hand collections were significantly 

different (F1, 44=5.86, p<0.001, permutations=999) although there was no difference in 

the homogeneities of variance between overall FITs and hand dissimilarity matrices 

(F1,46=2.15, p=0.15). There were significant differences between hand and FITs 

dissimilarity matrices for floodplain and terra firme forests (F1, 44=3.54, p<0.001, 

permutations=999) and a significant interaction between collection technique and forest 

type (F1, 44=5.12, p<0.001, permutations=999). For homogeneities among dissimilarity 

matrices, there were significant differences between collection technique and forest type 

(F3, 44=7.44, p=0.004). This significance is due to pairwise differences between the two 

techniques in FP forests (p=0.03), FP forest hand samples versus TF forest FIT samples 

(p<0.001) and hand samples between TF and FP forests (p<0.001). 

 

 

Discussion 

 

Effectiveness of sampling methods in terms of numbers of individuals, richness and 

diversity  

Our results indicate that for absolute numbers of carabid beetles, hand sampling was 

more successful than flight intercept trapping, particularly in floodplain forests. However, 

in TF forests the number of individuals collected by hand is only slightly higher than 

FITs. Although more individuals were collected by hand than by FITs, differences in 
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species richness between sampling techniques were not significant. In studies examining 

differences among sampling methods, hand sampling has been shown to be an efficient 

method in terms of number of species for ants (King & Porter 2005; Ellison et al. 2007) 

and Carabidae in the Peruvian Andes (Maveety et al. 2011). Rarefaction curves and 

richness estimators indicate that approximately 50% of the Carabidae species that may 

occur in the understory of FP and TF forests at TBS were sampled, with the majority of 

remaining species likely to be rare (Colwell & Coddington 1994; Lucky et al. 2002; 

Colwell et al. 2012). The stabilizing values and similarity in overall values for 

nonparametric diversity estimators add confidence to the estimates (Longino et al. 2002). 

Incomplete sampling is common for tropical forest arthropod studies due to logistical 

issues of sampling, the high number of rare species, high beta diversity both spatially and 

temporally, and the sheer diversity of the tropics (Longino et al. 2002; Lucky et al. 2002; 

Coddington et al. 2009; Magurran & McGill 2011). The steep slopes of accumulation 

curves suggest a high number carabid species are yet to be collected, particularly by FITs. 

Additionally, Cicindelinae (Coleoptera: Carabidae) individuals were collected during this 

study but not included in analysis and results as all individuals (n = 315) were collected 

by FITs. 

 

Comparison of species assemblages between sampling methods 

The distinct species assemblages between FIT and hand sampling are a key finding of 

this study. Some carabid genera that were rarely collected or missed entirely by one 

technique were sampled by the other (Appendices 1, 2). Individuals collected by FITs 

were possibly more cryptic species and those actively flying through the lower understory, 
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while those not sampled by FITs consisted of flight-restricted and/or more sedentary 

species (Chatzimanolis et al. 2004; Bouget et al. 2008; Missa et al. 2009). Carabid 

species assemblages sampled by the two methods have a minimal number of shared 

species. In the NMDS analysis, the limited area of overlap between the hand sampling 

polygons and the TF FITs polygon is almost entirely due to an outlying FIT site in the TF. 

Only three individuals were collected from this study site and a goodness-of-fit test 

revealed it had the second poorest fit of any point in the analysis. Therefore, we have low 

confidence in its current placement in NMDS and it is likely to change with greater 

sample size. With the exception of hand sampling in FP forests (66.3%), species 

composition by sampling method alone or by method and forest type did not fall below 

81.8% dissimilarity, indicating the high species turnover within and between sampling 

methods in FP and TF understory forests in eastern Ecuador. Multiple collection 

techniques and sampling of different forest types will collect a greater proportion of 

Amazonian carabid communities (Longino & Colwell 1997; Kitching et al. 2001; 

Hyvärinen et al. 2006; Missa et al. 2009).  

 

Evaluation of sampling methods among forest types 

The lower capture rate for hand sampling in TF sites compared to FP sites may be due to 

several factors including the vertical stratification of niches and the size of the area 

sampled relative to the overall coverage of this forest type. Terra firme is the most 

widespread forest type in Amazonia, including forested land around TBS (Pitman 2000; 

Burnham 2002). Therefore, the comparable relative area of TF forest sampled in this 

study is lower than that of FP forests. We expect additional sampling in TF forests to 
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yield many more species related to proportion of area compared to area sampled in this 

study. Larger overall area coverage of TF forests may contribute to higher diversity due 

to several ecological processes including but not limited to metapopulation dynamics and 

rates of speciation and extinction (Rosenzweig 1995; ter Steege et al., 2000). In addition 

to restricted area coverage of FP forests, it has been hypothesized that the density and 

biomass of organisms may be greater than those in TF forests (Haugaasen & Peres 2005, 

2009) because of the addition of nutrient-rich sediments to the soils of flooded areas 

during flooding events (Prance, 1979; Junk et al., 1989). Previous studies have recorded 

an increase in abundance of terrestrial beetle species (including Carabidae), especially 

immediately following the reduction in water levels, after a flooding event (Irmler, 1979b; 

Adis, 1981). The higher nutrient content in the soils of flooded forests could possibly 

attract carabids or post-inundated habitats may offer abundant food resources for 

Carabidae (Bonn, 2000). 

Upland TF forests also typically have a taller and more complex forest canopy 

than FP forests, resulting in possibly greater vertical stratification of the biota and greater 

niche availability (Campbell et al. 1986; Richards 1996; Basset et al. 2003). A tropical 

forest study (Charles & Basset 2005) suggested that forest physiognomy and tree 

architecture affected vertical stratification of another beetle group, Chrysomelidae. 

Additionally, previous tropical forest research indicates that distinct communities of 

Coleoptera occur in the understory and canopy (Erwin 1982; Basset et al. 2003; Erwin et 

al. 2005; Charles & Basset 2005; Stork & Grimbacher 2006). In this study, a few canopy 

species were collected which occasionally fly through the understory (Erwin et al. 2012). 

The taller, more complex canopy of TF forests may be the reason hand sampling in the 
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understory was less effective per time unit compared to FP forests since carabid taxa may 

be more vertically partitioned and/or there is greater diversity in the canopy (Erwin 1982). 

Groups leading an arboreal or semi-arboreal lifestyle are less likely to be sampled in 

understory collections (Brühl et al. 1998; Basset et al. 2003; Charles & Basset 2005). 

Pitfall trapping is the most commonly used collection technique for carabid 

beetles (Woodcock 2005). It has been shown to be an effective collection technique for a 

great number of ecological carabid studies in boreal (e.g. Spence & Niemelä 1994; 

Niemelä et al. 1996; Koivula et al. 2002; Hyvärinen et al. 2006), temperate (Thiele 1977; 

Werner & Raffa 2000; Jennings & Tallamy 2006; Riley & Browne 2011) and some 

higher latitude or altitude tropical forests (Moraes et al. 2013), but it has not been 

particularly successful in tropical forests (Paarmann et al. 2001; Paarmann et al. 2002; 

Maveety et al. 2011). Most of the hand captures were individuals active on the forest 

floor; therefore, we do not believe the low catches are due to lower carabid activity rates. 

Rather the lower success rate of pitfall traps in lowland tropical forests may be due to the 

lower abundance of large-bodied carabids (>7 mm) inhabiting the forest floor (Erwin, 

pers. obs.). Larger Carabidae are more likely to fall into pitfall traps due to higher weight 

and running speed (Adis 1979) and smaller carabids may be able to more readily detect 

the traps (Work et al. 2002; Erwin pers. comm). Another possibility is the increased 

complexity and dimensionality of the understory vegetation, leaf litter and other forest 

floor components which may create an ineffective catching environment for pitfall 

trapping (Maveety et al. 2011). Finally, the low success may be due to the hypothesized 

patchy distribution of Carabidae in tropical forests, with individuals gravitating toward 
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areas of high nutrient availability (e.g. fallen fruit, fermenting flowers and/or leaves, 

animal waste, fallen trees, etc.) (Erwin 1979; Paarmann et al. 2002). 

 

Conclusions and recommendations 

The results of this study demonstrate that FITs and hand sampling are two 

successful methods for surveying Carabidae in the understory of Amazonian forests. Both 

sampling techniques resulted in a relatively high number of individuals in a short time 

period and selected for different portions of the carabid community, representing a wide 

range of tribes, families and species. In terms of numbers of individuals, richness and 

diversity, the combined use of FITs and hand sampling was clearly more effective than 

either method alone. FIT sampling may improve if the area of the flight barrier screen 

was increased, particularly in width (T. Erwin pers. obs.). Bouget et al. (2008) found no 

significant differences in abundance, diversity or composition in collection of saproxylic 

beetles for black versus transparent barriers. Changing the flight barrier to a transparent 

material, as in a windowpane trap, has shown to be successful for Carabidae and other 

Coleoptera in lowland tropical forests of French Guyana (Erwin et al. 2012; Lamarre et al. 

2012). Several studies utilizing flight intercept traps, similar to the ones used in this study, 

or windowpane traps, have reported success with a wider barrier (Peck & Davies 1980; 

Chung et al. 2000; Carlton et al. 2004; Chatzimanolis et al. 2004; Lamarre et al. 2012). 

Eliminating the PVC pipes might also make the FITs easier to transport to study site 

locations. For forest studies, the barrier could be secured and drawn taught using strings 

tied to trees and other vegetation and to stakes in the ground (Martikainen et al. 2000; 

Carlton et al. 2004; Chatzimanolis et al. 2004). Lastly, FITs have been effectively 



 

293 

 

employed suspended from one to several meters above the ground (Stork & Grimbacher 

2006; Missa et al. 2009; Lamarre et al 2012). 

The relatively short timeframe, consisting of a few weeks of collections over two 

years during the wetter season, limit the conclusions of this study. Results from FITs and 

hand sampling may vary with season. Although no uniform pattern may exist for the wet 

tropics (Wolda 1988), studies have shown activity and diversity can peak just prior to or 

in the wet season for a high number of tropical insect taxa (Wolda 1978; Erwin & Scott 

1980; Novotny & Basset 1998; Devries & Walla 2001; Grimbacher & Stork 2009). 

Additionally, tropical insects have shown high turnover among seasons (Lucky et al. 

2002; Grimbacher & Stork 2009). Carabidae can have species specific responses to 

seasonal variation depending on life-history factors (e.g. body size, ecology, and trophic 

guild etc.) and therefore should be collected in the dry and wet seasons as well as the 

transitional period between the two (Lucky et al. 2002). Sampling should also occur in as 

many biotopes as possible since carabid species are known to be intimately tied to 

attributes of particular habitats resulting in patchy distributions (Erwin 1979; Lövei & 

Sunderland 1996; Paarmann et al. 2002; Koivula 2011). For a complete assessment of 

Carabidae in these forests and to account for vertical stratification, the canopy and 

various middle forest strata should be sampled in addition to the understory (Erwin 1982; 

Lövei & Sunderland 1996; Stork & Grimbacher 2006). This study provides a baseline for 

future tropical insect studies as the results have wide application across terra firme and 

floodplain forests of Amazonia. It provides information on effectiveness and 

complementarity of hand sampling and FITs in two major forest types in lowland 

Amazonia for carabid beetles. Additionally, these results may provide guidance for 
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sampling Coleoptera or other insect groups with similar life styles and behavior. 

Scientific guidance is necessary in the selection of sampling methods and the relative 

affinity of particular target taxa (Kitching et al. 2001; Missa et al. 2009). It provides 

valuable information relating to study design and implementation for future entomofauna 

studies in Amazonia and other similar forest sites.   
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TABLES 

 

Table V – 1. Numbers of individuals, richness, diversity and nonparametric estimators for Carabidae collected by flight intercept 

traps (FITs) and hand sampling in floodplain (FP), terra firme (TF) forests and with all data combined.  

 

Variable FIT FP FIT TF All FIT Hand FP Hand TF All Hand Overall 

No. of individuals* 112 115 227 310 137 447 674 

No. of morphospecies  43 37 66 54 43 81  133 

No. of uniques (% total S) 24 (56) 20 (54) 34 (52) 23 (43) 33 (76) 42 (48) 66 (50)  

No. of duplicates (% total S) 11 (14) 7 (10) 14 (21) 12 (8) 5 (7) 16 (20) 27 (20) 

No. of incidences  81 70 151 144 69 213 364 

Fisher’s alpha* (± sd) 25.5 ± 3.9 18.9 ± 2.8 31.3±3.3 18.9 ± 1.8 21.5 ±  2.9 28.9 ± 2.3 49.6 ± 3.1 

        Richness estimators 
 

 
 

  
  

 
Chao2 (± sd) 

 
67.0 ± 13.1 63.2 ± 16.2 105.6 ±  18.3 74.20 ± 11.2 142.8 ± 57.5 133.8 ± 22.2 212.0 ± 26.3 

 
Jack2 

  
76.7 66.7 117.5 85.16 96.96 145.72 235.6 

 
ICE 

 

85.2 60.6 120.0 80.9 179.22 146.4 226.6 

           Higher Taxa 
 

 
 

  
  

 
No. of Tribes 13 11 14 16 9 16 18 

  No. of Genera 26 18 31 26 17 34 50 

* based abundance-based data 
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Table V – 2. Bray-Curtis mean dissimilarity measures within collection techniques 

(diagonal) and between collection techniques (shaded boxes) for Carabidae community 

assemblages. Dissimilarity values range from 0 (identical) to 1 (no overlap). (a) Overall 

dissimilarity values for flight intercept traps (FITs) and hand sampling; (b) FITs and hand 

sampling in floodplain (FP) and terra firme (TF) forests. 

 

a) 
FIT Hand 

FIT 0.900 

 Hand 0.955 0.847 

 

b)  
FIT FP FIT TF Hand FP Hand TF 

FIT FP 0.818 

   FIT TF 0.938 0.899 

  Hand FP 0.960 0.987 0.663 

 Hand TF 0.894 0.978 0.922 0.867 
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FIGURES 

 

Figure V – 1. a, South America with the Amazon Basin outlined; b, Ecuador with the 

locations of Tiputini Biodiversity Station (TBS) and Yasuní National Park; and c, the 24 

study sites at TBS with floodplain (FP) forest sites represented as filled circles and terra 

firme (TF) forest as triangles.  
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Figure V – 2. Flight-intercept trap (FIT) utilized in this study. FITs consisted of a frame 

made of PVC tubing, screening stretched between PVC tubing, with a support tube at the 

top of the trap, to create an approximately 1 m
2
 flight barrier, a plastic rain hood and 

plastic trays.  
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Figure V – 3. Boxplot showing numbers of individuals among total flight intercept traps 

(FITs) collections and hand sampling techniques between the two sampling techniques in 

floodplain (FP) and terra firme (TF). For each box the bold central line is the median, the 

box indicates 25-75% quartile ranges and whiskers are the minima and maxima values, 

and outliers are indicated by open circles. The star denotes statistical 

significance (p < 0.003). 
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Figure V – 4. Sample-based rarefaction curves, corrected by the number of incidences, 

for flight intercept traps (FITs), for hand sampling and for both methods combined. To 

compare FITs and hand sampling, the rarefaction curves were corrected to 151 incidences. 

Error bars represent 95% confidence intervals.  
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Figure V – 5. Sample-based rarefaction curves, corrected by the number of incidences, 

for flight intercept traps (FITs) and hand sampling within floodplain (FP) and terra firme 

(TF) forests. To compare rarefaction curves, the number of incidences were rarefied at 69 

for each of the four curves. Error bars represent 95% confidence intervals. 
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Figure V – 6. The three non-parametric species richness estimators and observed 

numbers of uniques (species represented in only one sample) and duplicates (species 

represented in only two samples) by the number of incidences for the complete dataset 

(Ni=364).  
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Figure V – 7. Non-metric multidimensional scaling (NMDS) ordination based on 48 data 

points, representing each of the 24 study sites in terms each sampling methods (FITs and 

hand) in floodplain (FP) and terra firme (TF) forest (stress = 18.5, k = 2). The square and 

reverse triangle represents the calculated centroid point for each sampling method. 
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APPENDIX 1 

Table V – A1. Tribal and generic composition of numbers of carabid individuals by 

collection technique and forest type as well as the combined totals. The overall numbers 

of individuals are shown as grand total. FIT: flight intercept trap, FP: floodplain forest. 

TF: terra firme forest. Note: Specimens named ‘New genus’ could not be placed in 

existing genera. They are likely genera new to Carabidae. 
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    FIT Hand 
Grand Total 

Taxa FP TF Combined FP TF Combined 

Bembidiini 42 31 73 23 10 33 106 

 

Erwinana 1 1 2 

   

2 

 

Geballusa 2 5 7 

   

7 

 

Meotachys 2 

 

2 

   

2 

 

Micratopus 4 

 

4 

   

4 

 

Mioptachys 

 

1 1 

   

1 

 

New genus 1 3 1 4 

   

4 

 

New genus 2 2 

 

2 

   

2 

 

Paratachys 27 23 50 23 10 33 83 

 

Polyderis 1 

 

1 

   

1 

Callistini    6  6 6 

 

Dercylus 

   

6 

 

6 6 

Calophaenini 1 4 5 

   

5 

 

Calophaena 1 4 5 

   

5 

Galeritini 3 

 

3 1 

 

1 4 

 

Galerita 3 

 

3 1 

 

1 4 

Harpalini 1 3 4 32 20 52 56 

 

Notiobia 1 

 

1 22 14 36 37 

 

Selenophorus 

 

3 3 10 6 16 19 

Helluonini 3 1 4 2 2 4 8 

 

Helluobronchus 

    

2 2 2 

 

Helluomorphoides 3 1 4 2 

 

2 6 

Hiletini 

   

5 

 

5 5 

 

Ecuamaragnathus 

   

2 

 

2 2 

 

Hiletus 

   

3 

 

3 3 

Lachnophorini 2 1 3 126 40 166 169 

 

Amphithasus 

   

3 

 

3 3 

 

Eucaerus 

   

10 

 

10 10 

 

Peruphorticus 2 1 3 104 40 144 147 

 

Pseudophorticus 

   

9 

 

9 9 

Lebiini 16 35 51 4 14 18 69 

 

Apenes 1 3 4 4 11 15 19 

 

Coptodera 

 

1 1 

 

1 1 2 

 

Eucheila 

    

1 1 1 

 

Hyboptera 

 

2 2 

   

2 

 

Lebia 12 29 41 

   

41 

 

Negrea 

    

1 1 1 

 

Stenognathus 3 

 

3 

   

3 

Loxandrini 18 16 34 25 24 49 83 
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Adrimus 1 

 

1 

   

1 

 

Loxandrus 17 16 33 22 25 47 80 

 

Stolonis 

   

3 

 

3 3 

Odacanthini 3 2 5 1 

 

1 6 

 

Colliuris 3 2 5 1 

 

1 6 

Oodini 

   

6 

 

6 6 

 

Macroprotus 

   

5 

 

5 5 

 

Oodinus 

   

1 

 

1 1 

Pentagonicini 9 20 29 1 

 

1 30 

 

Pentagonica 9 20 29 1 

 

1 30 

Perigonini 1 

 

1 

   

1 

 

Perigona 1 

 

1 

   

1 

Platynini 4 1 5 2 

 

2 7 

 

Glyptolenus 4 1 5 2 

 

2 7 

Pterostichini 18 17 35 26 46 72 107 

 

Abaris 

    

17 17 17 

 

Haplobothynus 

 

1 1 1 

 

1 2 

 

Pseudabarys 

    

1 1 1 

 

Trichonillia 

    

3 3 3 

Scaritini 9 

 

9 74 3 77 86 

 

Ardistomis 1 

 

1 

   

1 

 

Camptidius 1 

 

1 

   

1 

 

Camptodontus 

    

1 1 1 

 

Clivina 3 

 

3 38 1 39 42 

 

Nyctosyles 

   

32 1 33 33 

 

Oxydrepanus 4 

 

4 1 

 

1 5 

 

Stratiotes 

   

3 

 

3 3 

Zuphiini 

   

1 2 3 3 

 

Pseudaptinus 

   

1 2 3 3 

 
Grand Total 112 115 227 310 137 447 674 
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APPENDIX 2 

Table V – A2. Tribal and generic composition of Carabidae numbers of species by 

collection technique and forest type as well as the combined totals. Overall species 

numbers are shown as grand total. FIT: flight intercept trap, FP: floodplain forest. TF: 

terra firme forest. 

    FIT Hand Grand 

Total Taxa FP TF Combined FP TF Combined 

Bembidiini 11 7 15 2 1 2 15 

 

Erwinana 1 1 2       2 

 

Geballusa 1 1 1       1 

 

Meotachys 1   1       1 

 

Micratopus 1   1       1 

 

Mioptachys   1 1       1 

 

New genus 1 1 1 2       2 

 

New genus 2 1   1       1 

 

Paratachys 4 3 5 2 1 2 5 

 

Polyderis 1   1       1 

Callistini    2  2 2 

 

Dercylus       2   2 2 

Calophaenini 1 2 3       3 

 

Calophaena 1 2 3       3 

Galeritini 2   2 1   1 2 

 

Galerita 2   2 1   1 2 

Harpalini 1 2 3 9 8 12 13 

 

Notiobia 1   1 7 4 7 8 

 

Selenophorus   2 2 2 4 5 5 

Helluonini 1 1 2 1 2 3 5 

 

Helluobronchus         2 2 2 

 

Helluomorphoides 1 1 2 1   1 3 

Hiletini       2   2 2 

 

Ecuamaragnathus       1   1 1 

 

Hiletus       1   1 1 

Lachnophorini 1 1 2 12 3 12 12 

 

Amphithasus       2   2 2 

 

Eucaerus       3   3 3 

 

Peruphorticus 1 1 2 5 3 5 5 
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Pseudophorticus       2   2 2 

Lebiini 9 13 18 3 13 14 31 

 

Apenes 1 3 4 3 10 11 14 

 

Coptodera   1 1   1 1 2 

 

Eucheila         1 1 1 

 

Hyboptera   1 1       1 

 

Lebia 7 8 11       11 

 

Negrea         1 1 1 

 

Stenognathus 1   1       1 

Loxandrini 4 4 5 6 7 10 12 

 

Adrimus 1   1       1 

 

Loxandrus 3 4 4 5 7 9 10 

 

Stolonis       1   1 1 

Odacanthini 2 2 4 1   1 5 

 

Colliuris 2 2 4 1   1 5 

Oodini       2   2 2 

 

Macroprotus       1   1 1 

 

Oodinus       1   1 1 

Pentagonicini 3 3 3 1   1 3 

 

Pentagonica 3 3 3 1   1 3 

Perigonini 1   1       1 

 

Perigona 1   1       1 

Platynini 1 1 1 1   1 1 

 

Glyptolenus 1 1 1 1   1 1 

Pterostichini  
1 1 1 5 6 7 

 

Abaris         2 2 2 

 

Haplobothynus   1 1 1   1 2 

 

Pseudabarys         1 1 1 

 

Trichonillia         2 2 2 

Scaritini 6   6 9 3 10 15 

 

Ardistomis 1   1       1 

 

Camptidius 1   1       1 

 

Camptodontus         1 1 1 

 

Clivina 2   2 5 1 5 6 

 

Nyctosyles       2 1 2 2 

 

Oxydrepanus 2   2 1   1 3 

 

Stratiotes       1   1 1 

Zuphiini       1 1 2 2 

 

Pseudaptinus       1 1 2 2 

Grand Total 43 37 66 54 43 81  133 

Species named ‘New genus’ could not be placed in existing genera and are likely genera new to Carabidae. 
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CHAPTER VI 

 

 

CONCLUSIONS  

 

The goal of these studies was to better understanding patterns of species 

abundance, diversity and community assemblages following ecological disturbance, with 

carabid beetles serving as the model organism. Temperate and tropical forests showed an 

increase in species richness and diversity in more recently disturbed habitat. Carabid 

beetle species assemblages were significantly different between recently disturbed 

habitats compared to habitats not recently influenced by these disturbance factors. 

Chapter II demonstrated the relationship between forest age and carabid beetles of 

North Carolina temperate forests. Species richness and diversity were less variable with 

forest age compared to species assemblages. Variations among sampling year affected the 

number of carabid individuals, species richness, diversity and community assemblage. 

Distinct differences in species assemblages among forest age classes suggest that 

conservation decisions need to be considered at the landscape scale.   

In Chapter III, I characterize carabid species assemblages, based on ecological 

species traits, demonstrating that there were significant shifts in carabid species traits 

with forest age. However, most trait categories (12 out of 18) did not change significantly 
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with forest age, likely affecting the results of the functional diversity indices for forest 

age classes. The traits and number of traits selected for multivariate analyses may have 

strongly affected the outcomes of the functional diversity analyses as they may mask 

changes in individual traits.  

Species richness, diversity and community evenness were higher in Amazonian 

temporarily flooded forests (FP) than in non-flooded terra firme forests (TF). However, 

the conclusions are limited by the relatively small area sampled over a relatively short 

timeframe. The results of Chapter V demonstrate that FITs and hand sampling are two 

successful methods for surveying Carabidae in the understory of Amazonian forests. Both 

sampling techniques resulted in a relatively high number of individuals in a short time 

period and selected for different portions of the carabid community. In terms of numbers 

of individuals, hand sampling was particularly successful in floodplain forests compared 

to non-flooded terra firme forests. 
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