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The increasing threat of habitat loss driven by land cover change has effects on 

biodiversity at multiple scales. Though the factors that influence community structure in ants 

have been extensively studied at local scales and at biogeographical scales, few attempts have 

been made to investigate the effects on ant communities at intermediate or landscape scales.  

This leaves a conspicuous gap in our understanding of the factors that control community 

organization in ants.  In this study, ant communities were sampled in sandhill habitat at thirty-

three locations throughout northern Florida, USA.  Sites were standardized for local habitat 

quality but spanned most of the gradient in heterogeneity of the surrounding landscape.  These 

data were used to (1) explore how spatial and environmental factors influence the ways in which 

ant species organize into local communities, and (2) investigate how body size distributions are 

influenced by environmental variation.   

Though species richness was not significantly influenced by the measured environmental 

variables, community composition showed strong spatial and environmental dependencies across 

a range of scales throughout the region.  Results were placed in the context of metacommunity 

theory.  The community patterns may best be described by a combination of the mass effects and 

species sorting perspectives on metacommunity dynamics since both spatial and environmental 
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processes seem to be driving patterns of community change.  Open habitat specialists appear to 

be replaced by habitat generalists in landscapes with high proportions of matrix habitat even 

though local habitat conditions are of similar quality.  The results illustrate the importance of 

considering multiscale influences on patterns of organization in ant communities.  Furthermore, 

results show how heterogeneous landscapes are important for maintaining a diverse regional 

species pool, but continued degradation of sandhill habitat may reduce the viability of some open 

habitat specialists and the ecosystem services that they provide. 

The textural discontinuity hypothesis (TDH) postulates that body size distributions are 

discontinuous and reflect the discontinuous nature of structuring forces in ecosystems.  Worker 

ant body mass was used to explore the validity of the TDH.  Though the ants in this study exhibit 

a discontinuous body size distribution, little support was found for the TDH as a means of 

explaining patterns in ant body size distributions.  Body size distributions did not change with 

the structure of the landscape as predicted.  This lack of support may result from a mismatch 

between the scale of analysis and the scale of environmental interaction that provide the 

strongest evolutionary forces on worker ant body size. 
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CHAPTER 1 
INTRODUCTION 

Among the factors contributing to the current biodiversity crisis, habitat loss driven by 

land-use change is consistently cited as a principal cause (Didham et al. 1996, Pimm and Raven 

2000, Novacek and Cleland 2001).  Habitat fragmentation is a typical result of anthropogenic 

habitat destruction and can have profound effects on biodiversity (Fahrig 2003).  Fragmentation 

produces a landscape comprised of smaller and more isolated patches, incapable of supporting 

that landscape’s previous complement of organisms.  As populations become increasingly 

affected by these changes in landscape structure, species will continue to disappear along with 

the stability they instill in ecosystems (Rooney et al. 2006). 

Insects are highly vulnerable to habitat loss though they receive little attention in 

conservation planning (Samways 2005, Rahn et al. 2006).  Ants are no exception.  In the United 

States there is no species of ant (or Hymenoptera for that matter) listed as threatened or 

endangered on any state or federal list.  Astonishingly, the state of California explicitly prohibits 

not only insects, but invertebrates in general, from protection under its state endangered species 

act.  This oversight is startling, given that invertebrates represent an estimated 90% of all animal 

species (Wilson 1992b) and perform a diverse array of functions critical to all forms of life on 

Earth (Kremen 2005, Samways 2005).  Two of the main reasons why insects garner such little 

attention in conservation planning are their negative public image and a relative lack of study.  

The general public too often views insects and other invertebrates with aversion, fear, and 

ignorance (Kellert 1993).  This renders justification for expensive conservation initiatives 

difficult at best for all but the most charismatic of insects (e.g., butterflies).  We are often 

relegated to relying on umbrella-like conservation programs to ensure the persistence of rare 

insect species.  However, since insects often have complex life cycles and associations with other 
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species, even the most effective means for the general preservation of biodiversity, such as 

multiscale adaptive management programs, may not meet the specific needs of many imperiled 

insect species.   

The tremendous diversity of insects is itself another cause for their lack of representation 

in conservation planning.  We know very little about the distribution, life history, and ecology of 

the vast majority of insect species.  Dunn (2005) notes that there have been only 70 documented 

insect extinctions in modern times as compared with 129 extinctions of birds, not because insects 

are any less vulnerable than birds, but simply because we haven’t been paying attention.  If 

insects and birds share similar rates of extinction, we may have missed roughly 44,000 insect 

extinctions in the last 600 years (Dunn 2005). 

Since habitat loss and fragmentation, as well as management for the ensuing effects, 

typically occur at landscape scales it is important to understand how communities of insects 

respond to variation at this scale.  The factors that contribute to the organization of ant 

communities have been extensively studied along local gradients of disturbance, soil 

characteristics, and habitat complexity (Hoffmann and Andersen 2003, Izhaki et al. 2003, 

Lubertazzi and Tschinkel 2003, Boulton et al. 2005, Lassau et al. 2005).  Many broad scale 

influences (i.e., regional to biogeographic scale) on ant communities have also been extensively 

studied (Cushman et al. 1993, Kaspari et al. 2000, Gotelli and Ellison 2002, Kaspari et al. 2003).  

However there remains a conspicuous gap in our knowledge of the influences of intermediate or 

landscape scale variation on ant community structure (but see Suarez et al. 1998).  Habitat loss 

and fragmentation are problems associated with landscape scale heterogeneity, yet most studies 

of fragmentation effects on ant communities are limited to replicate fragments and do not 

explicitly consider the structure and composition of the entire landscape (e.g., Bruna et al. 2005, 
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Ribas et al. 2005).  For ants in particular, community response to variation in the composition 

and spatial arrangement of the surrounding landscape has been inadequately studied. 

Ants are well-suited for community level studies.  Logistically, they can be quickly and 

cheaply sampled, and they are generally well-described taxonomically, easing the task of 

identification.  Ecologically, ants comprise a highly diverse family of insects with over 11,000 

described species that represent a third of the global insect biomass (Hölldobler and Wilson).  

They are an interesting group that function as important regulators of arthropod populations, seed 

dispersers, scavengers, and on a global scale, they aerate and enrich more soil than do 

earthworms (Hölldobler and Wilson 1990, Wilson 2000).  Ants are also inextricably linked to 

plant communities through mutualisms, herbivory, and parasitic relationships (Gauld and Bolton 

1988).  Ants exhibit strong competitive interactions, which can drive community structure and 

therefore make ideal study subjects when examining the influence of environmental and spatial 

processes on community organization. 

Spatial and Environmental Dependence in Ant Communities 

Modern community ecology is greatly influenced by the research Gary Polis conducted 

on food webs in the islands of the Sea of Cortez (see Polis et al. 2004 and references therein).  

Traditional approaches to the study of ecological communities often fail to recognize the 

importance of openness in ecosystems.  Flows of organisms and resources across habitat 

boundaries can have tremendous influences on the outcome of local community dynamics.  For 

example, spatially subsidized predators can depress the populations of in situ prey well below 

what is otherwise expected, if a predator’s fitness is enhanced by flows of resources from 

adjacent habitats (Polis et al. 1997).  Such effects can be transmitted through the food web, 

yielding consequences for the rest of the community.  The composition and spatial structure of 

the surrounding landscapes is therefore highly significant for local community interactions. 
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The development of landscape ecology in the last two decades provides a means of 

addressing some of the ideas inspired by Polis and colleagues.  However, landscape ecology 

might be enhanced by better incorporating some of the themes of community ecology.  The 

Metacommunity concept may provide a stronger bridge between the two disciplines.  

Metacommunities are sets of local communities linked by dispersal of multiple species (Wilson 

1992a, Leibold et al. 2004).  The concept expands traditional community ecology and 

metapopulation ecology to provide a more complete framework for the analysis of the multiscale 

processes that influence community dynamics (Holyoak et al. 2005).  One of the main features of 

the metacommunity concept is that it emphasizes the role of spatial factors in the outcome of 

community level interactions.  This has implications for the study of fragmented landscapes, in 

that it facilitates mechanistic explanations for patterns of community dynamics at landscape 

scales. 

In Chapter 2, the influences of local and landscape level variation on the organization of 

ant communities are examined at thirty-three sites in the sandhills of northern Florida, USA.  The 

following questions are addressed: what are the relative importance of environmental and spatial 

dependence on ant community structure?  What are the important structuring features in sandhill 

landscapes for ant communities?  Results are placed in a metacommunity context to explore how 

this new framework can be used to explain patterns in sandhill ant communities.   

Body Size Distributions 

Because the size of an organism primarily defines how it will perceive and interact with 

its environment, the factors that influence the distribution of body size have been a subject of 

great interest to ecologists.  Animal body size has traditionally been viewed as forming a 

unimodal distribution, with body sizes evenly spaced along a continuum by competitive 

interactions and niche partitioning.  More recent evidence indicates that body size sometimes 
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forms a multimodal, discontinuous distribution (Holling 1992, Allen et al. 1999, Scheffer and 

van Nes 2006).  A number of theories have been put forth in an effort to describe the overall 

pattern that determines the shape of body size distributions, each with its own set of predictions 

(Allen et al. 2006). 

The energetic hypothesis (Brown et al. 1993) applies at continental scales and predicts a 

unimodal distribution of body size within a particular taxon, which reflects the convergence of 

species on an optimal mass at which organisms allocate energy most efficiently under allometric 

scaling laws.  Interspecific competition disperses mass evenly around this modal value.  Multiple 

modes are possible, however, if resource variability is scale-dependent (Marquet et al. 1995).  

The phylogenetic hypothesis also applies at continental scales and suggests that body size 

distributions are structured by the evolutionary history of a group.  Within an area, species of the 

same lineage are evolutionarily limited in terms of size by their ancestral forms.  Multiple modes 

may arise at this scale through mechanisms proposed in the energetic hypothesis, through the 

convergence of taxa with different evolutionary histories (Marquet and Cofre 1999), or within 

lineages through stochastic evolutionary processes (Cumming and Havlicek 2002).   

A set of biogeographical hypotheses apply to scales below that of entire continents and 

predict that body size distributions will be determined by the spatial characteristics of a region 

and the ability of species to disperse across geographical barriers.  For example, two sets of 

species on opposite sides of a geographical boundary may exhibit different body size 

distributions through mechanisms predicted by one or both of the preceding hypotheses, and/or 

through community level sorting.  The textural discontinuity hypothesis (TDH; Holling 1992) 

predicts a discontinuous, multimodal distribution of body size.  An important component of this 

hypothesis is the assertion that ecosystems are structured by a few important processes that 
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operate within a particular scale.  A discontinuous size distribution arises as species of similar 

body size are entrained to environmental variation at their scale of perception and interaction.  

The appearance of discontinuities, or gaps, in the distribution results from a change of scale in 

environmental interaction.  As Allen and colleagues (2006) point out, the TDH applies to scales 

below the hypotheses previously outlined, and therefore may be subject to these prior influences.  

Lastly, community interactions hypotheses predict that numerous local processes, such as 

resource limitation and selective predation, organize body size distributions (Hutchinson 1959).  

Traditional views on competition and maximization of niche partitioning predict a continuous 

unimodal distribution unless resources themselves are clumped. 

There is clearly great overlap in how the five hypotheses explain patterns in body size 

distributions but, as Allen and others (2006) illustrate, each predicts specific, though sometimes 

similar, responses to the composition and structure of the size distribution with changes in the 

surrounding environment.  One reason for the lack of consensus results from confusion as to 

what scale the different hypotheses should be applied.  Moreover, preexisting effects imposed by 

larger scale processes can confuse interpretation of results observed at smaller scales.  

Consequently, the expression of effects predicted by any one hypothesis (or at one scale) can 

influence the expression of effects predicted by another.  The question of what determines the 

structure of body size distributions therefore demands a multiscale answer and cannot be fully 

explored otherwise. 

In Chapter 3, body size data (King 2004) is applied to the sandhill ants described in 

Chapter 2.  Very few field-based studies with detailed measurements of local and landscape 

environmental variation have been conducted to test the predictions of the TDH, and none 

involving ants.  Ants are well suited for this type of analysis since they exhibit a wide range of 
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body sizes and are highly adapted to their environment.  A focus is therefore placed on the TDH 

to determine how well observed ant community patterns fit the predictions of the TDH.  For 

example, do sandhill ants exhibit a discontinuous distribution of body size?  If so, are size groups 

influenced by different components of their environment?  Do size distributions change with 

variation in landscape structure?  Chapter 4 follows to provide both a summary of the important 

results from the earlier chapters and some concluding thoughts. 
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CHAPTER 2 
ANT COMMUNITY RESPONSE TO SPATIAL AND ENVIRONMENTAL VARIABILITY 

AT MULTIPLE SCALES 

Introduction 

Community ecologists have traditionally viewed their system of interest as closed with 

community dynamics driven mainly by local-scale processes (Ricklefs 1987).  It has since been 

recognized that systems are open and embedded in a multiscale network of biotic and abiotic 

flows (Wiens 1989, Holt 1993, Polis et al. 1997, Polis et al. 2004, Rand et al. 2006).  The 

movement of organisms and resources across habitat boundaries can alter the outcome of 

competitive interactions (Holt and Barfield 2003), predator-prey dynamics (Henschel et al. 

2001), and system productivity (Polis et al. 1997).  The magnitude and direction of these cross-

system flows are influenced by the structure of the landscape mosaic in which they occur 

(Cadenasso et al. 2004).  The composition and spatial arrangement of environmental features 

across scales are therefore fundamental determinants of community organization. 

The effects of landscape structure on population level attributes such as presence-

absence, abundance, fitness, or persistence are wide ranging and extensively studied (reviewed in 

Debinski and Holt 2000, Fahrig 2002, 2003).  However, the effects on entire communities, 

especially species-rich communities, are less well studied and understood.  A detailed literature 

is emerging on the effects of landscape context on arthropod communities in agroecosystems 

(Tscharntke et al. 2005, Rand et al. 2006).  These studies show that the amount of natural habitat 

in the surrounding landscapes is important in determining local community dynamics in 

agricultural areas.  Ecosystem services, such as pollination and the top-down regulation of 

agricultural pests, are locally enhanced through cross-system spillover, which increases the 

abundance and diversity of beneficial species when the surrounding landscape contains greater 

proportions of natural habitat (Kremen et al. 2002, Steffan-Dewenter 2003, Thies et al. 2003).  
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Frequent and intense disturbance in agricultural fields creates great opportunity for colonization 

from surrounding areas, so strong effects of landscape context might be anticipated in this 

situation.  However, there remains an inadequate understanding of how communities in 

heterogeneous natural landscapes under natural disturbance regimes respond to the structure of 

the surrounding landscape. 

Community response to this type of spatial and environmental variability may reveal 

metacommunity structure.  Metacommunities are defined as sets of local communities linked by 

dispersal of multiple species (Wilson 1992a, Holt 1993, Leibold et al. 2004).  The 

metacommunity concept is a framework for expanding community and metapopulation analysis 

beyond the effects of single scale (i.e., local) drivers and assumes a multiscale model of 

community dynamics.  At the heart of the theory is the recognition that the movement of 

propagules between patches and/or habitats within a broader context can affect local community 

processes, and vice versa.  There are four perspectives on the organization and dynamics of 

metacommunities within this concept (Leibold et al. 2004, Holyoak et al. 2005).  (1) The patch 

dynamics perspective is related to metapopulation theory (Levins 1969) and the equilibrium 

theory of island biogeography (MacArthur and Wilson 1967).  The perspective assumes that 

organisms perceive patches as identical islands where species undergo stochastic extinction.  

Immigration and emigration proceed based on the spatial dynamics of the landscape.  (2) In the 

species-sorting perspective, patches are not identical and community structure is driven by 

environmental gradients.  Dispersal coupled with niche partitioning based on local environmental 

differences is important for coexistence, but unrelated to pure spatial effects.  (3) The mass-

effects perspective emphasizes spatial relationships in heterogeneous environments.  

Immigration and emigration can proceed in spatially linked habitats so that species may avoid 

18 



 

exclusion from areas in which they are poor competitors or heavily predated upon (i.e., by the 

rescue effect; Brown and Kodric-Brown 1977).  Source-sink dynamics play heavily into this 

perspective.  (4) The neutral perspective assumes that species do not differ in traits or capabilities 

that affect fitness.  Community structure is determined by a combination of speciation and the 

loss of species from local habitats through a series of random walks, both of which are 

influenced by spatiotemporal variation (Hubbell 2001).  The metacommunity concept may be an 

insightful framework for attaining a better understanding of patterns of ant community dynamics 

and species coexistence across multiple spatial scales.  Ant communities are linked by dispersal 

across habitats but it is unknown how they relate to one or more of these perspectives. 

The ants of Florida form a diverse fauna whose taxonomy and statewide distributions 

have been well studied (Van Pelt 1958, Deyrup and Trager 1986, Deyrup et al. 1988, Lubertazzi 

and Tschinkel 2003, King 2004).  In a recent update, Deyrup (2003) catalogs 218 species of ants 

in Florida: the largest statewide assemblage of ant species in eastern North America.  The 

diversity of ants in Florida and worldwide is due, in part, to a spectacular array of social 

behaviors that allow for local coexistence through niche partitioning (Hölldobler and Wilson 

1990).  For example, Camponotus socius and C. floridanus temporally partition a shared food 

resource through diurnal and nocturnal foraging respectively.  Some harvester ant species 

mediate competition for food by foraging on different sizes or densities of seeds (Davidson 

1977a, b).  Species coexistence at broader spatial scales can be achieved through trade-offs in 

performance within particular habitats.  For instance, if the competitive hierarchy changes with 

habitat type, a spatially heterogeneous landscape can be important for maintaining coexistence at 

landscape and regional scales.  This broader-scale mechanism of coexistence can also facilitate 

local coexistence through source-sink dynamics (Chesson 2000, Kneitel and Chase 2004, 
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Mouquet et al. 2005).  Though local (within-habitat) spatial heterogeneity is known to affect ant 

community dynamics (Yu et al. 2001, Palmer 2003), the effects of spatial heterogeneity of 

different habitats in the surrounding landscape has been inadequately investigated in ants 

communities. 

This study focuses on the sandhill habitat of northern Florida, USA.  The response of 

local ant communities to spatial and environmental variability in the local environment and the 

surrounding landscape is examined by addressing the following questions: (1) what is the 

relative importance of environmental and spatial dependence in the organization of ant 

communities?  (2) Once this framework is established, how, specifically, are ant communities 

spatially structured across a range of scales?  (3) How are ant communities structured by local 

and landscape level environmental variation?  (4) Do sandhill ant communities exhibit 

metacommunity structure? 

Study Area and Methods 

Study Area 

The study took place on the sandy ridges of northern Florida (Fig. 2-1).  Sandhill, a 

rolling savanna-like ecosystem, is described by an open canopy of longleaf pine (Pinus palustris) 

and scattered oak species.  The understory is a sparse, yet diverse mix of wiregrass (Aristida 

stricta) and other perennial herbs with few shrubs (Meyers 1990).  Bare patches of the well 

drained sandy soil are not uncommon.  Sandhills support a diverse biota including many endemic 

and threatened species (Myers 1990).  Frequent low-intensity ground fire is critical to 

maintaining ecosystem integrity and the open structure of the habitat (Myers 1990).  Many 

species are therefore adapted and dependent on this frequent fire regime. 

Sandhills were once more common throughout the southeastern United States.  Much of 

the habitat, however, has been severely degraded or destroyed in recent decades under 
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anthropogenic pressures (Noss et al. 1995).  Neighboring habitat includes a mix of natural and 

human modified land cover.   Natural land cover includes mixed hardwood-pine forests, pine 

flatwoods, freshwater marsh, open water, and forested swamp habitats (Myers and Ewel 1990).  

The forest types mentioned here are structurally denser than sandhill habitat with poorly drained 

mesic to hydric soil.  Modified land cover includes urban areas, pasture, agriculture, extractive 

mining (mostly sand), commercial pine plantation, and disturbed natural land cover types.  A 

detailed land cover classification conducted by the Florida Fish and Wildlife Conservation 

Commission (FWC) was used to measure attributes of these land cover types.  The FWC map 

was derived from Landsat ETM imagery acquired in 2003 and contains 43 land cover classes at a 

resolution of 30 m (Stys et al. 2004).  Natural pine flatwoods and commercial pine plantations 

are confused in this classification and were therefore combined into one class (pineland) by Stys 

and colleagues (2004).  These are two structurally similar habitats with dense understories and 

poorly drained acidic soil (Abrahamson and Hartnett 1990). 

 
Site Selection 

Thirty-three sample sites (Table 2-1, Fig 2-1) were selected to span a range of variation in 

landscape context while standardizing for local habitat quality.  Sites were chosen from a 

selection pool of 2000 points randomly generated in sandhill habitat based on the FWC map.  All 

points were located at least 20 m from the habitat boundary to minimize edge effects.  Circles of 

radii 100, 300, 500, and 1000 m were centered on each point and landscape metrics (Table 2-2) 

were measured in a GIS environment at each spatial extent to determine the range of 

heterogeneity in Florida landscapes.  ArcView 3.3 (ESRI 1999) was used for all GIS 

applications.  Clustering analysis was performed on these data in order to assemble the selection 

pool into relatively homogeneous groups that represent the full range of heterogeneity in 
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landscape structure across the study region.  A preliminary list of sites was chosen from each of 

these groups.  To standardize sites for high quality sandhill habitat locally, each site was 

validated in the field.  The requirement of standardized local habitat precluded the sampling of 

some landscape types.  For example, highly degraded landscapes, containing very high 

proportions of urban land cover, had poor local habitat quality and consequently were not 

sampled.  The selected sites span most of the gradient in landscape heterogeneity within the 

study region (see Appendix).  All sites were spatially referenced at the center point to within 8 m 

using a Garmin 76S handheld GPS unit.  The sample sites span a distance of over 250 km, 

covering most of the north-south extent of sandhill on the Florida peninsula. 

 
Field Sampling and Identification 

Ground-dwelling ants were sampled by two methods: pitfall trapping and litter extraction 

using Winkler sacks.  Pitfalls were made from 53 mm diameter sample cups (SAMCO, 90 ml), 

buried so the lip of the cup was flush with the ground, and filled two-thirds full with a 50% 

solution of propylene glycol and a small amount of dish soap.  At each site, sixteen pitfalls were 

arranged in a square grid of 4 rows and 4 columns with rows and columns separated by 10 m.  

Pitfalls were deployed for 72 hours during periods without precipitation.  Trap contents were 

filtered into 95% ethanol for later sorting and identification.  After pitfalls were retrieved, five 

litter samples were collected at the four corners and center of each site.  All litter within a 1 m2 

area was quickly gathered and the course material sifted out in the field.  The fine siftate was 

then hung in Winkler sacks for 48 hours and ants were allowed to accumulate in cups of 95% 

ethanol following the methods outlined in Agosti et al. (2000).  Each site was sampled twice 

between May and October 2005. 
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All ant specimens, excluding males and queens, were identified to species by B. J. 

Spiesman.  Since ant species have different foraging strategies, raw abundance data can 

misrepresent the relative abundance of a given species.  To alleviate this bias, the occurrence of 

ant species (number of times a species occurred in a trap) was used as a measure of relative 

abundance at each site.  Occurrence data was Hellinger-transformed, following Legendre and 

Gallagher (2001), for all analyses to account for the many zeros in the species data table that 

result with species turnover between sites.  Rarefaction curves were drawn for each site to 

determine the adequacy of sampling using the program EstimateS v7.5.0 (Colwell 2005). 

To assess local habitat characteristics, the percent cover of vegetation and bare ground 

was estimated within a 1 m2 quadrat centered on each pitfall trap location.  Cover estimates for 

grass, litter, other herbaceous plants, shrubs, trees, dead wood, and bare ground were recorded 

before ant sampling and rounded to the nearest 5%.  Any portion of canopy cover over 3 m in 

height was not included in the estimate of tree cover since large trees are sparsely distributed and 

any shading resulting from vegetation at that height would originate from areas outside of the 1 

m2 area. 

Analysis 

Quantifying environmental variables 

Landscape metrics were classified as either composition or arrangement variables.  

Composition refers to the identity and amount of land cover types, whereas arrangement refers to 

the shape and spatial position of landscape features.  These variables were quantified for the 33 

sample sites within circular areas of radii 100, 250, 500, 750, and 1000 m centered on each site.  

Landscape composition variables were measured as the area (m2) of each land cover type and the 

total number of land cover classes within each circular area.  The Patch Analyst extension for 

ArcView 3.3 was used to calculate landscape arrangement variables for all classes combined as 
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well as sandhill habitat alone.  The normalized difference vegetation index (NDVI) is a 

continuous variable and was used as a measure of landscape productivity and heterogeneity.  The 

NDVI data used in these analyses were derived from the MODIS satellite platform (Carroll et al. 

2005).   Each scene is a 16-day composite comprised of 8 bit data with a resolution of 250 m.  

Three scenes representing the early (May 9-24), middle (July 12-27), and later (Oct. 16-31) 

portion of the sampling period were averaged to obtain a mean value product for the 2005 

sampling period.  Three sites in the July scene were obscured by clouds and therefore masked 

and replaced with data from the period immediately following (July 28-August 12) prior to 

averaging.  This product was used to quantify the mean and standard deviation NDVI within 

each spatial extent for all sites. 

Local scale cover estimates were averaged within sites and the standard deviation 

calculated for each cover type as a measure of heterogeneity.  Elevation was recorded from the 

GPS unit and rounded to the nearest meter.  Environmental variables were square-root-

transformed for all analyses.  A list of environmental variables is presented in Table 2-3. 

Quantifying spatial variables 

Principal Coordinates of Neighbor Matrices (PCNM) is a method used to obtain an 

uncorrelated set of explanatory variables that can be used in regression or ordination analyses to 

describe spatial dependence in community data (Borcard and Legendre 2002).  PCNM analysis 

has proven superior to its predecessor, trend-surface analysis, in that it more fully explains 

spatial dependence across a continuous range of scales instead of a single coarse scale (Borcard 

et al. 2004). 

PCNM variables were derived following Borcard and Legendre (2002) and Borcard et al. 

(2004).  The procedure to obtain the set of explanatory spatial variables involves three general 

steps: (1) calculation of a Euclidian distance matrix comprised of the geographic distances 
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between sites, (2) modification of the geographic distance matrix by replacing distances greater 

than the minimum needed for all sites to remain connected within a network with an arbitrarily 

large number, and (3) principal coordinates analysis of the modified distance matrix.  From the 

principal coordinates analysis, the axes that correspond to positive eigenvalues are retained as the 

set of explanatory PCNM variables. 

Principal coordinates analysis on the modified distance matrix returned 11 PCNM 

variables, which explain the spatial dependence of community assemblages across a range of 

scales.  Specific distances corresponding to the spatial scale of each PCNM variable can be 

calculated if sample sites are arranged regularly along a linear transect or grid.  However, since 

the sample sites in this study were arranged irregularly throughout the region, the spatial scale of 

each PCNM variable could not be quantified precisely.  Qualitatively, though, the first PCNM 

variables correspond to very broad scale spatial structure and successively higher numbered 

variables correspond to increasingly finer resolution spatial structure.  The broadest spatial scale 

roughly corresponds to the spatial extent of the entire study and finest scale roughly corresponds 

to the average distance between neighboring sites. 

Statistical analyses 

Redundancy analysis (RDA) is the canonical version of principal components analysis 

and is a method used to examine how much of the variation in one dataset can be explained by 

the variation in another.  Partial RDA was used to determine how a set of environmental 

variables and a set of spatial variables simultaneously explain the variation observed in ant 

communities (Borcard et al. 1992, Legendre and Legendre 1998).  This procedure allows one to 

determine the effect of pure environmental variation (A), pure spatial variation (C), and mixed 

enviro-spatial variation (B) on community structure, as well as the fraction of variation that 

remains unexplained (D).  It follows that (A+B+C+D) equals the total amount of variation 
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observed in the community.  Five separate RDA analyses with ant species data as the response 

variables were required to explain each portion of variation: species data constrained by 

environment data with the spatial data as covariables (A); species data constrained by spatial data 

with environment data as covariables (C); species data constrained by environment data (A+B); 

species data constrained by spatial data (B+C); and species data constrained by a combined 

environment-spatial dataset (A+B+C).  Fraction B, mixed enviro-spatial variation, cannot be 

derived on its own and is obtained by subtracting (A+B) – (A) and/or (B+C) – (C).  Fraction (D), 

unexplained variation, is determined by subtracting 1 – (A+B+C).  Because the list of potential 

environmental and spatial variables was long, many of which are highly correlated and/or may 

explain variation in the species data by chance alone, only significant variables were used in the 

final analyses.  Significant variables (P < .05) were identified by performing a preliminary RDA 

on the species data constrained by the environmental variables with forward selection (999 

Monte Carlo permutations under the full model).  Redundancy analyses were performed using 

CANOCO v4.5 (ter Braak and Šmilauer 2002).  Species data was centered and standardized for 

this and all other RDA analyses.  Analyses were separately run using the landscape metrics 

measured at each of the five spatial extents (100, 250, 500, 750 and 1000 m).  Results observed 

using the 500 m data explained the greatest amount of variation in the ant community data, 

therefore the landscape data at this spatial extent were used in all subsequent analyses.  A 500 m 

radius circle covers an area of 78.5 hectares and is biologically relevant to the arena in which 

ants interact with the landscape (Hölldobler and Wilson 1990). 

Since PCNM variables represent spatial structure at specific scales, the six significant 

PCNM variables were grouped to form three scale classes: broad (PCNM 1 and 2), medium (4 

and 5), and fine (7 and 9).  Redundancy analysis, constrained by the PCNM variables for each 
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spatial class, was performed to investigate the effect of spatial structure in ant communities at 

multiple scales.  Tests of significance on all RDA axes combined as well as individual axes were 

performed with 999 Monte Carlo permutations under the full model.  The significant RDA axes 

for each model were then regressed against the pool of environmental variables to determine how 

environmental variation contributes to observed spatial structure in ant communities. 

To determine how ant communities are structured by their surrounding environment, 

RDA was performed on the ant species data constrained by the significant environmental 

variables.  Tests of significance on all RDA axes combined and individual axes were performed 

with 999 Monte Carlo permutations under the full model.  Generalized linear models were then 

constructed for each species in response to the first significant axis of the RDA.  Significant 

species were identified for the generalized linear models by stepwise selection (P < .05). 

Results 

Ant Sampling and Identification 

Excluding males and queens, pitfall trapping and Winkler extraction yielded 25,779 

individuals from 66 species in 23 genera (Table 2-4).  The observed number of species ranged 

from 17-33 with a mean of 25.2 ± 3.9 (1 SD) species per site.  Individual based rarefaction 

analysis indicated that sites were well sampled as curves for all sites appeared to approach an 

asymptote.  Non-native species occurred in low abundances and infrequently, ranging from 0-3 

with a mean of 1.3 species per site, which provides evidence that the sites are reasonably 

undisturbed.  Cardiocondyla emeryi and Cyphomyrmex rimosus were the most frequently 

observed non-native species, occurring at 19 and 11 sites respectively.  Locally, however, they 

occur in very low densities.  Solenopsis invicta, the red imported fire ant, was present at three 

sites but also occurred in low densities, not dominating any species assemblage.  Only one site 

appeared to be dominated by any one particular species.  Solenopsis geminata, a Florida native, 
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was highly abundant at this site (75.9% of individuals captured) and appeared to exclude other 

species as this site had the lowest number of observed species (16). 

Very rare species (less than 10 occurrences across all sites) were excluded from 

subsequent analyses.  Most of these species are arboreal or legionary and infrequently observed 

as a result of methodological bias.  For example, two species of Crematogaster are arboreal 

specialists and likely abundant at most sites, yet they were poorly detected with the ground based 

sampling strategy. 

Variable Selection and Enviro-spatial Variance Partitioning 

Of the eleven derived PCNM variables, variables 1, 2, 4, 5, 7, and 9 significantly explain 

the spatial dependence in ant communities as determined by the forward selection process (Table 

2-3).  This represents spatial structure across a range of scales: from very broad (i.e., across the 

entire study area) to fine (i.e., between neighboring sites). 

The significant environmental variables identified by forward selection and used in these 

models represent a range of landscape composition and site level habitat data, however, no 

landscape arrangement metrics were selected (Table 2-3).  In the following results, the sum of all 

canonical eigenvalues is reported as the percent of variation, or R2, explained by each model.  

Since R2 values will increase as additional variables are added to regression models, explained 

variation is reported for all analyses using adjusted R2 values so that models with differing 

numbers of variables can be compared more reliably.  The adjusted R2 was calculated as: 

R2
adj = 1 – ((N – 1) / (N – k – 1)) (1 – R2),  

where N is the number samples (sites in this case) and k is the number of independent variables 

included in the model.   

Results of the set of redundancy analyses indicate that the variation in ant communities is 

significantly explained by both environmental and spatial dependence (Table 2-5).  The relative 
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proportions of variation explained by pure environmental dependence (A: 10.3%), pure spatial 

dependence (C: 10.9%), and mixed enviro-spatial dependence (B: 11.2%) are represented in Fig. 

2-2.  Spatial and environmental dependence combined explains 32.4% of the variation, leaving 

67.6% of the variation in the ant data attributed to unexplained factors.  There is substantial 

overlap between environmental and spatial effects.  Over 50% of the total unpartitioned 

environmental effect (A+B) on ant community structure is mixed with spatial effects (B+C), 

indicating that ant communities are structured by environmental variables that are themselves 

spatially autocorrelated. 

Spatial Dependence 

Total spatial dependence (B+C) explained 22.1% of the variation in the ant data.  Each 

PCNM scale class explained ant spatial dependence significantly (Table 2-5).  RDA analysis at 

each scale indicates that spatial dependence at broad, medium, and fine scales explains 31.1, 

18.3, and 17.4 percent of the total spatial dependence respectively.  Linear regression with 

forward selection (P < .05) on the first significant axis of the broad scale RDA model indicates 

that the area of pineland and elevation (in order of importance) surrounding sites are important in 

spatially structuring ant communities across broad scales.  The broad scale change in community 

structure across the study region is evident in Fig. 2-3A.  The area of pineland habitat 

surrounding these sample sites significantly decreases with latitude (R2 = .404, P < .00001, N = 

33) and increases with longitude (R2 = .212, P < .007, N = 33), as is seen in the sample scores in 

Fig. 2-3A.  Elevation at sample sites does not vary with latitude but has a weak positive 

association with longitude (R2 = .119, P = .049, N = 33). 

Spatial structure at fine scales is represented in Fig. 2-5C where neighboring sites have 

similar axis scores, but large and small magnitude axis scores are distributed throughout the 

region.  Spatial structure at the fine scale is influenced (in order of importance) by the mean area 
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of bare ground within sites and the area of high impact urban cover surrounding sites (Table 2-

5). 

Spatial structure at medium scales is not as defined as structure at broad or fine scales 

(Fig. 2-3B).  The amount of high impact urban cover and mean area of bare ground (in order of 

importance) influence the spatial structure at this scale. 

Environmental Dependence 

Total environmental dependence (A+B) significantly explained 21.5% of the variation in 

the ant data.  Results of RDA analysis on the ant data constrained by the significant 

environmental variables are seen in Fig. 2-4.  The first two axes were significant (P = .001 and 

.035 respectively) and explain a combined 20.03% of the variation in the ant data.  Mean bare 

ground cover within sites varies most strongly with axis 1.  The area of pineland, high impact 

urban, freshwater marsh, and elevation vary with both axes 1 and 2.  Cypress swamp varies most 

strongly with axis 2.  Although the area of extractive land cover was selected as a variable that 

significantly describes variation in ant communities, it does not seem to be a factor in the first 2 

RDA axes.  Though community composition and the relative abundances of species are 

influenced by landscape and local variables, species richness appears to be independent of the 

local and landscape level environmental variables, and determined by unmeasured factors (Fig.2-

4). 

The amount of pineland surrounding study sites is strongly correlated with the first and 

second axes and accounts for much of the variation in the ant community.  The area of this land 

cover type can be viewed as a surrogate for sandhill fragmentation.  Within the study area 

pineland is significantly and negatively correlated with the total amount of sandhill (R2 = .479, P 

< .0001, N = 33), focal patch area (R2 = .308, P < .001, N = 33), mean sandhill patch area (R2 = 

.301, P < .001, N = 33), and mean patch perimeter (R2 = .344, P < .001, N = 33) in each 500 m 
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radius circle.  Moreover, the area of pineland habitat is significantly and positively correlated 

with the perimeter to area ratio (R2 = .200, P = .009, N = 33) and the number of sandhill patches 

(R2 = .167, P = .018, N = 33) in each landscape.  So with greater amounts of pineland cover, the 

total amount of sandhill decreases, and sandhill patches become smaller, more numerous, and 

more irregular in shape.  One could therefore associate this land cover type with sandhill habitat 

fragmentation and an increased matrix area of relatively densely structured habitat.  Indeed, this 

habitat has been aptly described as the matrix that connects many habitats, such as sandhill, 

throughout Florida (Edmisten 1963).   

In order to characterize ant communities by the species that comprise these assemblages, 

species response curves were generated from the generalized linear model for axis 1 of the RDA 

(Fig. 2-5).  Results reveal that sites with little pineland in the surrounding landscape (therefore 

high proportions of intact sandhill) and greater amounts of bare ground locally, support a greater 

number of open habitat specialists.  These open habitat specialists are replaced by habitat 

generalists at the other end of the community axis, where sites are juxtaposed to greater amounts 

of pineland habitat.   Here, open habitat specialists are defined as species that require open 

structured habitats with a sparse understory and well drained sandy soil.  Habitat generalists are 

defined as species that can exist in either open habitats or more densely vegetated habitats with 

thicker leaf litter layers and more mesic soil conditions. 

Discussion 

Variation in ant communities in Florida sandhills is strongly dependent on environmental 

and spatial variation at multiple spatial scales.  Redundancy analysis using PCNM variables 

indicates that ground-dwelling ant communities in Florida sandhills exhibit significant spatial 

dependence across broad (regional), medium, and fine (between neighboring sites) scales (Table 

2-5, Fig. 2-2).  Broad scale spatial dependence explains the greatest proportion of the overall 
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spatial component, with medium and fine scale dependence explaining a smaller but similar 

proportion.  Different environmental variables are correlated with spatial dependence at each of 

these scales suggesting that different processes are involved in community organization at 

different scales.  Pineland and bare ground are the two strongest environmental factors 

structuring ant communities (Fig. 2-4).  At the fine scale, the amount of bare ground is important 

in defining spatial structure, which indicates that local habitat management, such as prescribed 

fire, may also contribute to ant community organization. The importance of pineland in 

explaining spatial-dependence at broad scales suggests that sandhill fragmentation and the 

amount of nearby matrix habitat is a strong driver of ant community structure.  Spatially 

dependent spillover from neighboring habitats can have strong influences on local community 

composition (Holt 1993, Polis et al. 2004, Rand et al. 2006).  The significance of pure spatial 

effects on ant community structure provides support for the mass effects perspective of the 

metacommunity concept.  Cook and colleagues (2002) recognized the importance of infiltration 

by matrix species to observed patterns of community structure. 

A pure environmental effect is also seen in the environmental RDA model.  The main 

axis in Fig. 2-4 is organized along an environmental gradient primarily defined by landscapes 

with high proportions of pineland and fragmented sandhill at one end, and landscapes with high 

proportions of intact and open structured sandhill at the other.  Results of generalized linear 

models reveal that the occurrence of habitat generalists and open habitat specialists can also be 

arranged along this axis of community structure (Fig 2-5), with the strongest factors being the 

amount of bare ground at fine scales and the amount of pineland at broad spatial scales.  These 

two sets of species are important community players accounting for over 54% of the occurrences 

and raw abundance in the study.  This result suggests that some combination of the species-
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sorting and mass effects perspective on metacommunities may be appropriate, since both 

environmental and spatial dynamics are at work in structuring ant communities.  

Regional coexistence of the habitat generalist and open habitat specialist ant species 

described in this study is likely influenced by trade-offs in performance among particular 

habitats (Kneitel and Chase 2004).  Sandhill habitat is less productive with greater variation and 

extremes in microclimate conditions than much of the intervening matrix habitat (e.g., pineland).  

Increased tolerance in open habitat specialists to these types of conditions may be traded for 

habitat generalization, resulting in spatially-segregated regional coexistence.  Palmer (2003) 

demonstrated a similar scenario, though at a smaller spatial scale, in a competitive guild of 

acacia ants that coexist by partitioning habitat between areas of differing resource productivity.  

In his study, competitively dominant species supplanted subordinate species in high productivity 

zones, while subordinate species supplanted competitive dominants in low productivity zones.  

However, since local habitat quality was standardized in the present study, it is unclear why 

habitat generalists, normally the inferior competitor in the habitat preferred by specialists, appear 

to be outcompeting open habitat specialists in landscapes with high proportions of matrix habitat.   

The apparent replacement of open habitat specialists with habitat generalists may occur 

through a number of possible mechanisms such as (1) source-sink dynamics, (2) cross-system 

flow mediated competitive interactions, and (3) cross-system flow mediated predation.  Each of 

these possibilities is considered in turn.  Source-sink dynamics (1) may permit species, such as 

the habitat generalists observed here, to avoid local extinction through repeated invasion and 

replenishment from neighboring habitats (Brown and Kodric-Brown 1977).  Holt (2004) 

developed a simple model that explains how continuous immigration by an inferior competitor 

allows it to persist in habitats where it otherwise would not.  When the rate of immigration is 
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sufficiently high, the inferior competitor can even exclude the superior competitor.  The 

landscape-dependent colonization rate of generalist ant species was demonstrated by Schoereder 

and others (2004).  These authors describe how smaller tropical forest remnants, which tended to 

be more isolated, were more often invaded by generalist ant species from the surrounding matrix.   

(2) Alternatively, it is possible that habitat generalists may be outcompeting open habitat 

specialists as a result of biotic and/or abiotic flows from surrounding habitats which alter the 

local environment in a way that allows them to better exploit resources or tolerate microclimate 

conditions.  For example, Pheidole dentata is a habitat generalist that recruits a dominant number 

of workers to secure and gather food resources, while excluding most other species.  King (2004) 

reported that P. dentata dominated baited traps across a range of Florida ecosystem types 

including pine flatwoods, hardwood hammocks, and sandhills.  P. dentata was particularly 

dominant in the sites with more densely structured habitat but less so in open structured sites.  

Cross-system flows of resources originating from matrix habitats may allow P. dentata to 

maintain its dominance over habitat specialists, even in high quality sandhill habitat where open 

habitat specialists like P. metallescens tend to exert increasing dominance at baits. 

(3) Spillover effects can influence trophic dynamics as well (Polis et al. 1997, Rand et al. 

2006).  Habitat generalists may be adapted to avoid predators that have also invaded from the 

matrix, leaving open habitat specialists to bear the brunt of predation by the invading predators.  

Alternatively, open habitat specialists may be at greater risk of predation via apparent 

competition.  Such a situation might result if in situ predator populations are artificially high 

because they are spatially subsidized by the source-sink movement of colonizers from the 

surrounding matrix (Holt 2004).  Additional research is needed to confirm whether any of these 

potential mechanisms is at work in this system. 
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Ant community change across the study region appears to follow many of the predictions 

of metacommunity theory.  The significant effects of pure spatial dependence suggest that ant 

metacommunities are organized according to the mass-effect perspective.  This supposition is 

supported by the apparent movement of habitat generalists into sandhill patches in landscapes 

with high proportions of matrix habitat.  Even though there are strong environmental effects (an 

indication of species-sorting mechanisms) much of the variation explained by environmental 

factors is confused with spatial factors.  Nevertheless, this mixed spatial dependence does not 

completely discount the species-sorting perspective.  The significance of the pure environmental 

component, as well as the significance of local variables (i.e., bare ground and elevation) 

indicates that species sorting does influence community organization.  Cottenie and De Meester 

(2005) observed similar spatial and environmental dependence of zooplankton density in a 

metacommunity of interconnected ponds.  It seems likely that a combination of these two 

metacommunity perspectives would be best used to describe the dynamics observed here. 

Conservation and Management Implications 

Alterations in species composition resulting from land cover change and the ensuing 

change in system dynamics can impact the function of ecosystems.  Ness (2004) and Ness et al. 

(2004) describe how community composition can vary with land cover change and exotic 

invasion, resulting in a diminished capacity of ants to disperse seeds.  Many sandhill plant 

species benefit from ant-assisted seed transport, so the loss of granivorous open habitat 

specialists, such as the Florida harvester ant (Pogonomyrmex badius), may decouple ant-plant 

relationships and invoke feedbacks that alter plant distributions (Stamp and Lucas 1990, Harmon 

and Stamp 1992). 

Though community composition varied greatly, species richness was independent of the 

measured environmental variables and similar across most sites.  The high levels of species 
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turnover among sites would suggest that spatial and environmental heterogeneity at multiple 

scales is important for maintaining a diverse regional species pool.  Therefore, continued 

anthropogenic pressure on sandhills in Florida resulting in habitat loss or reduced habitat quality 

is cause for concern.  Alteration of the landscape favoring habitat generalists may reduce the 

viability of open habitat specialists across the range of remaining sandhill, thereby reducing the 

potential for spatially segregated regional coexistence.  Given the importance of broad scale 

environmental variation to sandhill ant communities, multiscale adaptive management strategies 

are necessary for assuring the preservation of regional biodiversity and ecological integrity since 

uncoordinated local management would prove ineffective (Cumming and Spiesman 2006). 

Conclusions 

Both environmental and spatial variation at multiple spatial scales is important for 

community organization in sandhill ants.  Since sampling was conducted in one habitat type, 

standardized for quality, community change between sites largely reflects variation in the 

surrounding landscape.  The results presented here emphasize the importance of recognizing 

openness in the dynamics of local sandhill ant communities, and suggest that cross-system flows 

from nearby areas have significant effects on community structure.  Cross-system flows of 

species or resources between neighboring habitats can influence the outcome of competitive 

interactions or alter predator-prey relationships.  Results suggest that such flows from habitats 

neighboring the study sites may alter community structure through source-sink dynamics, cross-

system flow mediated competitive interactions, or cross-system flow mediated predation. The 

data do not conclusively support any of the hypothesized mechanisms but it appears that mass 

effects may be highly important in determining how the composition of local communities 

changes across the study region.  Results of this study also suggest that metacommunity 

dynamics influence local communities of ants, and the concept would therefore be a good 
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framework for future studies.  Such studies should combine observation and experimental 

manipulation in multiple localities within multiple landscapes to investigate the mechanisms 

behind the community patterns observed here. 
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Table 2-1. Site locations 
Site Location County Latitude Longitude Elevation 

1 Ordway-Swisher Biological Station Putnam 29.699346 -82.024988 45 
2 Ordway-Swisher Biological Station Putnam 29.669110 -82.019424 33 
3 Ordway-Swisher Biological Station Putnam 29.672562 -82.028206 38 
4 Ordway-Swisher Biological Station Putnam 29.684560 -81.998185 63 
5 Ordway-Swisher Biological Station Putnam 29.707818 -81.956985 31 
6 Ordway-Swisher Biological Station Putnam 29.727738 -81.976403 42 
7 Ordway-Swisher Biological Station Putnam 29.702135 -81.940305 37 
8 Ordway-Swisher Biological Station Putnam 29.678287 -81.959956 56 
9 Ross Prairie State Forest Marion 29.034736 -82.298020 24 

10 Ross Prairie State Forest Marion 29.010435 -82.271654 32 
11 San Felasco Hammock Preserve State Park Alachua 29.715400 -82.457834 72 
12 Jennings State Forest Clay 30.136934 -81.952781 40 
13 Jennings State Forest Clay 30.136875 -81.885852 45 
14 Jennings State Forest Clay 30.095827 -81.916115 34 
15 Withlacoochee State Forest Citrus 28.815033 -82.455900 13 
16 Mike Roess Gold Head Branch State Park Clay 29.845977 -81.952740 67 
17 Mike Roess Gold Head Branch State Park Clay 29.828854 -81.956047 58 
18 Mike Roess Gold Head Branch State Park Clay 29.817218 -81.942581 58 
19 near Goethe State Forest Levy 29.283639 -82.587915 33 
20 Goethe State Forest Levy 29.350489 -82.604873 37 
21 Keuka Sand Mine Putnam 29.595957 -81.908054 32 
22 near Withlacoochee State Forest Citrus 28.979018 -82.549149 18 
23 Withlacoochee State Forest Hernando 28.536876 -82.269255 32 
24 Withlacoochee State Forest Hernando 28.602227 -82.285193 23 
25 Withlacoochee State Forest Hernando 28.622061 -82.286753 26 
26 Withlacoochee State Forest Hernando 28.585455 -82.285958 43 
27 Withlacoochee State Forest Citrus 28.713448 -82.482858 27 
28 Withlacoochee State Forest Citrus 28.710467 -82.412454 37 
29 Withlacoochee State Forest Citrus 28.738915 -82.435827 45 
30 Withlacoochee State Forest Citrus 28.746142 -82.407648 34 
31 Ralph E. Simmons State Forest Nassau 30.787781 -81.958989 36 
32 Ralph E. Simmons State Forest Nassau 30.799472 -81.950544 28 
33 Ralph E. Simmons State Forest Nassau 30.791503 -81.945466 28 

Spatial coordinates and elevation recorded at each site center.  Elevation is rounded to the nearest meter. 
See map in Fig. 2-1. 
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Table 2-2.  Site selection variables.  Each variable was measured from the 2003 FWC land cover 
map (Stys et al. 2004) within a radius of 100, 300, 500, and 1000 m surrounding each 
of the 2000 random points in the selection pool.  This data was then used to select 
sites that span the range of landscape heterogeneity within the study region. 

Site Selection Variables 

Focal patch area 

Focal patch perimeter/area ratio 

Number sandhill patches 

Mean perimeter/area ratio of all sandhill patches 

Mean perimeter of all sandhill patches 

Number land cover classes 

Area of each land cover class 
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Table 2-3.  Pool of environmental variables.  Landscape composition and arrangement variables 
were derived from the FWC land cover map (Stys et al. 2004).  NDVI data is from 
Carroll et al. (2005).  Variables are distinguished between composition (identity and 
amount of landscape variable), arrangement (variables related to patch shape and 
spatial location within the landscape) and local (mean and standard deviation percent 
cover within a site).  Significance values are reported for variables selected with 
forward regression and used in the final analysis.   

Variable 
code Description 

FWC land 
cover class Variable type Sig. 

Sndhl Area sandhill 5 Composition - 
DryPr Area dry prairie 6 Composition - 
HdPin Area mixed hardwood-pine 7 Composition - 
Hamk Area hardwood hammocks 8 Composition - 
Pine Area pineland: pine plantation & 9 Composition 0.001 
Mar Area freshwater marsh 12 Composition 0.033 
D_Smp Area disturbed swamp 15 Composition - 
B_Smp Area bay swamp 16 Composition - 
C_Swp Area cypress swamp 17 Composition - 
WetFor Area wetland forest 19 Composition 0.014* 
HdSmp Area hardwood swamp 20 Composition - 
Water Area open water 27 Composition 0.028* 
D_For Area disturbed forest 30, 28 Composition - 
Past Area pasture 31, 32 Composition - 
Agric Area agriculture 34, 35, 36 Composition - 
H_Urb Area high impact urban 41 Composition 0.003 
L_Urb Area low impact urban 42 Composition - 
Extr Area extractive 43 Composition 0.023 
NumC Number land cover classes - Composition - 
NDVI Mean NDVI - Composition - 
SD_NDVI Std. Dev. NDVI - Composition - 
MNN Mean nearest neighbor (all classes) - Arrangement - 
MSI Mean shape index (all classes) - Arrangement - 
MNN_SH Mean nearest neighbor (sandhill) - Arrangement - 
MSI_SH Mean shape index (sandhill) - Arrangement - 
PA Focal patch area - Arrangement - 
PAR Focal patch perimeter/area ratio - Arrangement - 
NSHP Number sandhill patches - Arrangement 0.031 
APA Mean sandhill patch area - Arrangement - 
APP Mean sandhill patch perimeter - Arrangement - 
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Table 2-3 Continued 

Variable 
code Description 

FWC land 
cover class Variable type Sig. 

Elev Elevation - Local 0.031 
A_Gras Mean grass cover - Local - 
SD_Gras Std. Dev. grass cover - Local - 
A_Lit Mean litter cover - Local - 
SD_Lit Std. Dev. litter cover - Local - 
A_Herb Mean herbaceous cover - Local - 
SD_Herb Std. Dev. herbaceous cover - Local - 
A_Shrb Mean shrub cover - Local - 
SD_Shrb Std. Dev. shrub cover - Local - 
A_Tree Mean tree cover - Local - 
SD_Tree Std. Dev. tree cover - Local - 
A_Bare Mean bare ground - Local 0.001 
SD_Bare Std. Dev. bare ground - Local - 
A_DW Mean dead wood cover - Local - 
SD_DW Std. Dev. dead wood cover - Local - 
PCNM1 PCNM Axis 1 (Broadest spatial scale) - Spatial 0.001 
PCNM2 PCNM Axis 2  - Spatial 0.001 
PCNM3 PCNM Axis 3 - Spatial - 
PCNM4 PCNM Axis 4 - Spatial 0.001 
PCNM5 PCNM Axis 5 - Spatial 0.041 
PCNM6 PCNM Axis 6 - Spatial - 
PCNM7 PCNM Axis 7 - Spatial 0.001 
PCNM8 PCNM Axis 8 - Spatial - 
PCNM9 PCNM Axis 9 - Spatial 0.030 
PCNM10 PCNM Axis 10 - Spatial - 
PCNM11 PCNM Axis 11 (Finest spatial scale) - Spatial - 
*Variables excluded in the final analyses because of high covariance with other forward selected 
descriptors. 
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Table 2-4. Species list.  “Number individuals” are the total number of individuals captured in 
both trapping sessions.  “Number occurrences” are the number of times a species 
occurred in a trap, regardless of the abundance per trap. 

Species Species code 
Number 

individuals 
Number 

occurrences 
Aphaenogaster ashmeadi Emery APHASH 55 41 
Aphaenogaster flemingi M.R. Smith* APHFLE 6 4 
Aphaenogaster floridana M.R. Smith APHFLO 37 19 
Aphaenogaster miamiana Wheeler* APHSP1 1 1 
Aphaenogaster treatae Forel APHTRE 60 35 
Aphaenogaster umphreyi Deyrup & Davis* APHUMP 2 2 
Brachymyrmex depilis Emery BRADEP 37 16 
Camponotus castaneus Latreille* CAMCAS 6 4 
Camponotus floridanus Buckley CAMFLO 185 93 
Camponotus socius Roger CAMSOC 182 92 
Cardiocondyla emeryi Forel CAREME 100 45 
Cardiocondyla wroughtonii Forel* CARWRO 2 1 
Crematogaster ashmeadi Mayr* CREASH 9 8 
Crematogaster species A (undescribed)* CRESPA 11 10 
Cyphomyrmex rimosus Spinola CYPRIM 18 17 
Discothyrea testacea Roger* DISTES 4 4 
Dorymyrmex bossutus Trager DORBOS 165 78 
Dorymyrmex bureni Trager DORBUR 401 75 
Dorymyrmex elegans Trager* DORELE 17 6 
Dorymyrmex flavopectus M.R. Smith* DORFLA 21 5 
Dorymyrmex grandulus Forel* DORGRA 11 6 
Forelius pruinosus Roger FORPRU 3969 283 
Forelius species 1 (undescribed) FORSP1 424 21 
Formica archboldi M.R. Smith FORARC 129 86 
Formica pallidefulva Latreille FORPAL 196 73 
Hypoponera opacior Forel HYPOPR 165 65 
Monomorium viride Brown MONVIR 364 70 
Neivamyrmex carolinensis Emery* NEICAR 36 4 
Neivamyrmex opacithorax Emery* NEIOPA 18 5 
Neivamyrmex texanus Watkins* NEITEX 92 5 
Odontomachus brunneus Patton ODOBRU 692 304 
Odontomachus relictus Deyrup & Cover ODOREL 123 43 
Paratrechina arenivaga Wheeler PARARE 925 155 
Paratrechina faisonensis Forel* PARFAI 1 1 
Paratrechina parvula Mayr PARPAR 185 60 
Paratrechina phantasma Trager PARPHA 244 40 
Paratrechina wojciki Trager PARWOJ 327 129 
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Table 2-4 Continued 

Species Species code 
Number 

individuals 
Number 

occurrences 
Pheidole  adrianoi Naves PHEADR 133 40 
Pheidole dentata Mayr PHEDEN 1882 286 
Pheidole dentigula Smith* PHEDEG 6 3 
Pheidole floridana Emery PHEFLO 3124 318 
Pheidole metallescens Emery PHEMET 3975 312 
Pheidole morrisi Forel PHEMOR 1672 95 
Pheidole tysoni Forel* PHETYS 4 1 
Pogonomyrmex badius Latreille POGBAD 816 193 
Pseudomyrmex pallidus F. Smith* PSEPAL 3 3 
Pyramica angulata M.R. Smith* PYRANG 2 2 
Pyramica clypeata Roger* PYRCLY 2 2 
Pyramica deyrupi Bolton* PYRDEY 1 1 
Pyramica dietrichi Smith* PYRDIE 1 1 
Pyramica eggersi Emery* PYREGG 6 5 
Pyramica membranifera Emery* PYRMEM 8 7 
Pyramica ornata Mayr* PYRORN 5 3 
Solenopsis carolinensis Forel SOLCAR 1948 395 
Solenopsis geminata Fabricius SOLGEM 1296 23 
Solenopsis invicta Buren SOLINV 332 24 
Solenopsis nickersoni Thompson SOLNIC 585 146 
Solenopsis picta Emery* SOLPIC 8 7 
Solenopsis tennesseensis M.R. Smith SOLTEN 73 26 
Solenopsis tonsa Thompson SOLTON 53 31 
Strumigenys louisianae Roger STRLOU 14 11 
Strumigenys silvestrii Emery* STRSIL 3 2 
Temnothorax pergandei Emery TEMPER 388 151 
Temnothorax texanus Wheeler TEMTEX 130 76 
Trachymrymex septentrionalis McCook TRASEP 88 59 
*Rare and/or poorly sampled species excluded from analysis.
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Table 2-5. Percent of the total spatial dependence explained by each spatial scale and the 
correlated environmental variables.  P-values (999 Monte Carlo simulations under the 
full model) are listed for the first and only significant RDA axis for each spatial scale.  
Regression with forward selection of environmental variables was performed on the 
first significant canonical axis to determine how spatial dependence is correlated with 
environmental variation.  At each spatial scale, environmental variables are listed in 
the order of importance to the model. 

 
  Spatial Scale  

 Broad (PCNM 1&2) Medium (PCNM 4&5) Fine (PCNM 7&9) 
P-value 0.001 0.008 0.026 
Percent of spatial variation 31.1 18.3 17.4 
Sig. Environ. Variables PINE, ELEV H_Urb, A_Bare A_Bare, H_Urb 
P-value < 0.001 0.003 < 0.001 
R2

Adj 0.486 0.285 0.396  
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Figure 2-1.  Thirty-three study sites (black circles) span most of the north-south extent of 

sandhill habitat (dark shaded area) in peninsular Florida, USA.  See Table 2-1 for 
descriptions of site locations. 
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Figure 2-2.  Venn diagram (drawn to scale) representing the proportions of variation (adjusted 

R2) in the ant community explained by pure environmental factors (A = .103, P < 
.001), pure spatial factors (C = .109, P < .01), mixed environment and spatial (B = 
.112), and unexplained factors (D = .675).  Unpartitioned environmental dependence 
can be calculated as A+B (= .215, P < .001), unpartitioned spatial dependence B+C 
(= .221, P < .001), and the total variation explained by environmental and spatial 
variables is A+B+C (= .324, P < .001). 
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Figure 2-3.  Spatial structure at broad (A), medium (B), and fine (C) scales.  Sample scores for 

redundancy analyses (RDA) of ant data constrained by PCNM variables are plotted in 
geographic space (UTM zone 17) for the broad, medium and fine scale models.  X 
and Y axes are the easting and northing respectively.  The size of the circle is 
proportional to the RDA sample score.  In the broad scale model (A), spatial 
dependence changes across a gradient that spans the entire study region.  This is 
partly driven by environmental dependence (on pineland and elevation) that is itself 
spatially structured at this scale.  The fine scale model (C) shows how neighboring 
sites have similar axis scores (therefore similar spatial dependence) and the 
magnitude of axis scores change across a much smaller spatial extent.  This spatial 
dependence at this scale is also related to dependence on spatially structured 
environmental variation (primarily the mean amount of bare ground locally and 
secondarily, the amount of high impact urban cover in the landscape).  The medium 
scale model (B) is not as defined as the broad and fine scale models.  Spatial 
dependence at this scale is related to spatial structure in the amount of urban land 
cover, and local bare ground cover (in order of importance). 
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Figure 2-4. Redundancy analysis biplot for the first and second significant axes (P = .001 and 
.035 respectively).  The length of the arrows along each axis increases with the 
strength of correlation with the respective axis scores.  The angle between arrows 
indicates the degree of correlation with other environmental variables.  Elevation 
(Elev), the mean amount of bare ground (A_Bare) locally, and the amount of pineland 
(Pine) and high impact urban (H_Urb) in the landscape are important in structuring 
communities along the first axis.  The amount of pineland, cypress swamp (C_Swp), 
and freshwater marsh (Mar) are important in structuring ant communities along the 
second axis.  Positions of circles represent site scores relative to the first two axes and 
the radius of the circle increases relative to the species richness observed at the site.  
Communities vary along the two axes with environmental variables but species 
richness does not appear to be correlated with measured environmental factors since 
circles of different sized radii are scattered throughout the plot. 
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Figure 2-5. Species response to redundancy analysis (RDA) axis 1.  Species data are constrained 

by significant environmental variables under RDA.  “Species Response” is the 
number of occurrences per site (Hellinger-transformed).  Species with significant 
relationships with RDA axis 1 were identified using generalized linear models with 
stepwise selection (α < .05).  Solid and dotted lines separate the trajectory of species 
that increase and decrease with the axis scores.  An increase in RDA axis 1 scores 
reflect an increase in the amount of pineland and other matrix habitat in the 
landscape, and a decrease in local bare ground cover and the amount of sandhill 
habitat in the landscape.  The generalized linear model separates open habitat 
specialists (species that require an open structured habitat with well drained sandy 
soil) from habitat generalists (species that exist in both open and more densely 
structured habitat and a range of soil conditions). 
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CHAPTER 3 
ANT BODY SIZE DISTRIBUTIONS: INVESTIGATING SOME PREDICTIONS OF THE 

TEXTURAL DISCONTINUITY HYPOTHESIS 

Introduction 

The size of an organism has long been recognized as a key ecological attribute (Elton 

1927, Hutchinson 1959, Brooks and Dodson 1965).  Many of the factors that limit the 

distribution of species are fundamentally related to body size.  Metabolic rate, resource use, 

locomotive apparatus, and other such size-dependent factors serve as filters that determine how 

an environment influences different sized species.  It follows that species of similar size are more 

likely to perceive and interact with their surroundings in similar ways, and their relationship with 

the surrounding environment is likely to scale with their body size (Ritchie and Olff 1999, 

Gehring and Swihart 2003, Holland et al. 2005).  Body size distributions are thus shaped by the 

structure of the surrounding environment at multiple scales.  A better knowledge of the ways in 

which body size distributions relate to multiscale environmental variation will benefit our 

understanding of community organization in a time of increasing environmental change. 

Numerous competing theories have been put forth in an effort to explain patterns in the 

distribution of body size, and though many of these theories share commonalities a synthesis has 

not been achieved (reviewed in Allen et al. 2006).  Although it was originally assumed that a 

unimodal smooth distribution of body size would result from competition and maximization of 

niche partitioning, there is increasing evidence that body size should result in discontinuous 

distributions through ecological and evolutionary processes (Oksanen et al. 1979, Holling 1992, 

Moksnes et al. 1998, Cumming and Havlicek 2002, Scheffer and van Nes 2006).  Scheffer and 

van Nes (2006) recently showed how competing species can converge, through coevolution, into 

body size aggregations rather than disperse evenly along a size gradient.  The authors concluded 
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that species that are sufficiently similar can coexist by avoiding competition with different body 

size aggregations. 

The textural discontinuity hypothesis (TDH) was proposed by Holling (1992) in an 

attempt to explain discontinuous patterns in the body size distributions he observed.  The 

hypothesis is based on the assertion that ecosystems are structured by a relatively few important 

processes that operate within defined spatial and temporal scales.  Since a species’ interaction 

with its environment is determined by its size, a discontinuous body size distribution arises as 

species of similar size are entrained to environmental variation at their scale of perception.  The 

appearance of discontinuities, or gaps, in the size distribution results from a change of scale in 

environmental interaction.  For example, an upper limit in a size aggregation may result when a 

locomotory threshold is reached in response to the three-dimensional structure of the habitat.  

This size gap would reflect a zone of transition where the locomotory mechanism changes in 

some way to allow for operation at a larger scale where it is sufficiently efficient (Holling 1992).  

Such gaps may result from a number of other mechanisms that are subject to environmentally 

driven changes in the scale of operation (e.g., metabolic requirements).  

A number of predictions arise from the TDH (Allen et al. 2006).  For example, the TDH 

predicts a change in body size distribution with changes in ecological structure (e.g., habitat type 

or climate), but no change in size distribution with changes in the composition and abundance of 

species.  Predictions regarding environmental perturbation follow similar lines.  For example, 

when a perturbation results in changes in ecosystem processes (e.g., nutrient availability), but no 

change in ecosystem structure (e.g., number of patches), the TDH predicts no change in size 

distribution.  Alternatively if a perturbation results in a change in ecosystem structure but no 

change in ecosystem processes, the TDH does predict a change in size distribution. 
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There have been relatively few empirical tests of the TDH and no comprehensive 

multiscale studies.  This study uses data from 33 ant communities in sandhill habitat from 

northern Florida (see Chapter 2) to explore how body size distributions are influenced by local 

and landscape scale variation in the surrounding environment.  Ants are well suited for this type 

of analysis because they exhibit a wide range in body size and competitive strategies; they are 

diverse and easy to sample; they have a long evolutionary history and are thus well adapted to 

the structure of their environment; and, they respond to local and landscape environmental 

variation at smaller scales than larger-bodied organisms, thereby easing the logistics of sampling.   

In order to examine the predictions of the TDH, three main questions are posed: (1) Is the 

distribution of ground-dwelling ants in Florida sandhills discontinuous?  (2) How does the 

distribution change with environmental variation and species composition?  (3) Do size groups 

differ in their response to local and landscape variation?  Under the TDH, specific predictions 

can be made regarding ants in this study: (1) ant body size should exhibit a discontinuous 

distribution, (2) the distribution should change with landscape structure but not with species 

composition, and (3) size groups should differ in their response to local and landscape 

environmental variation. 

Methods 

Ground-dwelling ant communities were sampled twice at 33 locations throughout 

northern Florida between May and October 2005.  A combination of methods was used: pitfall 

trapping and litter extraction via Winkler sacks.  Sixteen pitfall traps were arranged on a four by 

four grid with traps spaced 10 m apart.  Litter was collected for Winkler extraction at the four 

corners and center of each trapping grid.  Sampling was focused in sandhill habitat and selected 

to span a gradient of variation in the surrounding landscape within a 500 m radius, while being 

standardized for high quality sandhill habitat locally.  The local habitat was characterized by 

52 



 

estimating the percent cover of vegetation components and bare ground (Table 3-1).  Landscape 

variation was measured in a GIS environment and based on the Normalized Difference 

Vegetation Index (NDVI) and land cover data within the 500 m radius (Table 3-1).  The gradient 

in landscape variation spans the full range of variation in the amount and arrangement of sandhill 

habitat, and most of the range of variation in the composition of surrounding habitats at this scale 

(See Appendix).  Principal coordinates of neighbor matrices (PCNM) analysis was used to obtain 

an uncorrelated set of spatial variables to explain spatial dependence at multiple spatial scales 

among size classes (Borcard and Legendre 2002, Borcard et al. 2004).  Chapter 2 contains a 

detailed description of the methods used in sampling, site selection, and measurement of 

explanatory variables.   

In a thorough analysis of the upland ant communities of Florida, King (2004) measured 

the mass of worker ant species.  These data were applied to the ants captured in this study to 

examine patterns in the distribution of body mass.  Two methods were used to determine the 

presence, number, and location of discontinuities in the distribution of ant body mass by 

grouping species into homogeneous clusters, following the recommendations of C. Stow, C. 

Allen, and A. Garmestani (unpublished manuscript).  (1) Hierarchical cluster analysis (HCA) is a 

method of organizing data into homogeneous groups and was performed using Ward’s method in 

SAS (SAS Institute Inc. 1999).  The number of clusters was determined by examining the output 

for agreement in the position of peaks in the pseudo F and cubic clustering criterion, and trough 

in the pseudo T2.  (2) Bayesian Classification and Regression Tree analysis (BCART) is a 

Bayesian adaptation of Classification and Regression Tree (CART) analysis (Chipman et al. 

1998).  CART is similar to HCA in that it locates homogeneous groups in the data, but a 

limitation of these two methods is that the resultant groupings may not be globally optimal (C. 
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Stow et al. unpublished manuscript).  BCART accounts for this problem by using a set of prior 

distributions to stochastically search for optimal locations to draw divisions between groups.  

This method may therefore be more robust to the effects of undetected species when determining 

the location of discontinuities.  BCART analysis was performed using a program available online 

by Chipman and colleagues (2006).   

Under the TDH, body size distributions should change as landscape structure changes.  

To address this prediction, changes in size distributions were detected by looking for 

representation by one or more species of each size group at each site.  If one or more size groups 

dropped out at a site, the distribution was said to be changed. 

Ant species belonging to the resulting size classes were then examined by partial 

redundancy analysis (RDA), in a similar manner as Chapter 2, to investigate the ways in which 

different classes are influenced by their surrounding environment.  This set of analyses partitions 

the variation explained in each size class among three predictor matrices: landscape, local, and 

spatial.  The analyses yield eight fractions of the total variation in each size class that allow the 

investigator to separate pure and shared fractions among the three explanatory matrices (Fig. 3-

1).  The set of analyses proceeded in two general steps.  (1) Forward selection of significant 

predictor variables: for each of the three variable types (landscape, local, and spatial) significant 

predictor variables were identified separately for each size class by forward selection (P < .05).  

Forward selection was performed with 999 Monte Carlo permutations under the full model using 

CANOCO v4.5 (ter Braak and Šmilauer 2002).  (2) Partial RDA was then performed on each 

size class, constrained by the significant variables from the three sets of predictors.  For each size 

class, RDA was performed on the ant data (site by species matrix comprised of the number of 

occurrences of each species) constrained by the three predictor matrices.  The varpart function, a 
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component of the vegan package v1.8-2 (Oksanen et al. 2006), in R v2.2.1 (R Development Core 

Team 2004) was used to perform this set of analyses.  Landscape and local data were square root 

transformed prior to analysis. 

A Friedman two-way analysis of variance by ranks was used to test (1) whether size 

groups respond to different sets of environmental variation and (2) whether the fractions of 

explained variation (landscape, local, and spatial) vary between size groups.   The nonparametric 

Friedman test checks the null hypothesis that related subjects come from the same population 

(Siegel and Castellan 1988).  In the case of (1), the subjects are the set of significant 

environmental variables as determined by the forward selection process and size classes 

represent the condition that is being tested.  In the case of (2), the subjects represent the size 

classes and the conditions are the pure fractions of variation explained by landscape, local, and 

spatial factors for each size class. 

Results 

Results of the BCART analysis indicate that the distribution of body mass in ground-

dwelling ants in Florida sandhill forms six homogeneous groupings (Fig. 3-2).  Results of the 

HCA were similar.  The pseudo F, cubic clustering criterion, and pseudo T2 statistics showed 

agreement at seven groupings, which was interpreted as the most supported solution in the HCA.  

A comparison of these results illustrating the groupings and position of discontinuities is 

presented in Fig. 3-2.  The BCART solution of six groupings was chosen to be used in all 

subsequent analyses since it is the more conservative of the two sets of results.   

Lack of size group representation was rare across the 33 sites.  Only six sites were not 

represented by species from one or more size groups.  Group 1, the smallest sized group, was 

absent from all six of these sites.  Group 5 was also absent from two of these six sites.   
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The overall RDA models, combining local, landscape, and spatial variables, explain 

significant proportions of variation in each size group (Fig. 3-3).  Of the total variation in size 

group 1 attributed to the three variable types, landscape variation explains the greatest 

proportion, with no significant local or spatial effects.  The fractions of variation in size group 2, 

by contrast, are distributed more evenly among the three variable types.  Of the three variable 

types, most of the variation explained in size group 3 is influenced by landscape factors but local 

and spatial variation contributes significant fractions.  Spatial factors have the greatest effect on 

group 4.  Landscape and spatial variation explain the majority of variation in size group 5 but it 

is largely shared between the two.  Landscape, local, and spatial variation all have similar 

influences on size group 6.  The proportion of variation explained by each significant 

environmental variable for each size class is shown in Table 3-2.  The amount of pineland in the 

landscape was the most important environmental variable across size groups.  It explained a 

significant amount of variation in four of the six size groups.  All other environmental variables 

explained a statistically significant portion of variation in only one or two other size groups, with 

the majority being unique to a single group.  PCNM variables explain spatial dependence from 

broad scales (across the entire study region) to fine scales (between neighboring sites).  The 

PCNM spatial variables overlapped between size groups to a greater degree than environmental 

variables, indicating that size groups are generally structured by similar spatial processes (size 

group 1, having little variation explained by spatial variables, being a notable exception).  Much 

of the variation explained by the PCNM variables is mixed with local or landscape 

environmental variation, indicating that spatial variation is dependent on environmental variation 

that is itself spatially autocorrelated.  Most of the spatial dependence occurs at broad or medium 

scales, with less spatial variation explained by finer scale structure.   
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Results of the first Friedman test indicate that body size classes are not responding to 

different sets of environmental variation (N = 24, χ2 = 2.2, df = 5, P = 0.821).  Though the 

overall RDA models explain significant proportions of variation for each size group, results of 

the second Friedman test indicate that the response to landscape, local, and spatial variation does 

not differ significantly between size groups (N = 6, χ2 = 3.6, df = 2, P = 0.165). 

Discussion 

Both hierarchical clustering and BCART analysis indicate that body size distributions 

form discontinuous groupings of similar sized species.  Representatives of each of these 

groupings are present across the majority of study sites indicating that the body size distribution 

does not change with landscape structure.  Havlicek and Carpenter (2001) found a similar 

conservation of size distribution in a series of northern US temperate lakes.  Partial RDA shows 

that size groups have significant responses to local, landscape, and spatial variation, indicating 

that species composition changes with environmental and spatial variation.  This result shows 

that body size distributions remain similar even as community composition and variation in the 

surrounding environment changes between sites.  The Friedman test indicates that size classes do 

not respond to unique sets of environmental variation and size classes do not differ in their 

response to landscape, local, or spatial variation.  In other words, worker ant size structure is 

highly conservative in response to environmental variation at the scales measured. 

These results provide mixed support for the ability of the TDH to explain patterns in 

body size distributions.  Prediction one, that ant body sizes should exhibit a discontinuous 

distribution, is clearly supported by the results of the BCART and hierarchical clustering 

analysis.  Prediction two, that the body size distribution should change with landscape structure 

but not with species composition was partly supported.    Body size distributions did not change 

with changes in landscape structure in opposition to prediction.  Since the study was set up along 
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a gradient representing most of the heterogeneity in landscape structure in the region, according 

to the TDH, the body size distribution should have changed along this gradient.  However, these 

data support the second part of prediction two, since the size distribution did not change with 

turnover in species composition.  Prediction three did not hold based on results from the 

Friedman tests.  Each size class does not seem to be responding to a unique set of environmental 

variation as predicted by the TDH and size classes do not differ in the strength of their response 

to landscape, local, and spatial variation.   

Though the results of prediction two provide some evidence against one of the main 

predictions of the TDH, namely that size distributions will change to reflect changes in the 

structure of the landscape (Holling 1992, Allen et al. 2006), other factors should be considered.  

Ant colonies are formed of different sized castes, each of which perform specific social functions 

(Hölldobler and Wilson 1990).  The mass of the different castes within species often does not 

scale linearly.  For example, from species to species queens can vary greatly in size in 

comparison with workers.  Worker ants (i.e., those analyzed in this study) generally perform 

their daily activities within a limited distance from the colony and are therefore greatly and 

directly influenced by local variation in the environment.  Results show that although landscape 

variation has important effects on ant community organization, landscape influences likely have 

only indirect effects on worker size, whereas interaction with the local environment provides the 

evolutionary drivers that determine body size.  Since an effort was made to standardize local 

conditions for habitat quality, the effects at this scale could not be fully explored.  Body size in 

dispersing individuals (i.e., winged queens and males) may be more strongly tied to variation in 

landscape structure and may meet the predictions of the TDH at this scale.  It may be revealing 

to examine the interactions between the queen size-environment relationship and the worker 
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size-environment relationship to help provide a better understanding as to how the TDH might 

play out across this range of scales. 

There is evidence that the TDH might be better applied to worker ants at more localized 

scales.  Yanoviak and Kaspari (2000) sampled ants in a lowland forest of Barro Colorado Island, 

Panama and found a striking difference in the frequency distribution of ant body size between 

litter and canopy-dwelling ants.  They speculated that the difference in distribution was a result 

of differences in the local environment that canopy and litter ants inhabit within the broader 

habitat classification.  Canopy ants are subject to a relatively smooth textured environment 

comprised of branching networks and leaves.  Litter ants, however, exist in a more coarsely 

textured environment of fallen leaves, twigs, and other detritus.  Moreover, the size frequency 

distribution of litter inhabiting ants was discontinuous, with an absence of intermediate-sized 

ants.  The authors attributed this discontinuity to a habitat driven change in locomotory pattern.  

Large ants move over the litter, stepping over gaps, while small ants walk through the litter by 

moving in the interstitial spaces.  Intermediate-sized ants are ineffective at either mode of 

movement and are thus absent, resulting in two groups of ants that perceive and interact with 

their environment at different scales.  Interestingly, Yanoviak and Kaspari cite the size-grain 

hypothesis (Kaspari and Weiser 1999) as a possible explanation for this observation.  Though 

apparently derived independently, the size-grain hypothesis shares important similarities with the 

TDH, and may prove to be useful in providing mechanistic explanations for some of the 

predictions of the TDH.  For example, it has been observed that there is a nonlinear relationship 

between body mass and leg length in ants, with larger bodied ants having proportionally longer 

legs than smaller bodied ants (Kaspari and Weiser 1999, Farji-Brener et al. 2004).  The size-

grain hypothesis postulates that the benefits of long legs (e.g., efficient movement over planar 
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surfaces) decrease disproportionately with size because long legs produce a larger cross-sectional 

area which impedes movement in more confined or complex areas, such as leaf litter.  Thus, the 

size-grain hypothesis predicts that ants will make a scale transition as they increase in size based 

on the nature of the surrounding environment (i.e., from planar to complex; Kaspari and Weiser 

1999).  This prediction links directly to the predictions of the TDH; that a discontinuous 

distribution in body size will arise from species interactions with the environment at different 

scales of perception.  

While ant body size in this study follows a discontinuous distribution, results do not 

produce clear support for the TDH as a structuring mechanism in ant communities.  Rather than 

invalidate the TDH, results of this study show a clear need for more empirical and experimental 

testing of the hypothesis.  Such studies should explicitly consider the range of scales in which 

species have the strongest direct interaction with the environment in order to best understand 

how environmental forcings structure body size distributions.  When possible, the effects on 

body size distributions from scales above and below that of the TDH, such as those predicted by 

other size distribution hypotheses, should be incorporated so as to attain the most complete 

interpretation possible. 

 



 

Table 3-1.  Pool of landscape, local, and spatial variables.  Significance values are reported for variables selected with forward 
regression for each size group and used in the final analyses (P < .05).  Size groups are listed in ascending order of mass 
with Group 1 being the smallest and Group 6 the largest. 

Variable 
code Description 

Variable 
Type 

Group 1 
Sig. 

Group 2 
Sig. 

Group 3 
Sig. 

Group 4 
Sig. 

Group 5 
Sig. 

Group 6 
Sig. 

Sndhl Area sandhill Landscape - - - - - - 
DryPr Area dry prairie Landscape - - - - - - 
HdPin Area mixed hardwood-pine Landscape - - - - - - 
Hamk Area hardwood hammocks Landscape - - - - - 0.001 
Pine Area pinelands (pine plantation & pine 

flatwoods) 
Landscape 0.027 0.003 0.005 - 0.003 - 

Mar Area freshwater marsh Landscape - - 0.026 0.016 - - 
D_Smp Area disturbed swamp Landscape - - - - 0.032 - 
B_Smp Area bay swamp Landscape - - - 0.050 - - 
C_Swp Area cypress swamp Landscape 0.025 - - - 0.017 - 
WetFor Area wetland forest Landscape - - 0.001 - - - 
HdSmp Area hardwood swamp Landscape 0.041 - 0.037 - - - 
Water Area open water Landscape - - - - - 0.031 
D_For Area disturbed forest Landscape - - - - - - 
Past Area pasture Landscape - - - - - - 
Agric Area agriculture Landscape - - - - - - 
H_Urb Area high impact urban Landscape - - 0.025 - - - 
L_Urb Area low impact urban Landscape - - - - - - 
Extr Area extractive Landscape - - - - 0.035 - 
NumC Number land cover classes Landscape - 0.039 - - - - 
MNN Mean nearest neighbor (all classes) Landscape - - - - 0.016 - 
MSI Mean shape index (all classes) Landscape - - - - - 0.041 
MNN_SH Mean nearest neighbor (sandhill) Landscape - 0.043 - - - - 
MSI_SH Mean shape index (sandhill) Landscape - - - - - - 
PA Focal patch area Landscape - - - 0.028 - 0.001 
PAR Focal patch perimeter/area ratio Landscape - - - - - - 
NSHP Number sandhill patches Landscape 0.019 - 0.047 - - - 
APA Mean sandhill patch area Landscape - - - - - - 
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Table 3-1 Continued 
Variable 
code Description 

Variable 
Type 

Group 1 
Sig. 

Group 2 
Sig. 

Group 3 
Sig. 

Group 4 
Sig. 

Group 5 
Sig. 

Group 6 
Sig. 

APP Mean sandhill patch perimeter Landscape - - - - - - 
NDVI Mean NDVI Landscape - - - - - - 
SD_NDVI Standard deviation NDVI Landscape - - - - - - 
Elev Elevation Local - - - - - 0.005 
A_Gras Mean grass cover Local - - - - - - 
SD_Gras Standard deviation grass cover Local - - - - - - 
A_Lit Mean litter cover Local - - - - - - 
SD_Lit Standard deviation litter cover Local - - - - 0.015 - 
A_Herb Mean herbaceous cover Local - - - - - - 
SD_Herb Standard deviation herbaceous cover Local - - - - - - 
A_Shrb Mean shrub cover Local 0.019 - - - - - 
SD_Shrb Standard deviation shrub cover Local - - - - - - 
A_Tree Mean tree cover Local - - - - - - 
SD_Tree Standard deviation tree cover Local - - - - - - 
A_Bare Mean bare ground Local - - 0.012 0.024 - - 
SD_Bare Standard deviation bare ground Local - 0.002 - - - 0.002 
A_DW Mean dead wood cover Local - - 0.027 - - 0.017 
SD_DW Standard deviation dead wood cover Local - - 0.021 - - - 
PCNM1 PCNM Axis 1 (Broadest scale) Spatial - 0.008 - 0.002 0.016 0.001 
PCNM2 PCNM Axis 2 Spatial - 0.030 0.001 0.011 0.024 - 
PCNM3 PCNM Axis 3 Spatial - - 0.050 0.002 - - 
PCNM4 PCNM Axis 4 Spatial - - 0.037 0.010 - 0.011 
PCNM5 PCNM Axis 5 Spatial - - - - - - 
PCNM6 PCNM Axis 6 Spatial - - - - - - 
PCNM7 PCNM Axis 7 Spatial 0.036 - 0.029 0.012 - 0.005 
PCNM8 PCNM Axis 8 Spatial - - - - 

- 
0.050 

- 
- 
00PCNM9 

PCNM10
PCNM Axis 9 
PCNM Axis 10

Spatial 
Spatial 

- 
- 

- 
- 

- 
- 

0. 8 
  - 0.019 - 

PCNM11 PCNM Axis 11 (Finest scale) Spatial - - - 0.006 - - 



Table 3-2.  Unadjusted proportion of variation explained by the significant (P < .05) 
environmental variables for each size group. 

 Group1 Group2 Group3 Group4 Group5 Group6 

Hamk - - - - - 0.1131 
Pine 0.0797 0.0914 0.0431 - 0.1020 - 
Mar - - 0.0377 0.0699 - - 
D_Smp - - - - 0.0569 - 
B_Smp - - - 0.0362 - - 
C_Swp 0.1058 - - - 0.0716 - 
WetFor - - 0.0589 - - - 
HdSmp 0.1000 - 0.0562 - - - 
Water - - - - - 0.0745 
H_Urb - - 0.0472 - - - 
Extr - - - - 0.1067 - 
NumC - 0.0177 - - - - 
MNN - - - - 0.0758 - 
MSI - - - - - 0.0339 
MNN_SH - 0.0534 - - - - 
SD_Lit - - - - 0.0331 - 
SD_Bare - 0.1177 - - - 0.1176 
SD_DW - - 0.0658 - - - 
A_Bare - - 0.0791 0.0824 - - 
A_DW - - 0.0656 - - 0.0091 
PA - - - 0.1097 - 0.1528 
NSHP 0.0823 - 0.0226 - - - 
Elev - - - - - 0.0508 
A_Shrb 0.0249 - - - - - 
See Table 3-1 for definitions of environmental variables. 
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Figure 3-1.  Fractions of variation explained in partial redundancy analysis.  Each fraction can be 

analyzed separately or summed to analyze a combined model.  Total landscape 
variation, for example, is calculated by summing the amount of pure variation 
explained by landscape factors [a], and the explained variation shared with spatial and 
local factors [d+f+g].  Likewise, pure environmental variation [a+b+d] can be 
separated from total spatial variation [c+e+f+g].  The proportion of variation 
explained by unmeasured factors is [h]. 
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Figure 3-2.  Body size groups (and the discontinuities between groups) derived from hierarchical 

clustering analysis (HCA) and Bayesian classification and regression tree analysis 
(BCART).  Black diamonds indicate the (log) mass of each species. 
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Figure 3-3. Proportion of variation explained in each size group by the fractions of landscape, 

local, and spatial variation.  Monte Carlo simulations (999 permutations under the full 
model) provide tests of significance for the total landscape, local, and spatial models, 
as well as the pure landscape, local, and spatial models (*** P = 0.001; **P < 0.01; 
*P < 0.05; ºP < 0.1).  Overall RDA models combining landscape, local and spatial 
variables all significantly explain variation in each size group (P = 0.001). 
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CHAPTER 4 
CONCLUSIONS 

Local and very broad-scale environmental interactions are relatively well described in 

communities of ants.  However, little is known about the ways in which intermediate, or 

landscape-scale environmental variation can influence ant community structure.  With the 

increasing threat of habitat loss, this remains a challenging area of research for community 

ecologists.  Two general questions were addressed with this research: (1) how are ant 

communities organized by multiscale environmental and spatial variability and (2) how does the 

distribution of body size change with the surrounding environment? 

The overall objective of Chapter 2 was to investigate the effects of multiscale 

environmental and spatial variation on a set of diverse ant assemblages.  Ants at thirty-three sites 

were sampled in sandhill habitat and examined to determine how variation in the structure of the 

local environment and the surrounding landscape influences the organization of ant communities.  

A diverse mix of mostly native ant populations was found across the study region.  Results 

indicate that ground-dwelling ant communities are strongly structured by both spatial and 

environmental variability across a range of scales.  Pineland – a land cover class comprised of 

commercial pine plantation and natural pine flatwoods – had a strong effect on ant community 

structure.  Increasing amounts of pineland in the study landscapes was indicative of 

fragmentation of sandhill habitat.  A change in community structure was observed along a 

gradient formed by landscapes comprised of large proportions of pineland at one end, and 

landscapes comprised of large proportions of open structured sandhill habitat, at the other.   In 

landscapes with high proportions of pineland, habitat generalist species appeared to replace open 

habitat specialists, even though the local habitat was standardized for quality across all sites.  It 

was speculated that habitat generalists are able to maintain populations in the preferred habitat of 
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open habitat specialists through a number of possible mechanisms, including spatial subsidies 

(Polis et al. 2004), source-sink movement (Holt 1993), and apparent competition (Holt 2004).  

The metacommunity concept (Holyoak et al. 2005) was used as a means to better understand the 

community patterns observed. The pure spatial and environmental effects suggest that a 

combination of the mass effects and species-sorting perspectives of the metacommunity concept 

would be a good framework for investigating mechanisms of community organization in ants.  It 

appears that the high diversity of ground-dwelling ants in sandhill habitat in northern Florida is 

maintained by a heterogeneous distribution of land cover types throughout the region.  However, 

continued habitat loss and degradation (e.g., through fire suppression) could shift the balance in 

favor of habitat generalists and reduce the viability of open habitat specialists in Florida 

sandhills. 

The textural discontinuity hypothesis (TDH) was examined in Chapter 3.  Mounting 

evidence indicates that animal body size exhibits discontinuous, multimodal distributions, 

opposing the traditional view of a smooth unimodal distribution (Allen 2006).  The TDH predicts 

that body size distributions will be discontinuous which reflects the discontinuous and multiscale 

nature of structuring forces in ecosystems (Holling 1992).  Size groups should therefore respond 

most strongly to different aspects of a shared environment and the distribution should change as 

the structure of the landscape changes. 

Body size in sandhill ants is discontinuously distributed as predicted by the TDH.  

Furthermore, the size distribution did not change with changes in species composition as 

predicted.  However, size groups do not appear to be influenced by unique combinations of 

environmental variability and the size distribution does not change with changes in landscape 

structure as predicted.  It should be noted that the way ants are organized into social casts may 
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mask the manifestation of some of the effects predicted by the TDH.  Worker ants, the subject of 

this analysis, typically interact with the environment on a more localized scale as they gather 

resources and defend the colony, whereas alate individuals can interact with the environment at 

broader scales during dispersal events.  Since variation in the surrounding landscape was 

maximized between sites while standardizing the local environment for high quality habitat, a 

mismatch in the scale of analysis may have occurred.  Stronger support for the TDH in ant 

species may be seen if the interaction between dispersing individuals and locally interacting 

individuals is considered.  Evidence for the TDH has been seen in ground-dwelling ants in 

tropical forests (Yanoviak and Kaspari 2000).  The observation of discontinuities in a size 

frequency distribution of leaf litter ants was attributed to the size-grain hypothesis (Kaspari and 

Weiser 1999).  The size-grain hypothesis makes similar predictions as the TDH and may prove 

to be an effective means for empirically testing the validity of the TDH. 

This thesis presents some of the first empirical evidence that ant communities are 

structured by ecological factors relating to the composition and structure of the surrounding 

landscape.  It would seem that ant communities in the region examined here do not exist within 

isolated habitats, as they are frequently treated in observational and experimental studies.  

Rather, cross-system flows of, for example, resources, competitors, and/or predators, across 

habitat boundaries may have significant effects on local assemblages of ants depending on the 

composition and arrangement of the surrounding landscape.  This study highlights the need for 

more research to be conducted on the landscape-scale effects on ant community structure, which 

account for the openness of ecosystems.   
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APPENDIX 
SITE SELECTION 

The landscape data at the 500 m extent were reduced using principle components 

analysis.  The first four axes explain over 43% of the variation in the data (Fig A-1).  

Hierarchical clustering (Ward’s method, Euclidian distance) was performed on these 18 

components using SPSS v11.5 (SPSS 2002).  The resulting dendrogram was quantitatively pared 

at 22 groupings using indicator species analysis (Fig. A-2; Dufrêne and Legendre 1997).  

Indicator species analysis was performed using PC-ORD v4.0 with 1000 randomizations 

(McCune and Mefford 1999).  The 33 selected sites comprise 15 of the 22 natural groups at the 

500 m scale.  The groups not sampled represent unusual and rare landscapes (only 7.6% of the 

selection pool) or highly disturbed habitat.  The unusual and rare groups were excluded on 

logistical grounds.  To standardize for local habitat quality, highly disturbed areas such as grazed 

land or long unburned areas were necessarily excluded from the study after field validation. 
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Figure A-1. Principal components analysis illustrating the distribution of selected sites across the 

range of landscape heterogeneity at the 500 m radius extent.  Gray squares represent 
the selection pool of 2000 random points and black diamonds represent the selected 
sites.  (A) Sites span the full gradient of PC1 and most of PC2.  PC1 is most strongly 
characterized by the number of land cover classes and by variables describing the 
amount and arrangement of sandhill habitat (i.e., total area, focal patch area, number 
of sandhill patches, and perimeter to area ratio).  PC2 is most strongly characterized 
by the area of urban, pineland, and forested wetland land cover types.  The portion of 
PC2 not sampled represents rare landscapes (< 5% of the selection pool) with either 
very high proportions of urban land cover or very high proportions of forested 
wetland.  The focal patches within these few landscapes were too degraded to be 
considered for sampling given the requirement of high quality local habitat at 
sampling sites.  (B) The selected sites span most of the gradients of PC3 and PC4.  
PC3 is most strongly characterized by a different combination of sandhill amount and 
arrangement variables.  PC4 is most strongly characterized by the area of mixed 
hardwood forests and hammocks as well as the area of wetland forests and cypress 
swamp. 
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Figure A-1 Continued
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Figure A-2. Indicator species analysis of landscape groupings.  Hierarchical clustering analysis 
was used to group landscapes into similar types based on landscape metrics measured 
in areas surrounding 2000 points randomly generated in sandhill habitat throughout 
the study region.  Indicator species analysis was used to determine an ecologically 
meaningful number of landscape groupings.  In this case, “species” are landscape 
metrics and the indicator value represents the degree to which a landscape metric 
faithfully represents a particular landscape group.  Separate indicator species analyses 
were conducted based on cluster membership in each step of cluster formation (10 to 
45 clusters).  A mean indicator value for all metrics was calculated for each of the 36 
separate analyses (i.e., 10-45 clusters).  The greatest mean indicator value (42.7; open 
circle) is associated with 22 clusters suggesting that landscape variation throughout 
the region is best represented by 22 types of landscapes. 
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