
ABSTRACT 

LEIDNER, ALLISON K. Butterfly Conservation in Fragmented Landscapes. (Under the 

direction of Dr. Nick M. Haddad). 

 

 Human activities disturb and fragment many natural areas, thereby altering the way in 

which species interact with their landscape.  In natural settings, species often evolved to 

disperse through areas unsuitable for habitation, but in a world dominated by human-

modified landscapes, species face novel features that may disrupt their movement, increasing 

the isolation of populations.  Consequently, there is a pressing need to understand if animals 

can persist in small natural areas separated by agricultural or urban development.  The way in 

which species respond to fragmentation will inform if conservation actions are necessary to 

protect a species and what strategies might mitigate the consequences of fragmentation.  My 

dissertation addresses these conservation problems using two studies of butterflies in 

fragmented landscapes. 

 First, I used a novel synthesis of behavioral, mark-recapture, and population genetic 

studies to identify the effects of urban fragmentation on a rare butterfly.  I present the 

synthesis in the context of a butterfly endemic to barrier islands in North Carolina, 

Atrytonopsis new species 1.  Atrytonopsis sp1 occupies sand dune habitat, which in this 

region has largely been converted to residential and commercial development.  Many studies 

rely on a single method to measure movement, but combining methods may help elucidate 

the effects of natural or anthropogenic fragmentation.  To test edge permeability, I conducted 

butterfly releases at four edge types: sand dune – beach, sand dune – maritime forest/shrub, 

sand dune – urbanization, and beach – ocean.  I then used mark-recapture to compare 



Atrytonopsis sp1 movement rates in continuous sand dune habitat and between habitat 

patches separated by urban areas.  Finally, I conducted a range-wide population genetic study 

to assess if there was significant population structure across the range of Atrytonopsis sp1, 

and to determine how the structure was partitioned relative to natural barriers and 

urbanization.   

 All three studies independently indicate that natural features, not urbanization, are 

barriers to Atrytonopsis sp1 movement.  Analyzed separately, each study would point to the 

same general conclusion, but could result in different conservation recommendations.  Both 

linear corridors and stepping-stones are conservation strategies that can increase connectivity 

of fragmented landscapes.  For stepping stones to work, however, Atrytonopsis sp1 must be 

willing to enter the matrix, successfully find new habitat, and integrate its genes into the new 

population.  The edge behavior studies indicate that Atrytonopsis sp1 will fly into urban 

areas, and the mark-recapture studies confirm that it can successfully disperse over short 

distances.  The population genetic studies indicate that longer distances of urbanization are 

not intrinsically barriers to movement.  Consequently, I recommend conservation strategies 

that focus on preserving stepping stones, rather than on habitat corridors.  

 In a separate study, I examined the effects of habitat fragmentation on tropical 

butterfly communities.  Habitat fragmentation is a major driver of biodiversity loss, but its 

effects may be obscured by the ways in which different species respond to fragmentation.  

One reason that species display varying responses to fragmentation may be that variability 

itself is an effect of fragmentation.  I tested whether forest fragmentation causes long-term 

hyperdynamism in butterfly communities, a taxon that naturally displays large variations in 



species richness and community composition.  Using an 11-year dataset from an 

experimentally fragmented landscape in the central Amazon, I evaluated the effect of 

fragmentation on changes in species richness and community composition through time.  

Butterfly species richness did not differ between fragmented forest and intact forest.  

However, spatial and temporal patterns of butterfly species richness in fragmented forests 

were significantly more variable than in intact forest.  Fragmented forest had a significantly 

lower proportion of understory shade species and a significantly higher proportion of edge 

species.  I conclude that fragmentation fundamentally alters the natural dynamics of butterfly 

communities. 
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BIOGRAPHY 

 

 I grew up in Monticello, New York.   My parents, Beth and Sheldon Leidner, sister 

Emily, and I regularly went skiing and hiking, but I never envisioned that I would one day 

make a career out of studying and protecting nature. 

 When I was 18, I moved across the country to attend Stanford University, where I 

earned a bachelors and masters degree in biology.  Starting college, I was much more 

interested in molecular biology, but a summer working in a cancer biology lab gave me a 

different perspective.  I quickly switched my interest to anything “outside and off-campus.”  

Luckily, I fell into studying butterfly ecology and evolution and spent three summers at the 

Rocky Mountain Biological Laboratory.  My experiences there launched a career in 

conservation biology. 

 After college, I moved back across the country to Washington, D.C., where I worked 

as a research assistant at The Nature Conservancy.  I loved working for a conservation 

organization, but also wanted to go back to graduate school for a Ph.D.  Two years later, off I 

went to North Carolina State University to work with Nick Haddad, and there resumed a 

career of chasing butterflies.  Four and half years later, I am now finished and gainfully 

employed, and somehow, to my parents continued amazement, I really did build a career out 

of catching butterflies! 
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CHAPTER 1 

 

NATURAL, NOT URBAN, BARRIERS LIMIT MOVEMENT  

OF A COASTAL ENDEMIC BUTTERFLY 

 

ABSTRACT 

 

 Habitat loss and fragmentation are major drivers of biodiversity loss.  To effectively 

conserve species threatened by human activities, knowing that fragmentation can affect 

species is only partially informative. The way in which species actually respond to 

fragmentation will inform if conservation actions are necessary to protect a species and what 

conservation strategies might mitigate the consequences of fragmentation.  One way that 

habitat is fragmented is by conversion of land to urban development.  Here, I present a study 

of the population genetic structure of Atrytonopsis new species 1, a butterfly endemic to sand 

dunes along a 50-kilometer stretch of barrier islands in North Carolina.  Atrytonopsis sp1 

primarily occupies sand dune habitat that is ~50-100 m wide, which in this region has largely 

been converted to residential and commercial development.  I used population genetic 

techniques to determine whether urbanization and/or natural features are barriers to 

Atrytonopsis sp1 movement and to identify conservation strategies that will help ensure the 

long-term survival of the butterfly.  Using AFLP markers that produced 181 polymorphic 

loci, I found significant population structure across the range of Atrytonopsis sp1.  However, 

I found no indication that urbanized areas were a barrier to Atrytonopsis sp1 movement.  Two 
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natural barriers, an ocean inlet and maritime forest, explained the genetic structure.  Even in 

areas with a long history of urbanization, there was no significant isolation-by-distance 

relationship, and there was very low genetic differentiation between sampling locations.  My 

results suggest that natural barriers, not urbanization, limit Atrytonopsis sp1 movement. 

Consequently, I recommend that conservation strategies preserve and restore as much habitat 

as possible across the range of Atrytonopsis sp1, rather than explicitly focusing on habitat 

corridors.  I believe that these results can be generalized to other mobile insects in urbanizing 

landscapes, particularly for species that use non-forest habitat.   

 

Key words: population genetics, habitat fragmentation, urbanization, AFLP, conservation, 

butterfly, Atrytonopsis 
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INTRODUCTION 

 

The overall detrimental effects of human-caused habitat fragmentation have been well 

documented (Saunders et al. 1991, Fahrig 2003).  Among its many consequences, habitat 

fragmentation can negatively affect species by reducing their natural movement rates 

(Caughley 1994).  Populations that are more isolated, in turn, have an increased chance of 

local extirpation due to genetic drift, inbreeding, and susceptibility to natural disasters 

(Saunders et al. 1991, Caughley 1994, Hanski and Gilpin 1997, DeSalle and Amato 2004).  

Key to understanding all of these effects is to understand movement. 

To conserve species threatened by human activities, however, knowing that 

fragmentation can disrupt species movement is only partially informative.  The way in which 

species actually respond to fragmentation will inform if conservation actions are necessary to 

protect a species and what conservation strategies might mitigate the consequences of 

fragmentation.  One way that habitat is fragmented is by conversion of land to urban 

development.  I test for the effect of urbanization on the population genetic structure of a rare 

butterfly endemic to coastal North Carolina.   

Studies of the effects of habitat fragmentation on animal movement have largely been 

in the context of fragmentation that results from converting land to semi-natural vegetation 

via agricultural activities and logging, with less attention to fragmentation resulting from 

urbanization.  However, as the world’s population and the proportion of people living in 

urban areas have increased (UNDP 2006), so has the need for understanding the more 

intensive fragmentation that results from urbanization.  Coastal areas have been particularly 
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hard hit with urbanization; in the United States 53% of the population lives in coastal 

counties, although coastal counties (excluding Alaska) only account for 17% of the country 

(Crossett et al. 2004).   

Urban fragmentation has not been completely ignored, especially with respect to the 

ecological effect of roads.  For many species, such as desert bighorn sheep, violet ground 

beetles, red-backed salamanders, bobcats, and coyotes, roads have been shown to depress 

movement rates (Keller and Largiadèr 2003, Epps et al. 2005, Riley et al. 2006, Marsh et al. 

2008).  More generally, urban areas appear to limit movement rates in common frogs, 

carabid beetles, red-backed salamanders, Jerusalem crickets, and several butterflies 

(Hitchings and Beebee 1997, Wood and Pullin 2002, Takami et al. 2004, Desender et al. 

2005, Noel et al. 2007, Vandergast et al. 2007).   

Despite the seemingly impenetrable nature of urban areas, the movement rates of 

some species are only minimally affected.  For example, comparative studies among species 

within taxa indicate that the movement rates of habitat specialists and sedentary species are 

more affected by urbanization than vagile species that are habitat generalists (Takami et al. 

2004, Desender et al. 2005).  Even insect pollinated plants may be relatively unaffected by 

urbanization (Culley et al. 2007). 

 Studies of animal movement at potential urban barriers are useful in understanding 

short-term behavioral responses to fragmentation, but detecting whether such responses yield 

long-term consequences requires genetic data.  Population genetic techniques are an 

increasingly common approach to assess the effects of both natural and human-caused 

fragmentation in the context of landscape genetics (Manel et al. 2003, DeSalle and Amato 



 5 

2004, Bonin et al. 2007, Holderegger and Wagner 2006, Keyghobadi 2007).  The benefit of 

genetic approaches is that they permit range-wide assessments of movement rates in cases 

where traditional mark-recapture or radio-telemetry techniques are difficult or costly to 

implement.  Moreover, genetics can indicate if movement between populations actually 

results in the introduction of new genes into the population.   

 As a first step, population genetic studies elucidate whether a species exhibits 

population structure across a landscape, or whether there is a single panmictic population.  If 

there is structure, the way in which it is partitioned can explain what landscape features – 

natural or anthropogenic – should be regarded as barriers to movement (Manel et al. 2003).  

This information, in turn, can be used to help guide the type and location of urban 

development so as to limit the effects on species, and identify areas where restoration should 

be considered.   

 Here, I present a study of the population genetic structure of a globally rare butterfly 

that is a U.S. federal species of concern.  Atrytonopsis new species 1, informally referred to 

as the crystal skipper, is endemic to a 50-km stretch of barrier islands in North Carolina (Fig. 

1).  It primarily occupies sand dune habitat that was historically ~50-100 m wide.  Generally, 

sand dune habitat was continuous within islands, and only punctured by areas of severe 

erosion or ocean inlets.  However, within our study area, sand dunes have now largely been 

converted to residential and commercial development.  The first goal of my study was to use 

population genetics to determine whether urbanization and/or natural features are barriers to 

Atrytonopsis new species 1 movement.  The second goal was to use this information to 

identify conservation strategies that will help ensure the long-term survival of the butterfly.   
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METHODS 

 

Study system and species 

 

Atrytonopsis new species 1 (hereafter Atrytonopsis sp1) is a newly identified butterfly 

in the skipper family (Hesperiidae).  The taxonomic status of the species is not yet resolved, 

but preliminary work indicates that it is a subspecies of A. hianna, or possibly even a full 

species.  Atrytonopsis sp1 is a federal species of concern and may become a candidate for 

listing under the Endangered Species Act.  Although Atrytonopsis sp1 is a globally rare 

species, and thus warrants conservation attention, it is locally abundant, with population sizes 

in the hundreds to thousands.  Primary Atrytonopsis sp1 habitat consists of sand dunes with 

the larval hostplant, Schizachyrium littorale (seaside little bluestem).  S. littorale is a dune 

grass that forms the dominant vegetation cover on open sand dunes within the known range 

of the butterfly.  Atrytonopsis sp1 is bivoltine; its first flight period is from mid-April to mid-

May, and the second flight is from mid-July to mid-August (Hall 2004, Leidner and Haddad 

2006). 

Barrier islands are characterized by ~25-100 m wide linear vegetation bands that run 

parallel to the ocean (Ehrenfeld 1990).  Above the high-tide line is open beach, followed by 

primary and secondary sand dunes.  Shrub thickets are interspersed throughout the sand 

dunes and become the dominant vegetation cover further away from the high tide line.  

Behind the shrub thickets are maritime forest, followed by marsh, followed by the open 
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sound.  Unlike oceanic islands, the vegetation bands on barrier islands do not form rings 

around the island.  

 Atrytonopsis sp1 is restricted to two barrier islands in North Carolina – Bogue Banks 

and Bear Island (Hall 2004, Leidner and Haddad 2006, Fig. 1).  The butterfly is also found 

on several small man-made dredge spoil islands, as S. littorale readily colonizes these areas.  

The western-most population is on Bear Island, which is part of Hammocks Beach State 

Park.  Bear Island is ~5 km long, completely undeveloped, and separated from Bogue Banks 

by Bogue Inlet.  The eastern-most population (with the exception of a few dredge spoil 

islands) is within Ft. Macon State Park, which is ~3 km long and also undeveloped.  These 

are the largest two populations, and they occupy the longest undeveloped stretches of sand 

dunes.  The other Atrytonopsis sp1 populations are smaller and often surrounded by 

urbanization, which can separate populations by many kilometers.  Within Bogue Banks, 

there is one section of maritime forest where severe erosion of sand dunes (possibly caused 

by a combination of storms and urbanization) has eliminated the primary and secondary 

dunes to the point where there is an abrupt transition from the maritime forest to the beach.  

There is virtually no S. littorale present in this area.   

 

Collection procedure 

 

I sampled individuals from nine locations throughout the range of Atrytonopsis sp1 

(Fig. 1).  Two locations were on Radio Island and Brandt Island, which are dredge spoil 

islands.  Because of the small population size at Radio Island, I was only able to sample a 
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few individuals.  The other seven sampling sites were located on natural habitat on Bear 

Island and Bogue Banks.  Within the two largest populations with continuous habitat (Ft. 

Macon State Park and Bear Island), I sampled individuals from opposite ends of the park.  

These were the only locations were I could determine whether there was population structure 

within continuous habitat.  At Ft. Macon the sampling locations were separated by ~1.2 km 

and at Bear Island they were separated by ~3 km.  At most sites, sampling was spread out 

over 2 or 3 flight periods, to reduce the impact of sampling on populations.  When possible, I 

sampled older individuals that would have less of a reproductive impact on the small 

populations.  Butterflies were captured using hand nets and brought live to a -80ºC freezer, 

where they were stored until DNA extraction. 

 

DNA extraction and AFLP protocol 

 

I know of no published genetic research on any species in the Atrytonopsis genus, and 

microsatellites are notoriously difficulty to develop in Lepidoptera (Zhang 2004, but see 

Keyghobadi et al. 2002).  Therefore, I used amplified fragment length polymorphisms 

(AFLP) as genetic markers (Vos et al. 1995), which require little development time (Mueller 

and Wolfenbarger 1999, Lowe et al. 2004).  AFLPs are dominant markers, which can be 

difficult to analyze because certain assumptions required for many analyses (i.e., Hardy-

Weinberg equilibrium) cannot be tested (Mueller and Wolfenbarger 1999, Lynch and 

Milligan 1994, Zhivotovsky 1999).  However, many statistical methods have been developed 

to overcome this problem (Bonin et al. 2007).  Two of the population structure analyses I 
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used (AMOVA and Bayesian clustering) do not have underlying assumptions about the 

distribution of data, so they are suitable to use for dominant markers.  Additionally, AFLPs 

produce many polymorphic markers, and therefore are good to use to analyze fine scale 

genetic structure (Mueller and Wolfenbarger 1999).   

DNA was extracted from a half of each thorax using a Qiagen DNeasy 96 Tissue Kit, 

following a modified mouse tail protocol as described in Sheck et al. (2006), with the 

exception that I incubated tissue in 170 μL of lysis buffer and 30 μL of proteinase K.  I also 

followed the methods outlined in Sheck et al. (2006) for the AFLP procedure, which was in 

turn modified from Vos et al. (1995) and Remington et al. (1999).  However, for the pre-

amplification step I used 3 μL of DNA and for the selective amplification I used 24 μL of 

dNTP.  I used four primer combinations for selective amplification (AAC50, AAC54, 

AGC48, and AGC62) and visualized the markers on Li-Cor 4200 and 4300 sequencers.  Only 

96 individuals could be analyzed on a given gel, so for each primer combination I ran three 

gels.  Individuals were arbitrarily assigned to a gel, but individuals that were analyzed on a 

gel for one selective amplification (primer combination) were generally analyzed with those 

same individuals for the other selective amplifications.  

I ran several checks to ensure scoring accuracy and reproducibility of the AFLP 

bands.  In some cases I re-extracted DNA from individuals and compared the second set of 

AFLP bands with the bands from the original extraction.  I also did duplicate 

restriction/ligations and selective amplifications of several individuals.  For duplicates that 

were run on the same gel, the error rate across all loci was low (< 7%).  For many markers, 

the error rate comparing duplicates across gels was higher, and for many individuals I was 
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unable to score loci for all four selective amplification primer combinations.  Consequently, 

here and in the supplemental text, I present several permutations of individuals and loci to 

highlight the results. One dataset maximized the number of polymorphic loci used.  The other 

dataset focused on three different regions within the range of Atrytonopsis sp1 (eastern 

Bogue Banks, western Bogue Banks, Bear Island) and maximized the number of individuals 

from each sampling location, but used fewer individuals (see Table 1). Additionally, I re-

analyzed all of the range-wide analyses using only loci with a frequency between 3-97%, to 

ensure that the results were not skewed by including potentially erroneous singletons 

possibly caused by mistakes in scoring.  These results are reported in the supplemental tables 

and figures.   

 

Genetic diversity  

 

I estimated allele frequencies for each population in AFLP-SURV using a Bayesian 

approach with non-uniform priors that is suitable for dominant markers (Zhivotovsky 1999, 

Vekemans et al. 2002).  Using these values, I calculated expected heterozygosity (Hj) for 

each population, following the method of Lynch and Milligan (1994), and pairwise FST for all 

populations.   

 

 

 

 



 11 

Population structure  

 

I used a Bayesian clustering method implemented in STRUCTURE (Pritchard et al. 

2000)  to test for population structure across the range of Atrytonopsis sp1.  STRUCTURE 

groups individuals based on their genotype and determines the probability that there are k 

populations within the data.  The k with the lowest log probability (ln Pr(X|k)) is considered 

to be the best fit for the data.  A situation where k = 1 indicates panmixia (i.e. no population 

structure).  For a given dataset, I selected the k with the lowest log probability averaged over 

10 independent runs.  Each run of the dataset for each k used 1x10
4
 Markov Chain Monte 

Carlo (MCMC) cycles for burn-in and 5x10
4
 MCMC cycles for data analysis.  I did not 

assign individuals to populations prior to analyzing the data (i.e., I used naïve clustering).  At 

the end of the analysis, a proportion of the genome of each individual is assigned to one of k 

populations.  The data were analyzed using the correlated allele frequency and admixture 

models, which helps to account for migration and shared ancestry between putative 

populations (Falush et al. 2003).  I always used the recessive alleles option, the method 

designed for AFLP data (Falush et al. 2007).   

I also looked at the partitioning of genetic diversity using Analysis of Molecular 

Variance (AMOVA; Excoffier et al. 1992) implemented in ARLEQUIN (Excoffier et al. 2005).  

AMOVA is similar in concept to ANOVA, and calculates the proportion of genetic diversity 

accounted for by each level of a hierarchical analysis (within populations, among 

populations/within groups, and among groups).  Because I had a relatively high amount of 

missing data for some loci (>5%) I used a locus-by-locus AMOVA (Excoffier et al. 2005).  I 
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tested for statistical significance using 10,000 permutations of the data.  Input files for 

ARLEQUIN were prepared using AFLPDAT (Ehrich 2006).   

 

Isolation-by-distance 

 

  I used a Mantel test to examine the correlation between pairwise FST, the existence of 

potential barriers (coded as 1 if the specific type of barrier was present and 0 if it was not), 

and the distance between sampling locations (isolation-by-distance; Mantel 1967, Smouse et 

al. 1986).  Pairwise FST was calculated in AFLP-SURV and geographic distances were 

measured in Google Earth.  For geographic distance, I used the distance following the 

shoreline, rather than straight-line distance, although the difference between these two 

measurements was very small.   I then used partial Mantel tests to examine whether adding 

potential barriers to movement (i.e., urban areas or natural barriers) explained any additional 

variation beyond the effects of distance.  All Mantel tests were conducted in FSTAT with 

20,000 randomizations to test for statistical significance (Goudet 1995).  Most sampling 

locations were separated by some urbanization, so I used a Mantel test to look at the 

isolation-by-distance relationship for sites only separated by urbanization, but not natural 

barriers.  Finally, I used ANOVA with a post-hoc Tukey test to examine the average pairwise 

FST values for sampling locations separated by various combinations of urban and natural 

barriers, and continuous habitat. 

 Because the sample size for Radio Island was so small, I did not look at the pairwise 

relationship between Radio Island and other sites.  Additionally, both Radio Island and 
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Brandt Island are dredge spoil islands, and have different habitat characteristics than other 

areas.  For example, both islands are completely flat and have very little open beach.  The 

Atrytonopsis sp1 population density is generally lower on dredge spoil islands, and appears to 

be quite low on Radio Island, accounting for the small sample size.  Furthermore, measuring 

the linear distance between Brandt Island and the populations on Bogue Banks would have 

been inconsistent with the way I measured distance between the sites on Bogue Banks and 

Bear Island.  Therefore, when analyzing isolation-by-distance I only looked at pairwise 

comparisons from sites on Bogue Banks and Bear Island.  

 

RESULTS 

 

In total, I sampled 246 individuals from 11 locations (some of which were sub-sites 

of a major site, see Tables 1-2).  Across four primer combinations, I scored markers for 181 

polymorphic loci.  Despite the difficulties in scoring AFLP markers, the results from all of 

the population genetic analyses point to the same conclusion – that ocean inlets serve as 

primary features isolating Atrytonopsis sp1 populations, while urbanization does not appear 

to limit butterfly movement.   

 

Genetic diversity  

 

There was no discernable difference in genetic diversity between populations, when 

maximizing the number of individuals used for analysis (range 0.360-0.388, Table 1).  When 
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maximizing the number of loci used, genetic diversity of Bear Island appears to be lower 

than the other populations. The genetic diversity estimates of Radio Island should be 

interpreted with caution, as the sample size was very small (n = 4).   

 

Population structure  

 

The results from the population structure analysis show that the data are best fit by a 

model that assumes three populations (k =3) across the range of Atrytonopsis sp1 (Table 2, 

Fig. 1).  The finding that there were three populations was robust whether individuals or loci 

were maximized, or whether the dataset was trimmed based on the frequency of loci (Table 

2, Fig. S1).  These three populations are geographically distinct, and their boundaries are 

associated with two natural barriers in the landscape.  The western barrier is Bogue Inlet, 

which has separated Bear Island from Bogue Banks since at least 1585 (Fisher 1962).  The 

eastern barrier corresponds to a stretch of beach with no sand dunes (see description of study 

system in methods).   

To ensure that there was no additional structure within each of the three genetically 

distinct regions (eastern Bogue Banks, western Bogue Banks, and Bear Island), I analyzed 

the population structure of each region individually, using additional individuals, but fewer 

markers (Table 2).  None of the regions had significant population structure (k = 1).  When I 

examined the results of k =2 for all regions, there was no indication of any population 

structure correlated with geographic distance or urbanization (Table 2, Figs. S2-S4).  
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The AMOVA results using the maximizing loci dataset also support three genetically 

distinct populations within the range of Atrytonopsis sp1 (Table 3).  A significant portion of 

the genetic variation is partitioned among the three regions (11.81%, p < 0.001) and within 

each population (86.42%, p < 0.001).  A marginally significant, though practically very 

small, portion of the variation could be attributed to differences among populations within a 

region (1.76%, p = 0.052).  When I removed the individuals from Radio Island because of its 

small sample size (n =4), there was no longer a significant amount of variation among 

populations within a region (1.56%, p = 0.073).  Again, I examined population structure 

within each region maximizing individuals from each sampling location.  On Bear Island 

(east side vs. west side) and the eastern section of Bogue Banks, there was no significant 

variation among populations within each region. However, on the western section of Bogue 

Banks, there was small, but significant, variation between populations (2.94%, p < 0.001).  

There was no change in the results when I divided individuals from east and west Ft. Macon 

and east and west Bear Island into two populations (rather than four). 

 

Isolation-by-distance 

 

 Full Mantel tests revealed significant isolation-by-distance, but the relationship broke 

down once natural barriers were accounted for using partial mantel tests (Table 4, Fig. 2).  

With the full Mantel tests, there was a significant, positive relationship between pairwise FST 

and the presence of an ocean barrier, but no significant correlation between pairwise FST and 

the presence of a forest barrier or urban barrier (Table 4). For sites only separated by urban 
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areas (n = 8), I found no significant isolation-by-distance relationship (slope = 0.000, r = 

0.102, p = 0.837, r
2
 = 0.010).   

 Given the role of distance in explaining pairwise FST, I used partial Mantel tests to 

look at the combined effect of distance and potential barriers (Table 4).  Again, there was a 

significant correlation between pairwise FST and distance and an ocean barrier.  When 

including distance, there was a marginally significant correlation with forest and distance.  

Interestingly, combining urbanization and distance led to a marginally significant correlation 

of urban barriers with FST, but the relationship was a negative correlation (pairwise FST 

decreased in the presence of an urban barrier, Table 4).  I then looked at the correlation 

between pairwise FST and the presence of both ocean and forest barriers (excluding distance), 

and found that ocean was positively and significantly correlated with FST, and there was a 

trend toward an effect of forest on FST.  Adding distance to ocean and forest barriers did not 

improve the model fit and distance was no longer significant.   

 There were significant differences in average pairwise FST in sites separated by 

different combinations of natural (ocean or forest) and urban barriers (ANOVA, F[5,30] = 

43.450, p < 0.001,  r
2 

= 0.879, Fig. 3).  Most notably, sites separated by only urban areas had 

a much lower average pairwise FST than sites separated by forest and/or ocean (Fig. 3).  

When I tested the same model using distance as a covariate, distance was not significant (p = 

0.921).  Both the Mantel tests and ANOVA results were robust to using the dataset trimmed 

for loci frequency (Table S1, Figs. S5-S6). 
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DISCUSSION 

 

 My results demonstrate that natural features in the landscape, such as ocean inlets and 

maritime forest, are barriers to Atrytonopsis sp1 movement, whereas urbanization is 

apparently not.  Both STRUCTURE and AMOVA show that I can reject a null hypothesis of 

panmixia among Atrytonopsis sp1 populations and the STRUCTURE results indicate that there 

are three genetically distinct groupings of Atrytonopsis sp1.  The partial and full Mantel tests 

reveal that forest and ocean explain genetic differentiation, whereas urbanization does not 

explain genetic differentiation. Furthermore, there is no isolation-by-distance relationship in 

sites separated by only urban areas.    

 One of the main concerns about any population genetic study on the effects of 

human-caused fragmentation is knowing whether enough time has elapsed to detect any 

potential effect on genetic structure (Keyghobadi 2007).  In this light, a lack of genetic 

differentiation among populations fragmented by urbanization should be interpreted with 

caution.  However, three lines of evidence also suggest that urbanization is not a barrier to 

Atrytonopsis sp1 movement.  First, my fieldwork indicates that Atrytonopsis sp1 is a mobile 

butterfly.  At the initiation of this research, I conducted a pilot study to determine the 

population size and movement rates of Atrytonopsis sp1 within continuous habitat (Ft. 

Macon State Park).  I regularly found marked individuals that moved > 1 km and one 

individual moved 1.8 km, the maximum distance the study was set up to detect.  I also 

conducted mark-recapture studies on many of the smaller populations.  Although I did not 

intend to look at movement rates of Atrytonopsis sp1 between sampling locations, I found 
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that individual butterflies regularly moved hundreds of meters through urban areas over short 

time spans (1-3 days).  In one case, I found a female butterfly ~6 km from where it had been 

marked. 

 Second, formal field research confirms that Atrytonopsis sp1 will readily fly through 

urban areas. As part of another study, I examined Atrytonopsis sp1 behavior at the edge of 

sand dune habitat and urban development.  I found that individuals would regularly fly into 

urban areas (Chapter 2).  Targeted mark-recapture studies indicate that over short distances 

(~400 m), Atrytonopsis sp1 movement rates through urban areas were roughly equivalent to 

movement rates within continuous habitat (Chapter 2).   

 Third, there is a long history of urbanization on Bogue Banks.  The east side, around 

Atlantic Beach, has been developed for more than 70 years and urbanization on the western 

side of Bogue Banks is at least 30 years old (Pilkey et al. 1975).  Given that Atrytonopsis sp1 

has two generations each year, and that current population sizes are in the hundreds (except 

for the two state parks, where they are in the thousands), more than enough time would have 

elapsed to see the signal of urbanization on population genetic structure. A recent review of 

population genetic studies in fragmented landscapes found that 22 out of 32 species exhibited 

increased structure resulting from reduced movement rates in fragmented landscapes 

(Keyghobadi 2007).  All invertebrates reviewed were affected by fragmentation, a point that 

the author attributed to their relatively short generation time (Keyghobadi 2007). 

Additionally, Vandergast et al. (2008) found signals of genetic structure resulting from 

urbanization in southern Californian populations of Jerusalem crickets beyond the effects of 

historical fragmentation resulting from marine incursions during the Pleistocene.  Signals of 
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urban fragmentation have also been observed in the population genetic structure of long-lived 

taxa, such as bobcats and coyotes (Riley et al. 2006), salamanders (Marsh et al. 2008) and 

bighorn sheep (Epps et al. 2005) over shorter periods (35-55 years).   

 If anything, urban fragmentation may increase the movement rates of Atrytonopsis 

sp1, leading to a total breakdown of isolation-by-distance in the absence of natural barriers, 

as suggested by the negative correlation between urban barriers and FST  in the partial Mantel 

tests (Table 4).  Butterflies, and other species, have been theorized (Fahrig 2003, Zollner and 

Lima 1999) and observed (Kuefler and Haddad 2006, Schtickzelle et al. 2007) to exhibit 

persistent, directional movement in non-habitat areas, relative to more “wandering” 

movement within habitat.  Consequently, once Atrytonopsis sp1 enters an urban area, it may 

have a greater net displacement than it would within continuous habitat. 

 There are two additional explanations for the lack of an isolation-by-distance 

relationship and the lack of genetic differentiation in sites separated by urban areas: 1) there 

is so much movement of Atrytonopsis sp1 between populations that there is no genetic 

differentiation, and 2) there is so little movement between populations that drift dominates 

over migration (sensu Keyghobadi et al. 2005).  A comparison of the average pairwise FST of 

sites separated by putative barriers can help differentiate between these options (Fig. 3).  

High levels of isolation between Atrytonopsis sp1 populations would result in relatively high 

pairwise FST between sites and low genetic diversity values within sites.  However, the 

average pairwise FST of sites separated by only urban areas (comparisons within eastern and 

western Bogue Banks) is low, and similar to the average pairwise FST of sites separated by 

only continuous habitat.  Sites separated by any kind of natural barrier (forest and/or ocean) 
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had significantly higher pairwise FST.  Additionally, average pairwise FST was similar in both 

eastern and western Bogue Banks, even though there is a longer history of urbanization on 

eastern Bogue Banks.  Finally, the genetic diversity values of all of the sampling locations 

were relatively similar, despite the difference in population size and degree of isolation 

among Atrytonopsis sp1 populations (Table 1).  Combined, these results support the 

argument that high movement rates of Atrytonopsis sp1 result in no isolation-by-distance 

relationship among population separated by urbanization. 

 

Why are natural features barriers to Atrytonopsis sp1 movement?   

  

Ocean is likely a barrier to Atrytonopsis sp1 because of strong selection pressure for 

the butterfly to avoid flying over the ocean.  If a butterfly were to fly out over the open ocean 

(south) or over the sound (north), it would not find suitable habitat.  Additionally, beaches on 

barrier islands are particularly windy and Atrytonopsis sp1 generally avoids flying under 

windy conditions (> 20 km/hour; personal observation).  Therefore, wind may serve as an 

additional deterrent to flying over beaches, the precursor to reaching the ocean.  Behavioral 

studies corroborate an intrinsic avoidance of open beach, which individuals must fly over to 

reach the ocean.  Even under low wind conditions, Atrytonopsis sp1 is more willing to fly out 

over urban areas than it is over open beach (Chapter 2).  

 Forest might be a barrier to movement because of the difference in structure between 

the open habitat that Atrytonopsis sp1 uses and the dense maritime forest.  Studies of other 

butterflies that use habitat in open areas (e.g., meadows) found that forest was a barrier to 
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movement (Haddad 1999, Ries and Debinski 2001, Keyghobadi et al. 1999, Keyghobadi et 

al. 2005).  However, in behavioral studies at the edge of forest and sand dunes, forests were 

more permeable to Atrytonopsis sp1 than beaches (Chapter 2), indicating that there may be 

no intrinsic avoidance of forests.  Compared to ocean, the mortality risk of flying over forest 

is probably low.  Over forest, there are likely to be some nectar resources, and there is a 

higher probability of finding habitat, although perhaps also a higher probability of predation.   

 The difference in the strength of the forest and ocean barriers, reflected in the 

difference of average pairwise FST between populations separated by the respective barriers, 

also suggests that forest may not intrinsically limit Atrytonopsis sp1 movement.  The average 

pairwise FST between populations separated by forest and urbanization is lower than the 

average pairwise FST between populations separated by ocean, or ocean and urbanization 

(Fig. 3).  The difference in FST is particularly notable given that the distance of the ocean 

barrier is much shorter than the distance of the forest barrier.  Therefore, over short distances 

forest itself may not be a barrier to movement; rather, the long distance over which there is 

no suitable Atrytonopsis sp1 habitat between eastern and western Bogue Banks may be the 

barrier.  Over short distances, a lack of habitat may increase movement rates, but at some 

point the distance that separates habitat may be too long to allow for successful dispersal. 

 

Why is urbanization not a barrier to Atrytonopsis sp1 movement?   

 

Although urban development and open beaches and ocean are different in many 

ways, they share similar structural elements.  Urbanization on barrier islands often levels 
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sand dunes and replaces them with open, flat areas, such as manicured lawns and parking 

lots, which are virtual oceans for butterflies.  In these environments there is little protection 

from predators or shelter from wind or rain.  Yet urbanization is not always this drastic, as 

residential development can leave varying degrees of remnant habitat for Atrytonopsis sp1.  

For example, ornamental flowers and shrubs provide nectar resources and cover from 

predators and bad weather.  Unlandscaped yards and undeveloped lots retain native 

vegetation cover, including hostplants.  In this respect, urban development is far more 

hospitable to butterflies than open beaches and ocean.   

 Even though urbanization has not been a barrier to movement does not mean that it 

will never be a barrier to movement.  Although the pairwise FST values of populations 

separated by forest (gray triangles in Fig. 2) were higher than the pairwise FST values of 

populations separated by similar distances of urbanization (filled black circles in Fig. 2), 

there is an important difference in the comparisons.  Within the stretch of forest, there was 

virtually no suitable habitat for Atrytonopsis sp1, while there was suitable habitat for the 

butterfly in urban areas (even though we did not sample from theses populations).  If urban 

development goes unchecked and becomes extremely dense, then there will likely become a 

point where it will become a barrier to movement. Consequently, these results are not license 

to urbanize, if one also wants to protect Atrytonopsis sp1.   
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Conservation implications 

 

The fate of Atrytonopsis sp1 in a continually urbanizing landscape relies on both the 

maintenance of populations in the large natural areas (e.g., the state parks) and the ability of 

butterflies to disperse between all populations.  The susceptibility of barrier islands to 

hurricanes, combined with demographic crashes experienced by taxa with high growth rates, 

suggests that re-colonization is an important process in ensuring the long-term persistence of 

Atrytonopsis sp1.  However, Atrytonopsis sp1 does not need explicit corridors, linear strips of 

habitat connecting larger areas of habitat, to maintain movement between populations.  

Instead, smaller natural areas, undeveloped lots, and houses with unlandscaped yards, can all 

support small butterfly populations, and maintain connections across Bogue Banks by 

serving as stepping stones. Consequently, instead of concentrating explicitly on connectivity, 

my recommendation for conservation strategies would be to preserve and restore as much 

habitat as possible, and encourage homeowners to retain native vegetation as landscaping.   

 The good news for Atrytonopsis sp1 in this urbanizing landscape, as is probably the 

case for many mobile insects in urban areas, is that urbanization retains small areas of 

suitable habitat for the butterfly and its larvae, particularly in residential areas.  If 

urbanization becomes extremely intense, with more dense urbanization or more non-native 

landscaping, the connectivity of Atrytonopsis sp1 across its range may severely diminish, 

placing the species at greater risk for extinction.  Consequently, the value of small natural 

areas within an urban landscape may serve a similar function as remnant forest fragments in 

agricultural landscapes.  “Countryside biogeography” research demonstrates that forest 
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fragments can retain species diversity for several taxa, and even benefit surrounding 

agricultural areas via ecosystem services such as pollination (Daily et al. 2001, Ricketts et al. 

2001, Daily et al. 2003, Horner-Devine et al. 2003).  This study focused on a single species, 

but a similar paradigm of “urban biogeography” could be applicable to small natural or semi-

natural areas embedded in an urban landscape, particularly for species that use non-forest 

habitat.  
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Table 1.  Sample sizes (n), average number of individuals scored per loci (avg n), number of 

polymorphic loci scored (loci), percent polymorphic loci at the 5% level (%P), and expected 

heterozygosity (Hj) with standard error (SE) for each sampling location (and subsites within).  

Sample sizes (n) do not match the average number of individuals scored (avg n) because of 

missing data.  The same loci were used for all “maximizing loci” calculations.  For the 

“maximizing individuals” calculations, the same loci were used within each region (eastern 

Bogue Banks, western Bogue Banks, Bear Island) but not among regions.  The markers used 

for “maximizing individuals” are not necessarily subsets of the loci used for “maximizing 

loci.”   

Sampling location n avg n loci %P Hj (SE) n ave n loci %P Hj (SE)

Radio Island 4 3 181 100.0 0.414 (0.010) 4 3 81 84.0 0.367 (0.019)

Brandt Island 8 7 181 100.0 0.414 (0.009) 10 9 81 91.4 0.386 (0.016)

Ft. Macon (combined) 14 12 181 98.9 0.408 (0.009) 18 16 81 96.3 0.383 (0.015)

           Ft. Macon (east)  4 3 181 100.0 0.420 (0.009)

           Ft. Macon (west)  10 9 181 98.9 0.419 (0.009)

Atlantic Beach 10 9 181 92.8 0.380 (0.010) 12 11 81 93.8 0.355 (0.016)

Salter Path 9 8 181 93.9 0.394 (0.010) 12 11 125 94.4 0.388 (0.012)

Indian Beach 13 12 181 94.5 0.368 (0.010) 13 12 125 92.8 0.362 (0.013)

Emerald Isle east 9 8 181 93.9 0.388 (0.010) 10 9 125 92.0 0.363 (0.014)

Emerald Isle west 11 10 181 95.6 0.384 (0.010) 14 12 125 96.0 0.376 (0.012)

Bear Island (combined) 24 22 181 80.7 0.300 (0.013) 27 25 66 92.4 0.360 (0.018)

           Bear Island (east)  7 6 181 86.2 0.340 (0.012)

           Bear Island (west)  17 16 181 77.3 0.293 (0.014)

maximizing loci maximizing individuals
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Table 2.  Results from STRUCTURE showing that three populations (k = 3) is the best fit 

across the range of Atrytonopsis sp1.  The bolded values represent the lowest average log 

likelihood, with standard error (SE), averaged across 10 runs of each k.  The loci for the full 

range are the loci used in the “maximizing loci” section of Table 1.  The markers for eastern 

Bogue Banks, western Bogue Banks, and Bear Island are the markers used in the 

“maximizing individuals” section of Table 1.  Sample sizes for each population are the same 

as those in Table 1. 

k = 1 k  = 2 k  = 3 k  = 4 k  = 5 

full range 11
1, 2

102 181

-12697.050 

(3.131)

-12125.030 

(3.119)

-11990.650 

(2.836)

-12123.545 

(25.707)

-12471.918 

(79.0766)

full range
3

11
1, 2

102 161

-12084.790 

(1.390)

-11511.180 

(1.799)

-11372.690 

(2.713)

-11616.109 

(48.667)

-11737.990 

(75.977)

eastern 

Bogue Banks 5
1

44 81

-2410.190 

(1.483)

-2578.370 

(56.060)

-2422.130 

(11.2040)

-2483.890 

(23.0510)

-2599.530 

(31.931)

western 

Bogue Banks 4 49 125

-4045.770 

(3.611)

-4396.770 

(61.883)

-4494.420 

(96.861)

-4633.580 

(51.116)
---

Bear Island 2
2

27 66

-1170.170 

(0.900)

-1239.040 

(10.239)
--- --- ---

maximizing loci

maximizing individuals

average (SE) of ln Pr(X|k ) 

range

sampling 

locations n loci

 
1
  two sampling locations on either side of one site (Ft. Macon east, Ft. Macon west) 

2
  two sampling locations on either side of one site (Bear Island east, Bear Island west) 

3
  only used markers with frequency >0.03 or <0.97 
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Table 3.  Locus-by-locus AMOVA results for Atrytonopsis sp1.  The top portion of the table 

reports the partitioning of variation among groups (AG), among populations within groups 

(AP/WG) and within populations (WP) when analyzing individuals across the range of 

Atrytonopsis sp1.  The groups are eastern Bogue Banks, western Bogue Banks, and Bear 

Island.  The lower portion of the table reports the results of the partitioning of variation 

among populations within groups (AP/WG) and within populations (WP) for each of the 

above groups, using more loci but fewer individuals (as in Tables 1 and 2).  Sample sizes are 

the same as those listed in Table 1. 

range

sampling 

locations n loci AG
1

FCT (p ) AP/WG
2

FSC (p ) WP
3

FST (p )

full range 11 102 181 12.07
0.121 

(p <0.001)
1.71

0.020 

(p =0.011)
86.22

0.138 

(p <0.001)

       no Radio 

       Island
10 98 181 12.28

0.123  

(p <0.001)
1.54

0.018 

(p =0.018)
86.19

0.138  

(p <0.001)

full range 9
4, 5 102 181 11.81

0.112 

(p <0.001)
1.76

0.020 

(p =0.052)
86.42

0.136 

(p <0.001)

       no Radio 

       Island
8

4, 5 98 181 12.04
0.120 

(p <0.001)
1.56

0.018 

(p =0.073)
86.40

0.136 

(p <0.001)

full range
6

9
4, 5 102 161 11.97

 0.120 

(p <0.001)
1.77

0.020 

(p =0.054)
86.26

0.137 

(p <0.001)

eastern 

Bogue Banks
5 44 81 1.74 98.26

0.017 

(p =0.071)

       no Radio 

       Island
4 40 81 1.29 98.71

0.013 

(p =0.137)

       no Radio 

       Island
3

4 40 81 2.18 97.81
0.022 

(p =0.026)

western 

Bogue Banks
4 49 125 2.94 97.06

0.029  

(p <0.001)

Bear Island 2 27 66 2.21 97.79
0.022 

(p =0.122)

maximizing loci

maximizing individuals

 
1
  variation (%) among groups      

2
  variation (%) among sampling locations (population) within groups      

3
  variation (%) within populations      

4
  samples from east and west side of Ft. Macon were combined      

5
  samples from east and west side of Bear Island were combined      

6 
 only used markers with frequency >0.03 or <0.97      
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Table 4.  Full and partial Mantel tests for pairwise FST between sites on Bogue Banks and 

Bear Island (excluding the dredge spoil islands).  Significance values < 0.100 are bolded.  In 

total, there were 36 pairwise comparisons. 

 

Mantel test slope r p r
2

Distance only 0.002 0.608 0.000 0.369

Ocean only 0.071 0.886 0.000 0.786

Forest only 0.015 0.197 0.247 0.039

Urban only 0.002 0.016 0.931 0.000

Partial Mantel test slope r p r
2

ocean 0.062 0.690 0.000 0.846

distance 0.001 0.608 0.150

forest -0.032 -0.197 0.078 0.458

distance 0.003 0.648 0.000

urban -0.042 -0.296 0.078 0.457

distance 0.002 0.608 0.000

ocean 0.074 0.886 0.000 0.876

forest 0.024 0.300 0.076

ocean 0.074 0.690 0.000 0.876

forest 0.024 0.172 0.317

distance 0.000 0.608 0.998

ocean barrier + 

forest barrier + 

distance

ocean barrier + 

distance

forest barrier + 

distance

urban barrier + 

distance

ocean barrier + 

forest barrier

 
 



 35 

0.0

0.2

0.4

0.6

0.8

1.0

Atlantic 

Beach

North Carolina

Bear Island

Bogue Banks

Bear Island

west                   east

Emerald Isle 

west

Emerald Isle 

east

Salter

Path

Brandt 

Island

Fort Macon

west       east

Radio 

Island
Indian 

Beach

Atlantic Ocean

Bear Island western Bogue Banks eastern Bogue Banks

0.0

0.2

0.4

0.6

0.8

1.0

Atlantic 

Beach

North Carolina

Bear Island

Bogue Banks

Bear Island

west                   east

Emerald Isle 

west

Emerald Isle 

east

Salter

Path

Brandt 

Island

Fort Macon

west       east

Radio 

Island
Indian 

Beach

Atlantic Ocean

Bear Island western Bogue Banks eastern Bogue BanksBear Island western Bogue Banks eastern Bogue Banks  
 

Figure 1: Map of the known range of Atrytonopsis sp1 in North Carolina.  The filled circles indicate sampling locations for the 

population genetic analysis.  Sampling locations are shaded based on the results from STRUCTURE, which indicates that three 

populations (k = 3) is the best fit for the data.  The lower part of the figure represents the individual population assignments from 

STRUCTURE. Each individual is represented by a column and arranged along a west-east axis.  The proportion of each individuals’ 

genome that is assigned to the three populations is represented by the shading (dark gray, light gray, white).  The white arrows 

show the location of natural barriers and the black arrows indicate areas with heavy urban development.   
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Figure 2: Isolation-by-distance relationship, using all sites on Bogue Banks and Bear Island 

(excluding Radio Island and Brandt Island).  Black circles are FST values for sampling 

locations separated by no natural barriers.  Gray triangles and gray squares are sampling 

locations separated by one natural barrier (forest and ocean, respectively).  Black diamonds 

are sampling locations separated by both forest and ocean.  All sites are separated by urban 

development, except for the two open circles (within Ft. Macon and within Bear Island) and 

the two open squares (western end of Emerald Isle and the east and west side of Bear Island).   

Trend lines are shown for all four groupings (solid lines) and for the overall dataset (dashed 

line).   
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Figure 3: Average pairwise FST (left y-axis) for sites separated only by sand dunes (east and 

west Ft. Macon and Bear Island, left bar), one type of potential barrier, or combinations of 

potential barriers.  Error bars represent standard error. Means were compared using a Tukey 

post-hoc test.  Gray squares (right y-axis) show the average pairwise distance between sites.  

Pairwise FST values are arranged by increasing average distance between sites.  
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Table S1: Full and partial Mantel tests for pairwise FST between sites on Bogue Banks and 

Bear Island (excluding dredge spoil islands) using markers with a frequency >3% but less 

than 97%.  Significance values < 0.100 are bolded.  In total, there were 36 pairwise 

comparisons. 

 

Mantel test slope r p r
2

Distance only 0.002 0.607 0.001 0.369

Ocean only 0.076 0.894 0.000 0.799

Forest only 0.015 0.187 0.273 0.035

Urban only 0.003 0.023 0.896 0.001

Partial Mantel test slope r p r
2

ocean 0.066 0.894 0.000 0.857

distance 0.001 0.241 0.159

forest -0.035 -0.310 0.064 0.465

distance 0.003 0.607 0.000

urban -0.042 -0.287 0.090 0.451

distance 0.002 0.607 0.000

ocean 0.079 0.894 0.000 0.884

forest 0.024 0.291 0.085

ocean 0.078 0.894 0.000 0.884

forest 0.024 0.291 0.335

distance 0.000 0.005 0.976

ocean barrier + 

forest barrier + 

distance

ocean barrier + 

distance

forest barrier + 

distance

urban barrier + 

distance

ocean barrier + 

forest barrier
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Figure S1: Population structure results across the range of Atrytonopsis sp1 for k = 3.  The 

data are the same as those used in Figure 1, but only loci with a frequency > 3% and <97% 

were used.  
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Figure S2: Population structure results for k = 2 across eastern Bogue Banks, maximizing 

the number of individuals used. 
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Figure S3: Population structure results for k = 2 across western Bogue Banks, maximizing 

the number of individuals used.
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Figure S4: Population structure results for k = 2 across Bear Island, maximizing the number 

of individuals used.
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Figure S5: Isolation-by-distance relationship, using all sites on Bogue Banks and Bear Island 

(excluding Radio Island and Brandt Island) and using loci with a frequency >3% but less 

than 97%.  Black circles are FST values for sampling locations separated by no natural 

barriers.  Gray triangles and gray squares are sampling locations separated by one natural 

barrier (forest and ocean, respectively).  Black diamonds are sampling locations separated by 

both forest and ocean.  All sites are separated by urban development, except for the two open 

circles (within Ft. Macon and within Bear Island) and the two open squares (western end of 

Emerald Isle and the east and west side of Bear Island).  Trend lines are shown for all four 

groupings (solid lines) and for the overall dataset (dashed line).  
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Figure S6: Average pairwise FST (left y-axis) for sites separated only by sand dunes (east 

and west Ft. Macon and Bear Island, left bar), one type of potential barrier, or combinations 

of potential barriers, using markers with a frequency >3% but less than 97%.  Error bars 

represent standard error. Means were compared using a Tukey post-hoc test.  Gray squares 

(right y-axis) show the average pairwise distance between sites.  Pairwise FST values are 

arranged by increasing average distance between sites. 
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CHAPTER 2 

 

COMBINING BEHAVIORAL, MARK-RECAPTURE, AND POPULATION 

GENETIC STUDIES TO IDENTIFY CONSERVATION STRATEGIES  

FOR A RARE BUTTERFLY IN AN URBANIZING LANDSCAPE 

 

ABSTRACT 

  

Human activities have fragmented many natural areas, disrupting animal movement 

between habitat patches.  Consequently, there is a pressing need to understand if animals can 

cope with the agricultural or urban development that now separate many natural areas.  If 

fragmentation disrupts landscape connectivity, what landscape elements may ameliorate the 

detrimental effects?  Many studies rely on a single method to measure movement, but 

combining two or more methods may help elucidate the effects of natural or anthropogenic 

fragmentation.  Here, I propose a novel synthesis of behavioral, mark-recapture, and 

population genetic approaches to identify the effects of urban fragmentation on a rare 

butterfly, and make recommendations for conservation strategies to maintain or restore 

connectivity.   

Atrytonopsis new species 1 is a butterfly endemic to a 50-km stretch of barrier islands 

in North Carolina, but much of its sand dune habitat has been converted to residential and 

commercial development.  To test the permeability of edges to Atrytonopsis sp1, I conducted 

butterfly releases at four different edge types: sand dune – beach, sand dune – maritime 
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forest/shrub, sand dune – urbanization, and beach – ocean.  I then used mark-recapture to 

compare Atrytonopsis sp1 movement rates in continuous sand dune habitat and between 

habitat patches separated by urban areas.  Finally, I conducted a range-wide population 

genetic study to assess how Atrytonopsis sp1 population structure was partitioned relative to 

natural barriers and urbanization.   

All three studies indicate that natural features in the landscape, not urbanization, are 

barriers to Atrytonopsis sp1 movement.  Individually, the three studies point to the same 

conclusion, but analyzed separately each would result in a slightly different interpretation 

and conservation recommendation.  Both corridors and stepping stones are strategies that can 

increase connectivity of a landscape.  For stepping stones to work, however, Atrytonopsis sp1 

must be willing to enter the matrix, successfully find new habitat, and integrate its genes into 

the new population.  The edge behavior studies indicate that Atrytonopsis sp1 will fly into 

urban areas, and the mark-recapture studies confirm that it can successfully disperse over 

short distances.  The population genetic studies indicate that longer distances of urbanization 

are also not intrinsically a barrier to movement.  Combined with the edge behavior study, the 

genetic study shows that even short distances of ocean are a barrier to movement, but forest 

may be a barrier to movement only when there are long stretches with no suitable habitat for 

Atrytonopsis sp1.  Consequently, I recommend conservation strategies that focus on 

protecting stepping stones, rather than explicitly targeting the preservation or restoration of 

continuous habitat corridors.  My research highlights the benefits of combining approaches 

for studying animal movement in fragmented environments and determining optimal 

conservation strategies.   
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Key words:  habitat fragmentation, connectivity, corridor, stepping stone, population 

genetics, mark – recapture, edge behavior, conservation, urbanization, Atrytonopsis, butterfly 
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INTRODUCTION 

 

The movement of animals between habitat areas is a topic that has long concerned 

ecologists, as it regulates population dynamics of single species (Pulliam 1988, Hanski and 

Gilpin 1997) and entire communities (Holyoak et al. 2005).  In natural settings, species often 

evolved to disperse through areas unsuitable for habitation (the matrix).  When individuals 

disperse and find occupied habitat, they may provide a “rescue effect” (Brown and Kodric-

Brown 1977) or contribute genes to the new population (Slatkin 1985).  In other cases, 

individuals may find unoccupied habitat, which may be available because it was newly 

created via succession or disturbance, or because a local population of the species was 

extirpated.   

 As human activities disturb and fragment many natural areas, there is a pressing need 

to understand if animals can cope with the agricultural or urban development that now 

separate many natural areas (Fahrig 2007).  If fragmentation disrupts the connectivity of a 

landscape by limiting movement, what landscape elements may ameliorate the detrimental 

effects?  Here, I propose a novel synthesis of behavioral, mark-recapture, and population 

genetic studies to identify the effects of urban fragmentation on a rare butterfly, and make 

recommendations for conservation strategies to help maintain or restore connectivity.   
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Measuring animal movement  

  

 Before I can focus on maintaining or improving connectivity in fragmented 

landscapes, I must first establish if and how fragmentation alters species movement.  There 

are a series of steps involved for animals to move between habitat patches in fragmented 

landscapes (Ims and Yoccoz 1997, Fig. 1).  First, an individual must encounter an edge 

between its current habitat and the matrix.  Then, it must move through the edge into the 

matrix, survive in the matrix, and find another habitat patch.  In order for the individual’s 

movement to have population-level consequences, it must also become part of the 

reproductive population. Below, I describe three methods often used to measure animal 

movement, and explain which of the five movement steps each method addresses (Table 1).   

 

Behavior at habitat edges 

  

 Species emigration from habitat to the matrix, the first step of successful dispersal, 

can be measured by observing the behavior of individuals at habitat edges.  Emigration rates 

from habitat patches are dictated by the probability of encountering an edge (a function of the 

edge to area ratio) and edge permeability (Stamps et al. 1987).  Empirical evidence suggests 

that edge permeability for a given species will depend on the type and structural contrast of 

the edge encountered (Ries and Debinski 2001, Stevens et al. 2006).  While edge behavior 

may be easy to measure, particularly if individuals can be released experimentally at habitat 
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edges, it provides no information on the survival of individuals once they are in the matrix, or 

their ability to find suitable habitat. 

 

Mark – recapture 

  

 Mark-recapture methods are probably the most common way to assess movement 

rates between habitat patches.  Mark-recapture techniques are observational, in that there is 

direct evidence that an individual has moved between two habitat patches.  It is also 

inferential, as researchers must make assumptions about the route that individuals take 

through the matrix.  In some cases the matrix is, or is simplified to, one habitat type (Hanski 

et al. 2000, Roland et al. 2000).  In other cases, the dispersal rates between different matrix 

types are measured (e.g., Jonsen et al. 2001, Ricketts 2001).  While mark-recapture studies 

are popular to measure dispersal, they can be costly and time intensive, and can be 

challenging to use for species sensitive to marking.  It can also be difficult to distinguish 

whether low movement rates between populations is due to high emigration rates and high 

mortality in the matrix or low emigration rates and low mortality in the matrix (but see 

Ovaskainen et al. 2008).  Additionally, mark-recapture typically underestimates long distance 

dispersal because of the great amount of effort involved in capturing long distance dispersers 

(Porter and Dooley 1993, Koenig et al. 1996).  This is particularly problematic when 

studying rare species, where a combination of low population density and low movement 

rates may make it nearly impossible to detect the infrequent long-distance dispersal events 

that are important for genetic exchange.   
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Population genetics 

 

Population genetic techniques can provide insight into the movement rate of a species 

throughout its range.  Individuals are sampled from putative populations to determine if 

individuals from the same population are more or less similar than individuals from nearby 

populations.  If there is significant genetic differentiation between the putative populations, 

and therefore significant population structure, I can then use that level of differentiation to 

estimate movement rates between populations (Slatkin 1985).  The degree to which genetic 

differentiation increases with geographic distance, beyond the expected increase associated 

solely with distance (isolation-by-distance), provides a measure of how matrix types 

differentially alter movement rates.  Unlike mark-recapture and edge behavior studies, which 

focus on individuals, genetic studies measure population-level processes.   

 The newly emerging field of landscape genetics combines landscape ecology with 

population genetics to identify barriers that limit gene flow between populations (Manel et al. 

2003, Holderegger and Wagner 2006, Holderegger and Wagner 2008, Storfer et al. 2007).   

One technique commonly used is partial Mantel tests, which look at how natural or man-

made landscape features (e.g., elevation, urbanization) can change isolation-by-distance 

relationships (Epps et al. 2005, Funk et al. 2005, Schmidt et al. in press).  Landscape genetic 

techniques can also be used to infer the effects of historical and current landscape 

configuration on the population structure of species (Honnay et al. 2006, Vandergast et al. 

2007).   
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 The clear advantage of using population genetic techniques to identify barriers to 

movement comes from the capacity to look across very large areas where using mark-

recapture techniques would be impractical.  Depending on the quantity and quality of the 

markers, genetic techniques can discern fine scale population structure.  For example, 

Keyghobadi et al. (1999, 2005) found a significant isolation-by-distance relationship in 

butterflies sampled from habitat patches separated by only 0.15-12 km and Cabe et al. (2007) 

found evidence of population structure in salamanders separated by 0.2-2 km.  Genetic 

techniques are becoming increasingly popular as the costs decrease and the access of 

researchers to molecular labs increases.  Unfortunately, sampling is almost always invasive 

for small organisms, and may need to be destructive. 

 

Combining methods to understand landscape effects of movement 

  

 Many studies rely on a single method to measure movement, but combining two or 

more methods may help elucidate the effects of natural or anthropogenic fragmentation.  

However, combining approaches can be difficult because of the different scale that each one 

addresses (Lima and Zollner 1996), as is particularly the case for edge behavior and 

population genetic studies.  Consequently, most multi-approach studies combine mark-

recapture studies with either population genetic studies or behavioral studies at habitat edges.   

Some studies combining approaches use one approach to validate the findings of a 

different approach.  For example, small-scale behaviors of butterflies and birds at habitat 

edges were scaled-up and used to successfully predict movement at larger scales that was 
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measured via mark-recapture studies (Haddad 1999, Levey et al. 2005).  Likewise, a study 

quantifying the movement rates of an alpine butterfly found that observed and predicted 

movement rates derived from mark-recapture studies were negatively correlated with the 

genetic differentiation between populations (Keyghobadi et al. 1999).  A study of damselflies 

found significant genetic differentiation between populations over a very small spatial scale, 

and corroborated their findings with a mark-recapture study (Watts et al. 2004, Keogh et al. 

2007). 

 In other cases, combining two approaches has provided complementary insights about 

movement in fragmented environments that a single technique alone could not reveal.  

Howeth et al. (2008) used genetics to establish the level of historical connectivity for box 

turtle populations and used mark-recapture to look at the effects of recent fragmentation.  In 

this case, the time scale of current fragmentation was short relative to the lifespan and 

generation time of the study species.  Other studies have combined edge behavior and mark-

recapture studies to look at the relationships between emigration rates and movement rates 

(Schooley and Wiens 2004, Stasek et al. 2008).  Miller et al. (2002) used dispersal data from 

aquatic insect traps to distinguish between two hypotheses about the lack of genetic 

differentiation between stream catchments.   

 Here, I develop a framework for combining behavioral, mark-recapture, and 

population genetic studies to understand animal movement in fragmented landscapes. 

Currently, there is little research that connects behavior at habitat edges to population genetic 

structure (but see Stevens et al. 2006) or that links behavior, dispersal, and population 

genetics in one integrated framework. I present this framework in the context of a rare 
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butterfly endemic to barrier islands in North Carolina, Atrytonopsis new species 1, commonly 

referred to as the crystal skipper.  Based on my results, I make conservation 

recommendations for the butterfly and discuss how I might have derived different 

conservation strategies in the absence of one or more of the three studies.   

 

METHODS 

 

Study system and species 

 

 Atrytonopsis new species 1 (a grass skipper in the Family Hesperiidae, Fig. 2) is a 

butterfly endemic to a 50-kilometer stretch of barrier islands in North Carolina, an area 

known as the Crystal Coast (Fig. 3).  First identified in 1982, Atrytonopsis sp1 is a federal 

species of concern and, pending taxonomic studies, may become an imminent candidate for 

listing.  Two reports concluded that the restricted range of the species, combined with 

development pressures and extensive habitat loss and fragmentation, threaten the remaining 

populations of Atrytonopsis sp1 (Hall 2004, Leidner and Haddad 2006).  The butterfly is 

bivoltine with the first flight period spanning mid-April to mid-May, and the second 

spanning mid-July to mid-August.  Despite being restricted to two barrier islands – Bogue 

Banks and Bear Island – and a few dredge spoil islands, it is locally abundant.  Two of the 

largest populations support thousands of adult individuals, and many of the other population 

sizes are in the hundreds (Hall 2004, Leidner and Haddad 2006).  The largest populations are 

in two different state parks that flank either end of the butterfly’s range (Fig. 3).   
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 Barrier island habitats are characterized by linear strips of vegetation that run parallel 

to the shoreline (Ehrenfeld 1990).  Beyond the ocean and beach are primary and secondary 

sand dunes, behind which dense, tall shrub thickets develop.  If the island is wide enough, a 

fully developed maritime forest can form behind the shrub thicket.  The backside (sound-

side) of a barrier island is dominated by marshes.  Unlike oceanic islands, barrier island 

vegetation does not form complete rings around the island, so there are no sand dunes on the 

sound side of the island.  High quality Atrytonopsis sp1 habitat is within the primary and 

secondary sand dune areas, as this is where its hostplant, Schizachyrium littorale (seaside 

little bluestem), forms one of the dominant grasses (Hall 2004, Leidner and Haddad 2006). 

 Sand dunes within a barrier island are usually continuous, leaving ocean inlets as the 

primary natural feature that could be a barrier to Atrytonopsis sp1 movement. Within an 

island, natural disturbances prevent sand dunes from succeeding to maritime forest, but a 

change in the frequency or intensity of disturbances can disrupt sand dune ecosystems.  

Human disturbances, such as roads, houses, or “shore stabilization” activities (e.g., jetties, 

seawalls) can also disrupt the continuity of sand dunes by altering erosion rates (Pilkey et al. 

1975).  Most sand dunes on Bogue Banks are now fragmented by residential and commercial 

development.  In some cases, sand dune stabilization efforts and setback laws (dictating the 

distance that developers must leave between buildings and the high tide line) have retained 

sand dune corridors connecting larger habitat patches.  However, the remainder of the 

populations are isolated by urban areas that can separate populations by 100s to 1000s of 

meters. 
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Behavioral observations at habitat edges 

  

 To test permeability of edges to Atrytonopsis sp1, I conducted butterfly releases at 

four different edge types (Fig. 4).  Two edges, sand dune – beach and sand dune – 

shrub/maritime forest, are potential natural barriers to Atrytonopsis sp1 movement.  

Structurally and compositionally, dense shrubs and maritime forest are very similar, and 

differ primarily in their extent.  A third edge, sand dune – urban, was at the interface of sand 

dunes and urbanization, such as parking lots or housing developments.  The fourth edge, 

beach – ocean, was the only edge type I tested that was not adjacent to sand dunes.  At each 

of these edge types, I measured whether Atrytonopsis sp1 would willingly enter the matrix 

(treatment).  For the beach-ocean edge type, I considered beach to be the natural habitat (in 

other words, the ocean was the treatment).  I did this because the sand dunes were in the 

direction of the beach, and in almost all of the trials at this edge type, butterflies initially 

choosing the beach continued to fly to the sand dunes. 

 For each edge type, I conducted butterfly releases at three to six different sites.  All 

edges ran along a north-south or east-west axis.  In some sites, it was possible to conduct 

releases for the same edge type but with different edge orientations.  Some sites also had 

multiple edge types.  Butterflies were caught with hand nets, placed into glassine envelopes, 

and released less than one hour after initial capture.  Each individual was marked with a 

unique number to prevent the same individual from being used in more than one release.  

Individuals were always released at the site in which they were initially captured.  Releases 

were done in summer 2007, spring 2008, and summer 2008.  
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 To release butterflies, I placed a single individual into a small plastic container with a 

lid.  The lid was attached to a string that was pulled from a distance to limit the effect of the 

observer on the behavior of the butterflies.  The observer always stood in a location where 

she was best able to see the butterfly.  I recorded the final choice of all butterflies that moved 

under their own volition in less than seven minutes.  Butterflies were scored as choosing the 

dune or treatment (beach, forest, urban, or ocean in the case of the beach – ocean edge) if 

they flew > 1m from the release site.  Data on an individual butterfly was recorded until the 

butterfly sat in the same location for more than seven minutes or until it was lost from sight.  

During each release I also recorded the start time, wind speed, wind direction, wind direction 

relative to the dune habitat (into dune, away from dune, along edge), and percent cloud 

cover.   

 During the analysis of habitat choice within a given edge type, I treated the individual 

as the unit of replication within an edge type, rather than the site.  My preliminary analyses 

suggested that wind speed >7 mph influenced habitat choice, in the direction of whichever 

way the wind was blowing (data not shown).  Therefore, I restricted analyses to releases with 

wind speed ≤7 mph.  I first tested if the butterflies in a given treatment exhibited a preference 

for either of the habitat options, using a chi-squared test with a null expectation of 50%.  I 

then used a 4x2 contingency table to test whether the strength of preference for sand dune 

habitat varied with the treatment type.   
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Mark-recapture 

  

 I established 15 marking locations that formed nine pairs of sites, separated by 

approximately 400 m.  Three pairs of sites were separated by continuous sand dune habitat 

and six pairs of sites were separated by urbanization.  Three pairs of the urban sites were 

separated by residential areas and the other three pairs were separated by higher intensity 

urbanization (commercial development, or mixed-use development that removed almost all 

dunes).  Each site was ~1 ha.  Sites were surveyed on April 26, April 27, May 3, and May 4, 

2008.  Over the four survey days, there were 15 observers, with observers split into groups of 

two to three people.  On a given day, the same group always surveyed both sites within a 

pair, and time was adjusted to account for multiple observers.  If possible, a pair of sites was 

surveyed twice during the day.  Most sites were surveyed for 50 minutes, although survey 

time was downward adjusted for a few small sites.  To account for the higher density of 

butterflies in some sites, I added 3 minutes to the base survey time for each individual 

marked, and 2 minutes for each individual recaptured.  Sites were surveyed for a maximum 

of 120 minutes. 

 During each survey, Atrytonopsis sp1 were captured using hand nets and marked with 

a unique alphanumeric combination using a black ultra-fine point marker (sensu Ehrlich and 

Davidson 1960).  For each pair of sites, I calculated the proportion of marked individuals that 

moved between a pair of sites and used a t-test to compare the mean movement rate in 

continuous habitat and urban areas.  Data were arcsine square root transformed to improve 

normality.   
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Population genetics 

 

 The goal of the population genetic analysis was to determine if there was significant 

population structure across the range of Atrytonopsis sp1 (i.e., could I reject a null hypothesis 

of panmixia) and to identify the barriers that would explain the population structure.  I 

sampled individuals from eight different locations across the range of Atrytonopsis sp1.  

 Skippers were captured at each sampling location using hand nets and brought live to 

a -80°C freezer.  I later extracted DNA from the thorax of skippers using Quiagen DNeasy 96 

Tissue Kit, following a modified mouse tail protocol (Sheck et al. 2006, Chapter 1).  I used 

amplified fragment length polymorphisms (AFLP) as genetic markers.  The main advantage 

of using AFLPs is that virtually no development time is required (Mueller and Wolfenbarger 

1999, Lowe et al. 2004).  Microsatellites have proven extremely difficult to develop in 

Lepidoptera, and while there has been recent progress in this area, they are still labor-

intensive and time-intensive to develop (Zhang 2004).  As this study was conducted on a 

species for which no previous genetic work has been done, and a genus where very little 

work has been done, AFLPs seemed an appropriate method.  I followed the general protocol 

of Sheck et al. (2006) and Vos et al. (1995) for the AFLP analysis.  After DNA extraction, I 

used Mse1 and EcoRI restriction enzymes, and again followed the restriction, ligation, and 

pre-amplification procedure outlined in Sheck et al. (200) and Chapter 1.  I used four 

different primer combinations for the selective amplification step (AGC48, AAC50, AAC54, 

and AGC62), and visualized the markers on Li-Cor 4200 and 4300 sequencers.   
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 I tested for structure using a Bayesian clustering algorithm (STRUCTURE 2.2, Pritchard 

et al. 2000).  Using Markov Chain Monte Carlo (MCMC), this method looks for k hidden 

populations within the data, and then estimates the probability that there are k populations.  I 

used a naïve clustering approach, which means that no information on an individual’s origin 

was used to create the k populations.  The proportion of each individual’s genome that is 

associated with one of the k populations is also calculated.  I used the admixture and 

correlated allele frequency models, which means that different populations can have similar 

frequencies, as would be likely to occur if there is recent migration or shared ancestry 

(Falush et al. 2003).  I also used the recessive alleles option that is appropriate for dominant 

markers, such as AFLPs (Falush et al. 2007).  Using 1x10
4
 MCMC cycles for burn-in and 

5x10
4
 MCMC cycles for the data analysis, I tested k between 1 (panmixia) and 6, and 

selected the k which had the lowest average log probability of the data (ln Pr(X|k)) averaged 

over 10 runs (Pritchard et al. 2000).  From this I calculated the posterior probability (ln 

Pr(k|X)).   

 

RESULTS 

 

Behavioral observations at habitat edges 

 

 I collected data from 166 individuals across the four edge types.  In each of the 

treatments, Atrytonopsis sp1 significantly favored sand dune habitat (Table 2).   In the sand 

dune – beach edge releases, no individuals ever choose the beach, resulting in a marginally 
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significant difference in the strength of preference for sand dune habitat among the four 

treatments (χ
2
[3] = 7.25, p = 0.064).  

 

Mark-recapture 

 

 In total, the 15 sites were surveyed for ~80 hours, during which 535 butterflies were 

marked and 58 individuals were recaptured (Table 3).  There was no significant difference in 

the movement rates of individuals in urban or continuous areas (t[7] = 0.077, p = 0.941).  

Only one recapture was recorded as moving more than 400 m (the distance between pairs of 

sites).  That individual moved through a total of 3.9 km of urban areas over an 8-day period 

(data excluded from Table 3). 

 

Population genetics 

 

 I collected 83 individuals from 8 locations (average of 10.4 per location, Table 4) 

from which I was able to extract DNA and run the four selective amplification primer 

combination.  The four primer combinations produced a total of 103 polymorphic loci. These 

data represent a subset of a larger dataset of additional individuals and markers.  All subsets 

of the data analyzed show the same general result as those presented here and in Chapter 1.   

 The population structure results clearly demonstrate that three populations (k = 3, 

posterior probability ~1) best fit the data (Table 5).  When I map the results relative to 

urbanization and natural features in the landscape, it is apparent that natural features, not 
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urbanization, most closely correlate with the detected population structure (Fig. 5).  The 

western break of the population structure maps onto Bogue Inlet, which separates Bear Island 

from Bogue Banks.  The eastern break correlates to an area of maritime forest where sever 

erosion has destroyed all sand dunes.   

 

DISCUSSION 

 

 My research is the first to combine three distinct methods for assessing the 

consequences of habitat fragmentation for a single species.  The behavioral, mark-recapture, 

and population genetic studies all indicate that natural features in the landscape, not 

urbanization, are barriers to Atrytonopsis sp1 movement.  Specifically, beaches, open water, 

and maritime forest seem to restrict movement, and there is no difference in Atrytonopsis sp1 

movement rates in urban areas, relative to continuous sand dune habitat. Individually, these 

three studies point to the same conclusion, but analyzed separately each would result in a 

slightly different interpretation and conservation recommendation.   

 Combining methods to study movement in fragmented environments can elucidate 

the ways in which habitat fragmentation may limit animal movement, but importantly it also 

provides critical insight into the best conservation strategies to ameliorate the effects of 

fragmentation. Two main strategies have been proposed to increase connectivity in 

fragmented landscapes: corridors and stepping stones (Diamond 1975, Bennett 2003).  

Corridors, linear strips of habitat that connect larger habitat patches, work for a number of 

taxa (Haddad et al. 2003, Chetkiewicz et al. 2006).  As a conservation strategy to improve 
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connectivity, however, corridors can be problematic because they require the acquisition or 

restoration of specific areas. In urbanizing landscapes dominated by high property values and 

land conversion that is nearly irreversible (e.g,. parking lots), it may be impossible to place a 

corridor between natural areas.   

 Theoretical and empirical evidence also demonstrates that stepping stones, small 

patches of habitat that separate larger habitat patches, can improve connectivity for a species 

across a landscape (Gilpin 1980, Strong and Bancroft 1994, Haas 1995, Schultz 1998, Uezu 

et al. 2008).  To date, most conservation plans and empirical research have focused more on 

corridors, although stepping stones are generally considered as one aspect to enhance the 

connectivity of a landscape (Chetkiewicz et al. 2006, Beier et al. 2008). Compared to 

corridors, stepping stones allow for more opportunistic land conservation and restoration 

strategies, and can take advantage of cheaper land prices or cooperative landowners.  

Consequently, they may be easier to implement in urban settings.  

 The best conservation strategy will ultimately depend on how species use the 

landscape.  The edge behavior, mark-recapture, and population genetic studies I conducted 

on Atrytonopsis sp1 elucidate the best conservation strategy by addressing the following 

three questions (Fig. 6):  1) Will individuals enter non-habitat? 2) Can individuals 

successfully disperse through the matrix and get to the next stepping stone? and 3) What is 

the optimal landscape configuration for stepping stones or corridors?  
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Edge behavior: Will Atrytonopsis sp1 enter non-habitat? 

 

 Stepping stones can only be used as a conservation strategy if a species will enter the 

matrix.  If a species will not enter the matrix then corridors might be a better conservation 

strategy.  In the edge release studies, I found that between 21% and 27% of Atrytonopsis sp1 

individuals would fly into urban areas, over maritime forest, and over the ocean, although 

none would fly out over the open beach (Table 2).  However, Atrytonopsis sp1 does 

discriminate between habitat and non-habitat, as at all edge types it exhibited a significant 

preference for sand dunes (Table 2).  In isolation, these results suggest that stepping stones 

could be an appropriate conservation strategy to pursue, as Atrytonopsis sp1’s discrimination 

against urban areas is roughly equivalent to its discrimination against natural barriers with 

which it evolved (forest, ocean, beach).   

 Perhaps the most surprising result from the edge behavior study is that so many 

butterflies willingly flew into urban areas.  One reason may be that the boundary contrast 

between open sand dunes and urban areas is relatively low.  Open beaches provide no shelter, 

but urbanization can provide ground cover and structure that could potentially provide 

camouflage.  Butterfly behavior has rarely been studied in urban settings, with roads being a 

notable exception.  Several studies demonstrated that roads do not impede movement for 

several butterfly species (Ries and Debinski 2001, Severns 2008).  These species, like 

Atrytonopsis sp1, prefer open habitat.   

 Unlike Atrytonopsis sp1, many open-habitat species do not cross forest boundaries 

(Haddad 1999, Ries and Debinski 2001, Severns 2008).   However, nearly all of the 
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butterflies I observed choosing maritime forest over sand dunes flew up and over the 

vegetation, rather than through the forest.  Flying over forest is less risky than flying over 

open ocean.  Sand dunes in this area are peppered with shrub thickets that separate more 

open areas, so it is likely that a butterfly flying over a forest would eventually find suitable 

habitat.   

 

Mark-release-recapture: Can Atrytonopsis sp1 successfully disperse through the matrix and 

get to the next stepping stone?  

 

 Knowing that Atrytonopsis sp1 is willing to enter the matrix is insufficient to 

determine whether stepping stones are an appropriate conservation strategy.  For instance, 

mortality in the matrix might be extremely high, individuals might be unable to find suitable 

habitat, or individuals might not encounter edges at a high enough rate to promote significant 

genetic exchange.  My results from the mark-recapture study again suggest that stepping 

stones would be a reasonable conservation strategy to pursue in urban areas.  Atrytonopsis 

sp1 will move a distance of 400 m though continuous sand dunes and urban areas (Table 3).  

Across the entire study, 12 out of 71 recaptured individuals (~17%) moved between pairs of 

sites, and in many cases this movement occurred in less than 30 hours.  

 The lack of significant difference in movement rates between urban areas and 

continuous habitat could have been due the small number of replicates for each treatment.   

Additionally, a number of confounding factors may have led to an underestimation of 

movement rates within continuous sand dune habitat.  Continuous area 1 and 3 are large 
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natural areas, so butterflies could have diffused in all directions once marked.  The 

proportion of sand dune habitat surrounding urban sites is obviously much smaller, resulting 

in a concentration of individuals in a few discrete locations.  Once an individual left a habitat 

patch, it may continue flying through urban areas until it finds another habitat patch.    

 

Population genetics: What is the optimal landscape configuration for stepping stones or 

corridors?  

 

 The spatial arrangement and size of corridors and stepping stones are key to their 

effectiveness.  Individuals might be willing to cross the matrix or use a corridor over short 

distances, but be unable to cross longer distances. Mark-recapture techniques could provide 

insight into these issues, but implementing a range-wide mark-recapture study would be 

logistically difficult, time consuming, and expensive, and even under the best circumstances 

it would be hard to detect dispersal of rare migrants.  The results of the population genetic 

study indicate that ocean and maritime forest are strong barriers to movement, creating 

genetically distinct populations, while urbanization is not (Fig. 5).  There is evidence of some 

genetic exchange between populations, but the level is not enough to result in panmixia. 

 An important contradiction in the results from the edge behavior study and the 

population genetics study provides additional insight on the advantage of using a 

combination of ecological studies to assess habitat fragmentation.  The population genetic 

results indicate that urban areas are more permeable than forest, yet the edge behavior results 

indicate that forest and urban areas are equivalent barriers.  In light of the edge studies, I 
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believe that the distance of maritime forest separating Atrytonopsis sp1 populations, within 

which there is no suitable habitat for Atrytonopsis sp1, contributes to the genetic break 

between eastern and western Bogue Banks.  Similar distances of urbanization separate 

sampling sites on western Bogue Banks, but within the intervening area there are additional 

Atrytonopsis sp1 populations and suitable habitat (Fig. 3).  This provides further support for 

recommending stepping stones as a conservation strategy for Atrytonopsis sp1. 

 A critical issue with all population genetic studies in urban environments is 

determining whether a lack of structure is due to a lack of effect of urbanization or a lack of 

time to see the effects of urbanization.  Here, I believe a lack of population structure in urban 

areas is due to a lack of effect of urbanization.  First, the findings from both the behavioral 

and mark-recapture studies corroborate the findings that urbanization does not limit the 

exchange of individuals between populations.  Second, some degree of urbanization along 

the eastern section of Bogue Banks has been present for more than 70 years, or 140 

generations of Atrytonopsis sp1 (Pilkey et al. 1975).  On the western section of the island, 

urbanization has been going on for more than 30 years.   Other studies have found effects of 

urban fragmentation on population structure for longer-lived organisms such as bighorn 

sheep (Epps et al. 2005), red-backed salamanders (Marsh et al. 2008), and bobcats and 

coyotes (Riley et al. 2006) over a period of 35-55 years.  Population structure resulting from 

urbanization has also been shown for insects, such as Jerusalem cricket populations in 

southern California (Vandergast et al. 2007). 
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Results of integration and conservation recommendations 

 

 In isolation, the three studies presented here would result in similar interpretations of 

the effects of urban habitat fragmentation.  However, by combining studies, I was able to 

develop a more robust approach to conservation.  Because Atrytonopsis sp1 both enters and 

traverses urban areas, I recommend that conservation strategies focus on preserving stepping 

stones throughout the range of the species, rather than explicitly targeting the preservation or 

restoration of habitat corridors that connect existing Atrytonopsis sp1 populations.  

Specifically, retaining small undeveloped areas, maintaining wide dune lines, and 

encouraging homeowners to use natural landscaping all could help promote butterfly 

movement between populations.  This recommendation does not mean that corridors are not 

useful for Atrytonopsis sp1; in fact, they could be quite useful for the species.  However, 

given the logistical and financial constraints of establishing corridors (Chetkiewicz et al. 

2006, Beier et al. 2008), I feel that stepping stones will be a more realistic strategy to 

implement.    

 My research represents one approach for combining behavioral, mark-recapture, and 

population genetics studies for addressing the effects of habitat fragmentation on a rare 

butterfly.  The general approach of combining studies in each of these three categories could 

be used in numerous circumstances.  For instance, the behavioral interactions of social 

species may provide more insight into the decision to leave suitable habitat.  For some 

species, translocation and gps-tracking could be combined (e.g., Gillies and St. Clair 2008), 

and for others radio-collars could be used.  From a genetics standpoint, a combination of 
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mitochondrial and nuclear markers could provide insight into the differential dispersal of 

males and females (Ballard and Whitlock 2004).  I encourage ecologists and conservation 

biologists to approach questions about animal movement using multiple methods.  This is 

particularly important for conservation problems in “real” landscapes, where there are few 

opportunities for tightly controlled, replicated experiments that can lead to unequivocal 

answers as to the effects of habitat fragmentation.  By combining ecological approaches, I 

can corroborate the conclusions of a single study, and pull together a more complete picture 

of the effects of fragmentation.  Perhaps more important, different approaches lead to a fuller 

understanding of how to ameliorate the effects of fragmentation, and identify conservation 

strategies that are most likely to allow for the survival of species in fragmented landscapes.   
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Table 1.  Three common methods used to measure animal movement, with benefits and 

limitations of each approach. 

 

Method
What does it 

measure?

Observational 

or inferential?
Benefits Limitations

Behavior at 

habitat edges

edge 

permeability
observational

(relatively) easy to 

measure, can test any 

kind of naturally 

occuring edge

cannot tell if animal survives in 

matrix and successfully finds 

suitable habitat

survivorship

in matrix 
inferential

measures survivorship 

in matrix

cannot always separate high 

emigration/low survivorship 

scenarios with low 

emigration/high survivorship 

scenarios

movement 

rates
both

can confirm disperal 

estimates, inferential 

because movement rates 

are correlated to 

intervening landscape

underestimates long distance 

dispersal; limitations on 

experimental design in non-

experimental landscapes 

(controlling distance and matrix 

between patches)

Population 

genetics

movement 

rates and 

gene flow

inferential

can infer that animals 

move between patches; 

can confirm that 

immigrants contribute to 

genetics of population

exact movement rates difficult to 

measure; sampling may be 

harmful or destructive to species; 

enough time must elapse before 

effects of potential barriers can 

be observed

Mark - 

recapture
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Table 2.  Atrytonopsis sp1 preferences from the edge release studies, using a chi-squared test 

to assess statistical significance for habitat preference.     

 

 

 

 

 

 

 

 

 

 

edge type n dune treatment % dune χ2 df    p

dune - beach 21 21 0 100 21.00 1 < 0.001

dune - urban 77 56 21 73 15.91 1 < 0.001

dune - shrub/forest 49 38 11 78 14.88 1 < 0.001

beach (dune) - ocean 19 15 4 79 6.37 1 0.012

choice
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Table 3.  Atrytonopsis sp1 movement in sites separated by either 400 m of sand dunes or 400 

m of urbanization.  Proportion moved is calculated as the number of recaptures that moved in 

either direction between the pair of sites divided by the total number of individuals marked.  

Note that column sums for time surveyed, marked, and recaptured do not add up to values in 

text because some sites were counted in surveys for two separate pairs.  

survey 

time (min) marked recaptured moved

proportion 

moved

average time between 

recaptures (days)

1 909 187 3 1 0.005 3.00

2 500 41 4 2 0.049 3.75

3 883 72 8 1 0.014 3.75

1 669 56 18 5 0.089 1.50

2 548 28 5 0 0.000 0.80

3 621 44 10 2 0.045 1.33

4 635 66 13 0 0.000 1.36

5 494 46 1 0 0.000 7.00

6 685 82 9 1 0.012 2.22

Urban

Continuous
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Table 4.  Sampling locations and sample sizes used in the population genetic analyses. 

Site n

Brandt Island 8

Fort Macon 10

Atlantic Beach 11

Salter Path 9

Indian Beach 12

Emerald Isle east 6

Emerald Isle west 6

Bear Island (total) 21

 east 5

west 16

Total 83
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Table 5.  STRUCTURE results for the average log probability of the data (ln Pr(X|k)) and 

posterior probability (ln Pr(k|X)) for each k, averaged over 10 runs.  The best fit for the data 

is k = 3 (bolded). 

k ln Pr(X|k) ln Pr(k|X) 

1 -6113 ~0

2 -5732 ~0

3 -5650 ~1

4 -5769 ~0

5 -6119 ~0

6 -6251 ~0
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Encounter 

edge
Emigrate

Survivorship 

in matrix
Mate

Edge 

behavior

Mark-

recapture

Population 

genetics
Methods to 

measure 

movement

Immigrate
Ecology of 

movement

Changes to 

perimeter:area ratio
Alters natural 

selection
Novel features 

in the landscape

Anthropogenic habitat 

fragmentation

Human 

disturbance

 
 

 

Figure 1.  Conceptual model of the steps involved in animal movement (center of figure).  

Gray circles represent habitat patches embedded in a matrix.  Three methods to measure 

movement are shown on the top of the figure, and the black arrows indicate the movement 

step(s) that each method measures.  The bottom of the figure shows how human disturbances 

can alter animal movement.  The black arrows pointing directly to a movement step measure 

or affect individual-level process and arrows pointing to habitat patches measure or affect 

population-level processes.   
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Figure 2.  Atrytonopsis sp1, nectaring on Canadian toadflax (Nuttallanthus canadensis). 

Picture by Sam Bland. 
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North Carolina
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Figure 3.  Map of the entire known range of Atrytonopsis sp1 on Bogue Banks and Bear 

Island, North Carolina.  Sampling sites for the genetic analyses are represented by filled 

circles, and shaded according to the population structure results (Fig. 5).  Open squares are 

Atrytonopsis populations that were not sampled for genetic analysis.  Black stars and text 

correspond to town names.  The Ft. Macon population is the white circle that is furthest east.  
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Figure 4.  Pictures of representative sites for the edge behavior studies.  Top left: sand dune 

– shrub/maritime forest; Top right: beach – ocean during a butterfly release; Center: sand 

dune – beach; Bottom row: sand dune – urban areas.  Center picture by Megan Chesser, all 

others Allison Leidner. 
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Figure 5.  Population structure results for Atrytonopsis sp1 for k =3.  On the lower part of the 

figure, each individual is represented by a column, and the proportion of that individuals’ 

genome assigned to one of the three populations (light gray, dark gray, white) is represented 

by the y-axis. Individuals are arranged along a west-east axis and are grouped according to 

their sampling location (black lines and arrows pointing up).  The black arrows pointing 

down indicate areas with high intensity urban development.  White arrows correspond to 

natural barriers (see text).  EI stands for Emerald Isle. 
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Figure 6. Relationship of the three different studies (in italics), the research questions, and 

how they lead to recommending a conservation strategy (in bold)   
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CHAPTER 3 

 

TROPICAL FOREST FRAGMENTATION INCREASES LONG-TERM  

VARIABILITY OF BUTTERFLY COMMUNITIES 

 

ABSTRACT 

 

 Habitat fragmentation is a major driver of biodiversity loss, but the effects of 

fragmentation may be obscured by the ways in which different species respond to 

fragmentation.  One reason that species display varying responses to habitat fragmentation 

may be that variability itself is an effect of fragmentation.  I tested whether forest 

fragmentation causes long-term hyperdynamism in butterfly communities, a taxon that 

naturally displays large variations in species richness and community composition.  Using an 

11-year dataset from an experimentally fragmented landscape in the central Amazon, I 

evaluated the effect of fragmentation on changes in species richness and community 

composition through time.  When analyzed based on year since fragmentation, species 

richness did not differ between fragmented forest and intact forest.  However, spatial and 

temporal patterns of butterfly species richness in fragmented forests were significantly more 

variable than in intact forest.  Fragmented forest had a significantly lower proportion of 

understory shade species and a significantly higher proportion of edge species, while species 

associated with canopies, clearings, and light-gaps exhibited no significant changes in 
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fragmented forest.  I conclude that fragmentation fundamentally alters the natural dynamics 

of butterfly communities. 

 

Key words: butterfly, Amazon, habitat fragmentation, community dynamics, species 

richness, biodiversity 

 



 90 

INTRODUCTION 

 

Theoretical and empirical research provides overwhelming evidence that habitat 

fragmentation is detrimental to biodiversity (Saunders et al. 1991), yet the detrimental effects 

may be obscured by the species and response variables considered (reviewed in Debinski and 

Holt 2000, Fahrig 2003, Ewers and Didham 2006).  For example, fragmentation has been 

found to positively, negatively, and neutrally affect species richness for species within the 

same study (Gascon et al. 1999, Laurance et al. 2002, Yaacobi et al. 2007), among higher 

taxa (Steffan-Dewenter and Tscharntke 2000, Benítez-Malvido and Martínez-Ramos 2003), 

and even within genera (Didham et al. 1998).  My study tries to account for these differences 

by examining the long-term dynamics of species richness and composition in fragmented 

landscapes, and testing if responses to fragmentation, for all butterflies and for groups 

affiliated with different habitats, are consistent through time.  

One potential explanation for contrasting results among studies and taxa is that 

variability itself might be driven by fragmentation.  For example, Laurance (2002) suggests 

that hyperdynamism, an “increase in the frequency and/or amplitude of population, 

community, and landscape dynamics in fragmented habitats,” can lead to a wide array of 

changes in biodiversity, the effects of which would depend on the time since fragmentation 

and stochastic demographic and environmental factors.  A first step toward sorting out the 

effects of fragmentation may lie in the analysis of long-term fragmentation studies where one 

can detect such variability.  A 22-year study on tropical trees showed that species richness 

was hyperdynamic in fragmented forests relative to intact forests, even though average tree 
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species richness was similar (Laurance et al. 2006).  In a two-decade study of forest breeding 

birds in the eastern U.S., fragmented forests also had higher temporal variability of species 

richness (Boulinier et al. 1998). There are at least two potential explanations for increased 

variability in fragmented landscapes.  First, all of the species that used a given habitat before 

it was fragmented may exhibit increased variability in abundance post-fragmentation.  

Second, fragmentation may favor species that are naturally variable over more stable species.  

For example, in the same experimental landscape as the tropical tree study, beetles that were 

rare or had naturally fluctuating abundances were more likely than species with stable 

abundances to persist in forest fragments a decade after fragmentation (Didham et al. 1998).   

Insects, the most diverse higher taxon (Stork 1993, Erwin 1997), are naturally subject 

to population surges and crashes, and anthropogenic disturbances have been found to 

exacerbate these dynamics (Woulda 1978, 1992, Samways 1996).  Consequently, insects 

may respond differently to fragmentation than long-lived and low-growth-rate taxa, such as 

birds, mammals, and trees.  Increased variability in abundance increases extinction risk for 

most organisms (Pimm 1991, Morris and Doak 2002), but insects may be an exception 

because their typical fluctuations in abundance could buffer them against the effects of 

fragmentation.  Insects may display variable population dynamics because they have the 

capacity to closely follow changes in the environment, such as weather and resource 

availability (Pimm 1991), which may ultimately lead to a higher likelihood of long-term 

persistence (Doak et al. 2005).  Thus, while fragmentation may increase variability in insect 

populations, the long-term impacts on species persistence may not be affected.  Empirical 

evidence on the risk of extinction in insects relative to higher taxa is mixed.  The extinction 
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rate of tropical butterflies in fragmented forests in Singapore was on par with that of plants 

and mammals, but higher than the extinction rate of birds (Brook et al. 2003).  A comparative 

analysis of extinction risk in Great Britain found that the local extinction rate of butterflies 

was higher than birds or plants (Thomas et al. 2004).  As the rate of butterfly extinction was 

not lower than taxa that display increased variability in fragmented landscapes, one would 

expect fragmentation to cause hyperdynamism in insect populations.   

Here, I test the long-term effects of forest fragmentation on the dynamics of species 

richness and community composition of butterflies.  I analyzed an 11-year dataset of 

butterflies from an experimentally fragmented landscape in the central Amazon.  Rather than 

comparing forest fragments to continuous forest at a single point in time, I evaluated the 

effects of fragmentation on the relative changes in species richness through time, focusing on 

three main questions: 

1) How does species richness differ in intact and fragmented forest, and how do these 

differences change over time since fragmentation? 

2) Do patterns of spatial and temporal variation in species richness differ in fragmented 

and intact forest? 

3) How does community composition differ between intact and fragmented forest, and 

how might differences in community composition impact variability in species 

richness? 
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METHODS 

 

Study system 

 

The Biological Dynamics of Forest Fragments Project (BDFFP) is a 1,000 km
2 

experimental landscape located in the central Amazon, approximately 80 km north of 

Manaus, Brazil.  Starting in the early 1980s, tropical forest was cleared to create five 1 ha, 

four 10 ha, and two 100 ha forest fragments.  I refer to these forest fragments as fragmented 

forest plots.  The same number of plots, in matching sizes, was established in nearby 

continuous forest.  These plots are referred to as intact forest plots.  A detailed description of 

the BDFPP experiment and plot history can be found in Laurance and Bierregaard (1997).   

Plots were surveyed 88 times between 1980 - 1986 and in 1991 (Fig. S1).   Because 

not all fragmented forest plots were surveyed more than once before isolation, I only use data 

from after the plots were isolated.  In each plot during each survey period, observers recorded 

the presence of all butterflies (Papilionoidea) and a rough classification of their abundance by 

powers of two.  Butterflies were identified visually with binoculars and a field key.  In cases 

where visual identification was not possible, observers caught the butterflies in hand nets for 

closer inspection.  The evening before a survey, or in the early morning of a survey, 

fermented banana baits and pyrrolizidine alkaloid baits were placed along the survey routes 

(see Brown and Hutchings (1997) for details).  The number of observer hours was adjusted 

for days with poor weather.  In some years, plots were surveyed more than one day, but I 

only used data from one survey day per year.  To standardize data, I chose the surveys that 
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were the closest match in time of year and observer hours (typically about seven hours).  

Since the fragmented forest plots were isolated in different years, I analyzed the data from 

fragmented forest plots based on the time since fragmentation, rather than calendar year.  I 

felt this was more biologically meaningful and would help to account for temporary changes 

in species richness that are often seen immediately following fragmentation (Debinski and 

Holt 2000).   Because forest fragments were isolated in different years, I was able to avoid a 

potentially confounding interaction between fragment age and the weather conditions of a 

particular year.  I also conducted analyses not presented here that showed that calendar year 

was not important in determining species richness in fragmented plots.   

 The study design controlled for plot size and fragmentation.  The degree of isolation, 

another important aspect of fragmentation, was not controlled.  Initially, the matrix 

surrounding forest fragments was maintained as cattle pasture, but over time some pastures 

were abandoned and subsequently invaded by shrubs and secondary forest species.  

Additionally, fragments varied in their distance to the nearest block of intact forest (range 70 

– 650 m; see Bierregaard and Stouffer 1997).   However, Brown and Hutchings (1997) 

observed butterflies moving between different fragments within the same general area, up to 

a distance of about 1 km.  Consequently, variation in isolation likely impacts only a subset of 

the species present.   
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Species richness 

 

I standardized values of species richness for surveys that were conducted for a 

different number of observer hours.  Separately for each size category of fragmented forest 

plots, I regressed observed species richness against observer hours.  In cases where the 

regression was significant at the p < 0.10 level, I adjusted the number of species to observer 

hours based on the slope of the linear regression.  For intact forest plots, size was not 

significant in determining species richness (see results), so I combined all plot sizes for the 

regression. 

Using ordinary least squares regression and analysis of variance (ANOVA), I tested 

the effects of plot size, fragmentation status (fragmented or intact), and time since 

fragmentation on adjusted species richness.  I used a Dunnett’s test to compare each value of 

species richness post-fragmentation to the average species richness in intact forest.  

Dunnett’s test is a post-hoc test that accounts for multiple comparisons.  It is more powerful 

than a Bonferroni test because the treatments are only compared to the control (intact forest), 

as opposed to every possible pairwise comparison. 

 

Within-plot (temporal) variation   

 

I measured both temporal and spatial variation in fragmented and intact forest plots.  

The first type of variation, temporal, measured the average change in species richness within 

a plot over time and was calculated as:  
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where asr(x) is the value of adjusted species richness (adjusted for survey time, see above 

section) during year x.  I only calculated this metric when the surveys of a given plot were 

separated by one year, as I did not want to average out changes in richness across several 

years.  The average annual change in species richness was calculated for each plot, and I then 

used a t-test to compare the adjusted slope in fragmented and intact plots.  I refer to this 

metric as within-plot variation. 

 

Between-plot (spatial) variation  

 

Second, I measured spatial variation by examining the difference in species richness 

between plots within a given calendar year (intact forest plots) or number of years since 

fragmentation (fragmented forest plots).   Separately, for each year in the intact and 

fragmented forest plots, I calculated the coefficient of variation (cv) of adjusted species 

richness (where n > 2 for 1 ha and 10 ha plots, and n = 2 for 100 ha plots).  I then averaged 

the values across all intact forest plots and fragmented forest plots.  I analyzed the difference 

between fragmented and intact forest plots using t-tests and regressions to account for plot 

size (where n > 2 for 1 ha and 10 ha plots, and n = 2 for 100 ha plots).   
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Abundance data   

 

As species richness depends on abundance, I used categorical abundance to rarify 

diversity using Primer (Plymouth Routines in Multivariate Ecological Research, v.6).  

Rarefaction techniques are often used to adjust values of species richness based on the 

number of individuals observed.  This controls for the effects of butterfly abundance on their 

diversity.  Using rarefied diversity, I then recalculated within-plot (temporal) and between-

plot (spatial) variation using the same methods as described above.  This technique accounts 

for differences in survey effort based on the number of individuals observed, rather than 

observer hours (see Colwell et al. (2004) for a detailed explanation).  In analyses similar to 

this one, where the abundance data are categorical, only limited inferences can be drawn 

from the results.  Thus, while I present the results of the rarefaction analyses, I believe that 

the adjustment of species richness based on observer hours provides a more accurate 

assessment of temporal and spatial patterns of butterfly diversity.      

 

Community composition 

 

I analyzed community composition based on the habitat association of species present 

in fragmented and intact forests.  Previous analysis (Brown and Hutchings 1997) suggested 

that a one-day survey of a given plot yielded 25-50% of the species actually present.  This 

incomplete sampling resulted in artificially high species turnover rates between surveys, even 

when surveys of a given plot were separated by only a few days.  Consequently, analyses 
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based on similarity indices or ordination techniques could lead to spurious conclusions, 

because such techniques rely on an assumption of more complete sampling of plots.  I instead 

used percent composition data, thus bypassing the problems associated with incomplete 

sampling and accounting for the differences in survey effort between plots.  

I grouped butterflies into the same four habitat association categories as Brown and 

Hutchings (1997): canopy and clearing species, understory sun species (species associated 

with light gaps), edge species, and understory shade species (species associated with closed 

canopy forest).  For each of the three plot sizes, I calculated the percent composition of 

species in the four habitat associations for intact forest, and for fragmented plots each year 

after fragmentation.  Because plot size was a significant factor in determining the percent 

composition of certain groups of species (unpublished data), I conducted separate analyses 

by plot size.  Data were arcsine transformed to improve normality.  For the community 

composition analyses, I was interested in quantifying overall changes in community 

composition as a result of fragmentation, rather than comparing the fluctuations in 

composition through time. Data from fragmented forest plots each year after fragmentation 

were compared to data from intact forest plots using ANOVAs and a post-hoc Dunnett’s test.   

 

RESULTS 

 

I analyzed data from 40 butterfly surveys of the 11 intact forest plots and 48 butterfly 

surveys from the 11 fragmented forest plots.   All surveys were conducted between 1980 and 

1991.  Data from eight surveys of fragmented forest plots pre-isolation were used as a 
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reference for the community composition analysis.  A total of 414 butterfly species was 

observed.  

 

Species richness  

 

Before separating out the effects of time since fragmentation, a regression of species 

richness (adjusted for survey effort) against log-transformed plot size demonstrated that 

larger fragmented forest plots have more species (p < 0.001, t = 4.472, R2
 = 0.303, n = 48, b 

= 7.351, 95% CI (of slope): 4.024 – 10.660, Fig. 1).  However, plot size was not a significant 

factor in determining species richness for intact forest plots (p = 0.392, t = 0.866, R2
 = 0.019, 

n = 40, b = 0.995, 95% CI (of slope): -1.332 - 3.322, Fig. 1). 

Comparing intact forest plots to fragmented forest plots based on time since 

fragmentation showed an inconsistent response of butterfly species richness to fragmentation.  

In the 1-ha plots, there was no difference in species richness between intact forest plots and 

fragmented forest plots at any time post-fragmentation (F9,32 = 1.854, p = 0.096, Fig. 2a).  In 

the 10-ha plots, time since fragmentation was a significant factor affecting species richness 

(F9,21 = 3.537, p = 0.008, Fig. 2b), as fragmented forest plots one year after fragmentation 

had lower species richness compared to intact forest plots (Dunnett’s post-hoc test p = 

0.018).  In the 100-ha plots, time since fragmentation was also significant in determining 

species richness (F4,10 = 3.391, p = 0.053, Fig. 2c), as fragmented forest plots two years after 

fragmentation had significantly more species than intact forest plots (Dunnett’s post-hoc test 

p = 0.024). 
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Within-plot (temporal) variation and between-plot (spatial) variation   

 

Within plots and among years (temporal variation), butterfly species richness was 

more variable in fragmented forest plots than in intact forest plots (F1,19 = 8.408, p = 0.009, 

Fig. 3a).  Among plots and within years (spatial variation), the average variation in species 

richness was also greater in fragmented forest plots (F1,10 = 7.318, p = 0.022, Fig. 3b).  

Increased spatial variation was largely caused by 1-ha fragmented forest plots, which were 

highly variable in species richness (t = -4.150, p = 0.004, R2
 = 0.711, n = 9, b = -0.059, 95% 

CI: -0.031– -0.087, Fig. 3c).  There was no effect of plot size on variation among intact forest 

plots (t = 0.800, p = 0.454, R2
 = 0.097 n = 8 b = 0.010, 95% CI: -0.015 – 0.035).  When I 

used rarefied diversity to estimate species richness, there was no longer a difference in 

temporal or spatial variation between intact and fragmented plots (temporal, F1,19 = 1.708, p 

= 0.207; spatial,  F1,10 = 1.941, p = 0.194). 

 

Community composition 

 

Regardless of plot size, fragmented forest plots harbored different butterfly 

communities relative to intact forest plots (Fig. 4).  Most notably, the proportion of edge 

species in fragmented forest plots relative to intact forest plots increased and the proportion 

of understory shade species in fragmented forest plots relative to intact forest plots decreased.  

In many years these differences in composition between intact and fragmented forest plots 

were significant (filled symbols on Fig. 4).  Furthermore, some comparisons may not have 
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been significantly different due to small sample size (n = 1-5), particularly for data more than 

six years post-fragmentation.  The two species groups associated with high light 

environments, canopy and clearings and understory sun species, had roughly the same 

percent composition in intact and fragmented forests plots.  As plot size increased, the 

differences in composition between fragmented and intact plots became smaller.  Community 

composition in the five fragmented forest plots surveyed pre-isolation was similar to 

composition in the intact forest plots (results not shown). 

 

DISCUSSION 

 

My results show that tropical forest fragmentation dramatically increases the temporal 

and spatial variability of butterfly communities.  This variability is not associated with a 

change in average species richness between fragmented and intact forests, but is associated 

with a change in community composition.  Butterfly communities in fragmented and intact 

forest have similar proportions of species associated with high light environments, such as 

canopies, clearings, and light gaps.   However, the proportion of shade-loving species 

associated with closed canopy forest is lower in fragmented forests, and the proportion of 

edge species is higher.  The patterns I observed, with similar levels of species richness in 

fragmented and intact forests, must mean that understory shade species in forest fragments 

are being extirpated, while edge species are colonizing the fragments.  Overall, I find that 

butterfly communities in fragmented tropical forests display patterns consistent with the 

hyperdynamism hypothesis of forest fragmentation, indicating that the natural variability of 
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insect communities does not buffer against the effects of fragmentation on community 

dynamics (Laurance 2002).   

One possible cause for hyperdynamism in butterfly species richness is a change in 

their abundance in forest fragments.  After accounting for the effects of abundance on 

diversity with rarefaction, there was no longer a difference between fragmented and intact 

plots in spatial or temporal variability in species richness.  If the higher variability I observed 

is caused by fluctuations in abundance, this is itself an interesting consequence of 

fragmentation.  Two possible causes of fluctuations in abundance and diversity are physical 

environmental factors and resource availability.  With regard to physical factors, 

precipitation is known to cause changes in butterfly abundances, the effects of which may be 

exacerbated by fragmentation.  For the bay checkerspot butterfly, Euphydryas editha 

bayensis, increased variability in precipitation was associated with large fluctuations in 

population size.  Fluctuations in precipitation, combined with the effects of habitat loss, 

contributed to the extirpation of two butterfly populations (McLaughlin et al. 2002).   

A second cause of variability in abundance and species richness may be resource 

availability.  For species that exploit resources in the matrix or at habitat edges, 

fragmentation may lead to outbreaks, providing greater source populations for colonization 

events.  Fragmentation can also lead to the homogenization of plant communities, as has 

been shown in this study system for tree seedlings, palms, herbs, and lianas (Benítez-Malvido 

and Martínez-Ramos 2003).  Yamamoto et al. (2007) found a significant relationship 

between hostplant abundance and butterfly abundance, but did not find a relationship 

between hostplant abundance and species richness.  Ultimately, the consequences of rapid 
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positive and negative population fluctuations of butterflies would contribute to increased 

temporal and spatial fluctuations of species richness.  The rough nature of the abundance data 

allow us to make only limited interpretations, but a future avenue of research would be to 

investigate the factors that lead to changes in butterfly abundance in this system. 

Uncontrolled aspects of the experimental design could contribute to the findings of 

higher variability of species richness in forest fragments.  The variation in landscape-level 

features of the fragmented forest plots, including the distance to intact forest and the type of 

matrix vegetation, could contribute to the higher spatial variability of species richness in 

fragmented forest plots.  I argue that this is another interesting consequence of fragmentation.  

The differences among fragmented forest plots would not affect the measure of temporal 

variability because I compared the average change within a plot over time. 

Butterfly species associated with closed canopy forest (understory shade species) 

were the most severely impacted by fragmentation.  Although average species richness did 

not differ between fragmented and intact forests, the proportion of understory shade species 

significantly declined in fragmented forest plots, indicating local extinctions of these 

butterflies.  This suggests that the natural variability of insect populations may not help in the 

long-term persistence of species.  My results refute the idea that the high natural variability 

of insect populations buffers them against the consequences of habitat fragmentation.  The 

decline in shade species may actually reflect a decline in their available habitat as a 

proportion of fragment size.  Species associated with high light environments, such as light 

gap, canopy, and clearing species, would be less affected by edge-induced changes in 
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structure and microclimate because the new habitat more closely resembles their natural 

habitat.  

My findings of equal species richness in fragmented and intact forest plots are 

consistent with those from a study of trees in the Biological Dynamics of Forest Fragments 

Project (Laurance et al. 2006).  However, studies of other animals in this system found lower 

species richness of birds (Stratford and Stouffer 1999, Ferraz et al. 2007) and higher species 

richness of small mammals and frogs in fragmented forest relative to intact forest (Malcolm 

1997, Toucher et al. 1997).  My results are also consistent with findings in the Atlantic Forest 

of Brazil, where habitat fragmentation did not impact species richness of fruit-feeding 

butterflies, but did result in a change in community composition (Uehara-Prado et al. 2007). I 

recognize that feeding guild and habitat association only explain part of the story as to which 

species are more vulnerable to fragmentation.  Yet, knowledge about the susceptibility of 

certain groups of species can be used to guide future studies on the specific ecological traits, 

among the many proposed traits, that make individual species vulnerable to extinction in 

fragmented environments (Henle et al. 2004). For butterflies, these include degree of 

specialization (Krauss et al. 2003) and body size (Shahabuddin and Ponte 2005). 

These results from the largest and longest running fragmentation experiment provide 

valuable insights about the effects of fragmentation on insects.  That said, the logistical and 

statistical hurdles faced in this study are representative of many large-scale, long-term studies 

that analyze multiple species.  Ideally but unrealistically, all plots would have been 

completely surveyed multiple times per year, with precise measures of species abundance for 

monitoring population trends.  One alternative, focusing intensively on just a few charismatic 
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or rare species, may give misleading information about the overall community dynamics, 

particularly given the number of rare species in tropical forests.  By grouping species based 

on life history traits, feeding guilds, or habitat associations, one could use more targeted 

methods to assess the effects of fragmentation.  In turn, these data could inform conservation 

strategies designed to protect the most vulnerable species.    

These findings lead to several additional recommendations for monitoring insects in 

fragmented habitats.  First, long time series of community data are critical to understanding 

the effects of fragmentation.  Increased spatial and temporal variation of species richness in 

fragmented plots was not associated with a change in overall species richness.  However, a 

survey at any given time post-fragmentation could have found either higher or lower species 

richness in fragmented plots, relative to intact plots, simply by chance.  By looking at 

changes in richness over time, I found that fragmentation affected the dynamics of species 

richness, as opposed to static values of species richness.  Second, given limited time and 

resources, monitoring based on community composition, rather than species richness, 

provides quick feedback to conservation planners on the effects of fragmentation.  Analyses 

based on percent composition may reduce the effect of inaccurate species identification, help 

in cases where there are many rare species, and allow for comparisons between surveys of 

different duration.  My overall results demonstrate that tropical forest fragmentation has 

long-term consequences for both community composition and the dynamics of species 

richness, and that butterfly communities display characteristics of hyperdynamism.   



 106 

ACKNOWLEDGEMENTS  

 

I thank R. Hutchings and K. Brown for the use of the butterfly dataset and R. Hutchings for 

insights about the interpretation of the results and comments on the manuscript.  I also thank 

L. Borda de Água, R. R. Dunn, and S. L. Pimm for additional insights into the analysis, K. 

Gross for help with statistics, and R. R. Dunn for helpful comments on the manuscript.  



 107 

LITERATURE CITED 

  

Benítez-Malvido, J., and M. Martínez-Ramos. 2003. Impact of forest fragmentation on  

understory plant species richness in Amazonia. Conservation Biology 17:389–400. 

 

Bierregaard , R. O., and P. C. Stouffer. 1997. Understory birds and dynamic habitat mosaics  

in the Amazonian rainforests. Pages 138-155 in W. F. Laurance and R. O. 

Bierregaard, editors. Tropical forest remnants: ecology, management and 

conservation of fragmented communities. University of Chicago Press, Chicago. 

 

Boulinier, T., J. D. Nichols, J. E. Hines, J. R. Sauer, C. H. Flather, and K. H. Pollock. 1998.  

Higher temporal variability of forest breeding bird communities in fragmented 

landscapes. Proceedings of the National Academy of Sciences of the United States of 

America 95:7497-7501.   

 

Brook B. W., N. S. Sodhi, and P. K. L. Ng. 2003. Catastrophic extinctions follow  

deforestation in Singapore. Nature 424:420–423. 

 

Brown, K. S., and R. W. Hutchings. 1997. Disturbance, fragmentation, and the dynamics of  

diversity in Amazonian forest butterflies. Pages 91-110 in W. F. Laurance and R. O. 

Bierregaard, editors. Tropical forest remnants: ecology, management and 

conservation of fragmented communities. University of Chicago Press, Chicago. 

 

Colwell, R. K., C. X. Mao, and J. Chang. 2004. Interpolating, extrapolating, and comparing  

incidence-based species accumulation curves. Ecology 85:2717-2727. 

 

Debinski. D. M., and R. D. Holt.  2000. A survey and overview of habitat fragmentation  

experiments.  Conservation Biology 14:342-355. 

 

Didham, R. K., P. M. Hammond, J. H. Lawton, P. Eggleton, and N. E. Stork.  1998.  Beetle  

species responses to tropical forest fragmentation. Ecological Monographs 68:295-

323. 

 

Doak, D.F., W.F. Morris, C. Pfister, B. Kendall, E. Bruna, and C. Lee. 2005. Correctly  

estimating how environmental stochasticity influences fitness and population growth. 

The American Naturalist 166:E14-E21. 



 108 

 

Erwin, T. L. 1997. Biodiversity at its upmost: tropical forest beetles. Pages 27-40 in M. L.  

Reaka-Kudla, D. E. Wilson, and E. O. Wilson, editors. Biodiversity II:  understanding 

and protecting our biological resources. Joseph Henry Press, Washington D.C.  

 

Ewers, R. M., and R. K. Didham. 2006. Confounding factors in the detection of species  

responses to habitat fragmentation. Biological Reviews 81:117-142. 

 

Fahrig, L. 2003. Effects of habitat fragmentation on biodiversity. Annual Review of Ecology,  

Evolution, and Systematics 34:487-515. 

 

Ferraz, G., J. D. Nichols, J. E. Hines, P. C. Stouffer, R. O. Bierregaard, and T. E. Lovejoy.  

2007. A large-scale deforestation experiment: effects of patch area and isolation on 

Amazon birds. Science 315:238-241. 

 

Gascon C., T. E. Lovejoy, R. O. Bierregaard, J. R. Malcolm, P. C. Stouffer, L. Vasconcelos,  

W. F. Laurance, B. Zimmerman, M. Tocher, and S. Borges. 1999. Matrix habitat and 

species richness in tropical forest remnants. Biological Conservation 91:223-229. 

 

Henle, K., K. F. Davies, M. Kleyer, C. Margules, and J. Settele. 2004. Predictors of species  

sensitivity to fragmentation. Biodiversity and Conservation 13:207-251. 

 

Krauss , J., I. Steffan-Dewenter, and T. Tscharntke. 2003. How does landscape context  

contribute to effects of habitat fragmentation on diversity and population density of 

butterflies? Journal of Biogeography 30:889-900. 

 

Laurance, W. F.  2002. Hyperdynamism in fragmented habitats. Journal of Vegetation  

Science 13:592-602. 

 

Laurance, W. F., and R. O. Bierregaard. 1997. Tropical forest remnants: ecology,  

management and conservation of fragmented communities. University of Chicago 

Press, Chicago. 

 

Laurance, W. F., T. E. Lovejoy, H. L. Vasconcelos, E. M. Bruna, R. K.  Didham, P. Stouffer,  

C. Gascon, R. O. Bierregaard, S. Laurance, and E.  Sampaio. 2002. Ecosystem decay  



 109 

of Amazonian forest fragments: a 22-year investigation. Conservation Biology 

16:605-618. 

 

Laurance, W. F,  H. E. Nascimento,  S. G. Laurance, A. Andrade, J. E. Ribeiro, J. P. Giraldo,  

T. E. Lovejoy, R. Condit, J. Chave, K. E. Harms, and S. D'Angelo. 2006. Rapid decay  

of tree-community composition in Amazonian forest fragments. Proceedings of the 

National Academy of Sciences of the United States of America 103:19010-19014. 

 

Malcolm, J. R. 1997. Biomass and diversity of small mammals in Amazonian forest  

fragments. Pages 207-221 in W. F. Laurance and R. O. Bierregaard, editors. Tropical 

forest remnants: ecology, management and conservation of fragmented communities. 

University of Chicago Press, Chicago. 

 

McLaughlin, J. F., J. J. Hellmann, C. L. Boggs, and P. R. Ehrlich. 2002. Climate change  

hastens population extinctions. Proceedings of the National Academy of Sciences of 

the United States of America 99:6070-6074.   

 

Morris W. F., D. F. Doak. 2002. Quantitative conservation biology: theory and practice of  

population viability analysis. Sinauer Associates, Sunderland, Massachusetts. 

 

Pimm S. L. 1991. Balance of nature. University of Chicago Press, Chicago. 

 

Samways, M. J. 1996. Insects on the brink of a major discontinuity. Biodiversity and  

Conservation 5:1047-1058. 

 

Saunders, D. A., R. J. Hobbs, and C. R. Margules. 1991. Biological consequences of  

ecosystem fragmentation: a review. Conservation Biology 5:18-32. 

 

Shahabuddin, G., and C. A. Ponte. 2005. Frugivorous butterfly species in tropical forest  

fragments: correlates of vulnerability to extinction. Biodiversity and Conservation 

14:1137-1152. 

 

Steffan-Dewenter, I., and T. Tscharntke. 2000. Butterfly community structure in fragmented  

habitats. Ecology Letters 3:449-456. 

 

Stork, N. E. 1993. How many species are there? Biodiversity and Conservation 2:215-232. 



 110 

 

Stratford J. A., and P. C. Stouffer. 1999. Local extinctions of terrestrial insectivores birds in  

fragmented landscapes near Manaus, Brazil. Conservation Biology 14:1416-1423. 

 

Thomas, J. A., M. G. Telfer, D. B. Roy, C. D. Preston, J. J. D. Greenwood, J. Asher, R. Fox,  

R. T. Clarke, and J. H. Lawton. 2004. Comparative losses of British butterflies, birds,  

and plants and the global extinction crisis. Science 303:1879-1881.    

 

Toucher, M. D., C. Gascon, and B. L. Zimmerman. 1997.  Fragmentation effects on a central  

Amazonian frog community: a ten-year study. Pages 124-137 in W. F. Laurance and 

R. O. Bierregaard, editors. Tropical forest remnants: ecology, management and 

conservation of fragmented communities. University of Chicago Press, Chicago. 

 

Uehara-Prado, M., K. S. Brown, and A. V. L. Freitas. 2007. Species richness, composition  

and abundance of fruit-feeding butterflies in the Brazilian Atlantic Forest: comparison  

between a fragmented and a continuous landscape. Global Ecology and Biogeography 

16:43-54. 

 

Wolda, H. 1978. Fluctuations in abundance of tropical insects. The American Naturalist  

112:1017-1045. 

 

Wolda, H. 1992. Trends in abundance of tropical forest insects. Oecologia 89:47-52. 

 

Yaacobi G., Y. Ziv, and M. L. Rosenzweig. 2007. Habitat fragmentation may not matter to  

species diversity. Proceedings of the Royal Society of London, Series B 274:2409–

2412. 

 

Yamamoto, N., J. Yokoyama, and M. Kawata. 2007. Relative resource abundance explains  

butterfly biodiversity in island communities. Proceedings of the National Academy of  

Sciences of the United States of America 104:10524-10529. 

 

 

 

 

 

 



 111 

0

30

60

90

120

0.1 1 10 100 1000

Size

A
d

ju
st

ed
 s

p
ec

ie
s 

ri
ch

n
es

s
fragmented
intact
Log. (intact)
Log. (fragmented)

 

Figure 1. Values of adjusted species richness regressed against plot size for intact plots 

(solid squares, solid regression line) and fragmented plots (open diamonds, dashed regression 

line).  For fragmented plots, larger plots have more species.  
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Figure 2.  Adjusted species richness (+95% CI) for intact plots (black bars) and fragmented 

plots (gray bars) for every time point post-fragmentation for (a) 1 ha plots, (b) 10 ha plots, 

and (c) 100 ha plots.  Data from intact plots are combined across all years.  Bars with 

asterisks indicate time points where there was a significant difference (p ≤  0.05) in species 

richness as compared to intact forest plots, using a post-hoc Dunnett’s test.   
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Figure 3.  Variation in adjusted species richness for fragmented and intact forest plots for (a) 

variation within plots over time (temporal variation) and (b) average variation between plots 

at a given point in time (spatial variation).  (c) A regression of average cv between plots of a 

given fragmentation status (fragmented or intact) at a specific point in time against log-

transformed plot size shows that fragmented (open diamonds, dashed regression line) 1-ha 

plots have greater variation than other plot types and sizes.  Intact plots are represented by 

solid squares and a solid regression line.     
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Figure 4:  Changes in butterfly community composition over time in (a) 1 ha, (b) 10 ha, and 

(c) 100 ha plots.  Data from intact plots are combined across all years.  Solid symbols are 

significantly different (p ≤ 0.05) in community composition as compared to intact forest 

plots, using a post-hoc Dunnett’s test.  Some comparisons may not have been significantly 

different due to small sample size (n = 1-5), particularly for data more than six years post-

fragmentation.   
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1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991

Size Plot

1104 Dec 7 Dec 4 Aug 31 Aug 17 Aug 28 Sep 3 Aug 18

6 3 5 5 6 5 6

1112 Aug 25 Sep 15 Aug 27 Sep 17

6 6 7 5

2107 Dec 10 Aug 12 Sep 3 Dec 4 May 12 Aug 22

11 10 5 5 1986 6

2108 Dec 9 Aug 11 Sep 1 Dec 9 May 10 Aug 22

9 7 7 6 7 5

3114 Aug 14 Aug 24 Sep 12 Sept 22

8 9 7 5

1202 Dec 7 Dec 4 Aug 31 Aug 17 Aug 28 Sep 3 Aug 18

8 4 7 6 9 9 6

1207 Sep 1 Aug 16 Au g 27 Sep 15 Sept 19

7 6 6 6 10

2206 Dec 8 Aug 10 Nov 5 Dec 3 May 10 Aug 22

8 8 7 9 5 5

3209 Aug 29 Aug 23 Sep 10 Sep 23

9 12 12 2

2303 Sept 3 Sep 9 May 11

10 8 14

3304 Aug 15 Aug 24 Sep 12 Sep 22

11 12 13 10

1105 Dec 12 Oct 28 Sep 14

5 6 4

1109 Dec 11 Aug 24 Sep 15

4 6 4

1110 Dec 3 Sep 16 Aug 28 Aug 20

9 6 7 3

1111 Sep 1 Aug 25 Aug 27 Sep 19

4 6 8 5

1113 Nov 2 Aug 30 Sep 4 Aug 28 Aug 20

7 6 4 8 5

1204 Dec 11 Oct 27 Sep 15

8 7 6

1205 Dec 10 Aug 25 Sep 14

7 5 6

1208 Aug 26 Sep 14 Nov 1 Sep 18

8 9 4 11

1210 Sep 13 Nov 2 Aug 21

7 5 5

1301 Dec 7 Sep 2 Aug 30 Sep 4 Nov 3 Sep 20

10 3 8 8 3 7

1302 Dec 7 Oct 28

8 14

Year

10 ha

Fragmented 

forest plots

1 ha

10 ha

100 ha

1 ha

Intact

forest plots

100 ha

fragmented

pre-fragmentation

intact
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Figure S1.  Schematic of butterfly surveys used in the analyses for this manuscript.  For each 

survey, the date and duration of the survey (in hours) is listed.  Surveys highlighted in yellow 

were conducted in fragmented forest plots post-isolation.  Surveys highlighted in green were 

conducted in fragmented forest plots before the plots were isolated (data is therefore 

comparable to intact plots).  Surveys highlighted in blue were conducted in intact forest plots.   
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