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Abstract

The past century has witnessed an explosion of anthropogenic activity, resulting in land use
and climate changes on a global scale. The study of butterflies provides a unique window into
the biological impacts of these changes. In this chapter, we explore several case studies that
demonstrate the power of butterflies, both as model organisms in theory development and
as ecological sentinels in conservation practice. These studies demonstrate how research on
butterfly phenology, distribution, and diversity hasyielded important insights into the interacting
effects of habitat loss, fragmentation, and degradation on natural populations, as well as
ecological and evolutionary responses to changing climatic conditions. Further, an important
avenue for future research harnesses the power of whole-genome sequencing of butterfly
populations to better document and help ameliorate biodiversity loss. Continued collaboration
and knowledge transfer between dedicated amateurs and professional researchers, facilitated
by humanity's innate appreciation of butterflies, will be essential to our continuing efforts to
stem the catastrophic loss of biodiversity that is generally associated with modifications of

natural habitats and large-scale shifts in climatic conditions.

8.1 Introduction

Anthropogenic habitat loss, habitat fragmenta-
tion, and climate change are among the great-
est threats to global biodiversity (IPCC, 2021;
Tilman et al., 2017; Warren et al., 2001). The
scale of these threats and the rate at which they
are accelerating have made it paramount that we
understand and ameliorate their effects. A nec-
essary first step is to document their impacts on

specific groups of plants and animals that serve
as sentinels of biodiversity change. Butterflies
are among the most intensively monitored of
these groups worldwide, and for good reason.
Their rich history of study, variation in hab-
itat and degree of host plant specificity, and
suitability for both observational and exper-
imental research render them ideal model
organisms in conservation biology (Boggs et al.,
2003). From island biogeography theory and
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metapopulation dynamics (Ehrlich and Hanski,
2004; Hanski, 1994; Hanski and Gilpin, 1991;
Munroe, 1948), to mechanisms of evolution and
speciation (Ehrlich and Raven, 1964; Mavarez
et al., 2006; Sperling, 2003; Wallace, 1865;
Watt, 2003), many theoretical advances have
originated from the study of butterflies. This has
often translated into real-world conservation
science (Bellis et al., 2019; Boggs et al., 2003;
Kremen et al., 2003). In this chapter, we explore
representative case studies that demonstrate
how butterflies can be used to assess anthropo-
genic impacts on biodiversity worldwide.

8.1.1 Why butterflies?

Everyone likes butterflies. Their charismatic
nature has inspired astonishing dedication
among naturalists, who have published count-
less books, papers, field guides, taxonomic
reports, life history accounts, and detailed
notes on species’ distributions. This body of
knowledge has facilitated deep integration and
collaboration with professional scientists, pro-
moting important knowledge transfer in both
directions.

In addition to their charismatic nature, but-
terflies also exhibit multiple ecological and
evolutionary traits that render them key sen-
tinels of land use and climate changes. Most
butterfly species have short life cycles with
one or more generations per year, allowing the
genetic composition and demography of popu-
lations to respond relatively quickly to changes
in local habitat and environmental conditions
(MacDonald et al., 2017; Nowicki et al., 2008;
van Swaay & Warren, 1999). Many butterflies
can live and reproduce within small fragments
of habitat on landscapes modified by human
activities, and their population dynamics, genet-
ics, and diversity patterns can be used to infer
the effects of habitat loss and fragmentation on
ecosystem function at very fine spatial scales
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(MacDonald et al., 2020; van Swaay et al., 2006).
A few butterfly species are migratory, such as
the well-known monarch (Danaus plexippus) and
painted lady (Vanessa cardui), and their study can
shed light on population-level consequences of
land use and climate changes at the continental
scale (Flockhart et al., 2013; Miller et al., 2012;
Shreeve, 1992; Stefanescu, et al.,, 2013). The
larvae of most butterfly species are dependent on
specific species of host plants as food resources,
and butterfly host plant co-occurrence patterns
can yield important insights into changes into
multi-species ecological and trophic interactions
(Filazzola et al., 2020; MacDonald et al., 2018a).
Finally, the diversity of butterflies often corre-
lates with that of other terrestrial taxa, making
them viable indicators of biodiversity at the eco-
system level (MacDonald et al., 2018a; Nowicki
et al., 2008; Thomas, 2005).

8.1.2 Butterfly monitoring programs

Butterfly monitoring has a long history, promi-
nently including the 1976 establishment of the
United Kingdom Butterfly Monitoring Scheme
and the 1974 initiation of annual single-day
butterfly counts in North America by the Xerces
Society, now continued by the North American
Butterfly Association (Acorn, 2017). While
long-term butterfly monitoring schemes are
becoming more common in a growing number
of countries, the popularity of single-day but-
terfly counts has diminished in recent decades.
For example, the number of single-day counts
in Alberta, Canada, dropped from more than
40 in 2000 to around 5 in 2019 (Acorn, 2017).
This decline stems, in part, from the realiza-
tion that diversity data from single-day counts
cannot be meaningfully compared across years.
Particular species may be observed in some
years but not others, and often it cannot be
determined whether this is due to variation in
emergence times related to weather, long-term
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shifts in phenology related to climate change,
or actual changes to the composition of species
assemblages. In contrast, other types of mon-
itoring programs, such as ‘Pollard transects’
(Pollard, 1977) where counts are completed
weekly or bi-weekly, provide more detailed data
that can differentiate between these mecha-
nisms (MacDonald et al., 2017; Parmesan, 2003;
Westwood and Blair, 2010). The resulting data,
as well as other observations from both ama-
teurs and professionals, are now reported and
organized in massive digital databases such as
eButterfly (Prudic et al., 2017; www.e-butterfly.
org), the Global
Facility (GBIF; www.gbif.org), and iNaturalist

Biodiversity Information

(www.inaturalist.org). Open access with no
paywall to these databases allows researchers to
quantify changes in species’ phenologies, distri-
butions, and overall diversity patterns at spatial
and temporal scales that are otherwise impossi-
ble (Acorn, 2017; MacDonald et al., 2017).

8.2 Effects of land use change on
butterfly populations

In the Anthropocene, perhaps the most imme-
diate threat to biodiversity is land use change
(Brooks et al., 2002; Hanski, 2011). Global
extinction rates are estimated to be 100-1000
times more than they were before intensive
human activity, and much of this increase
can be attributed to modification or destruc-
tion of natural habitats through urbanization,
agriculture, and forestry (Pimm et al.,, 2014;
Rosenzweig, 1995). In the majority of ecosys-
tems around the world, effects of these anthro-
pogenic activities are negative for native species,
and this holds true for butterflies (Boggs et al.,
2003; Tabarelli et al., 2012; Warren et al., 2001).
However, some butterfly species depend on spe-
cific host plants and diverse nectaring plants
that occur in non-forested habitats, meaning
anthropogenic disturbances actually increase

butterfly abundance and diversity in particular
circumstances (reviewed by Dover and Settele,
2009). For example, Riva et al. (2018a) found
that clearing boreal forests along seismic lines
for oil exploration in Alberta, Canada, gener-
ally increases the overall abundance and diver-
sity of butterflies (but see Riva et al., 2018b)
for negative effects on the disturbance-sensitive
species, the cranberry blue, Plebejus optilete). In
another example, Thomas (1991) showed that
butterfly species occurring throughout the UK
are dependent on high-frequency disturbance
regimes that facilitate open forest canopies and
early successional plant assemblages. These
types of habitats were far more prevalent on
landscapes 4500-10,000 BP during warmer cli-
matic conditions, but are now primarily main-
tained by agricultural practices (Dennis, 1993;
Thomas, 1991; Vera, 2000). Continuation of
some agricultural practices may therefore be
necessary for the persistence of particular but-
terfly species (Singer and Parmesan, 2018;
Singer et al., 1993). However, in the majority of
cases, butterflies are negatively affected by land
use changes that lead to extensive habitat loss,
fragmentation, and degradation.

8.2.1 Habitat loss and fragmentation

Examples of worldwide habitat loss are aston-
ishing. More than 94% of Earth’s temper-
ate broadleaf forests have been modified or
destroyed by human development (Primack,
2006). Approximately 85% of natural habi-
tat throughout Europe has been modified or
destroyed (Primack, 2006), more than 97% of
North America’s tallgrass prairies have been
converted to farmland (White et al., 2000), and
more than 50% of wetlands in the USA and
60-70% in Europe have been drained (Ravenga
et al., 2000). As of 2021, less than 16% of
Earth’s terrestrial landmass has been explicitly
set aside for conservation and legally protected
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from human development (UNEP-WCMC
IUCN, 2021). Given this modest percentage
of protected habitat, conservation biologists
are particularly concerned with how its spatial
configuration (i.e. degree of fragmentation)
affects biodiversity. Human activities often leave
behind isolated fragments of natural habitat,
from small pockets of undeveloped land to larger
nature reserves. While habitat loss has unequiv-
ocally negative effects on species diversity, the
interconnected fields of theoretical ecology and
conservation biology are marked by a vigorous
debate on whether habitat fragmentation poses
additional threats. The study of butterflies has
contributed much to this debate.

8.2.2 Some history

Relationships between habitat fragmentation
and biodiversity have interested conservation
biologists since Levins’ (1969) extrapolation of
the theory of island biogeography to habitat frag-
ments on terrestrial landscapes (Haila, 2002).
Although the theory is generally attributed to
a collaboration between Robert MacArthur and
Edward Wilson (MacArthur and Wilson, 1963;
Wilson and MacArthur, 1967), its basic tenets
were preceded by Eugene Munroe (1948) in his
doctoral work on butterflies of the West Indies
(Brown and Lomolino, 1989). Munroe (1948)
observed that the number of butterfly species
observed on oceanic islands may represent an
equilibrium between the opposing processes
of colonization and extinction, each of which is
principally determined by an island’s area and
isolation. This was a harbinger of MacArthur
and Wilson’s (1963) theory of island biogeog-
raphy, which predicts that larger and less iso-
lated islands harbor more species due to lower
extinction and higher immigration rates, while
smaller and more isolated islands harbor fewer
species due to higher extinction and lower
immigration rates.

M

The application of the theory of island bioge-
ography to conservation is intuitive and appeal-
ing. If edges of terrestrial habitat fragments
delimit populations similar to the shores of oce-
anic islands, small populations occupying small
fragments may be more prone to extinction than
larger populations occupying unfragmented
habitat (Diamond, 1975). Most butterfly spe-
cies have minimum area requirements for sus-
taining viable populations (reviews in Crone
and Schultz, 2003; Dover and Settele, 2009),
suggesting that at least at the lower size limit
the analogy holds. For example, Crone and
Schultz (2003) calculated that Fender’s blue
(Icaricia icarioides fenderii), an endangered but-
terfly endemic to upland prairies in Oregon,
requires a fragment area of >6 ha for long-term
population persistence. The increased ratio of
edge-to-area that results from smaller patch
sizes may also degrade the quality of remaining
habitat for species that are particularly sensitive
to habitat edges (Hadley and Betts 2016; Ries
and Sisk, 2004).

The theory of island biogeography also pre-
dicts that species diversity is affected by the
isolation of habitat fragments. As the distance
between habitat fragments increases, they will
be less likely to receive immigrants belonging to
new species or exchange individuals of resident
species that may be important for demographic
health and avoiding inbreeding depression.
Butterflies have served as model organisms
for quantifying these isolation effects, with
investigating effects of
inter-fragment distances on metapopulation
dynamics and genetic differentiation (e.g.
Hanski, 1994, 1999; Keyghobadi et al., 2005;
Kuussaari et al., 1996; MacDonald et al., 2020;
Matter et al., 2003). For many species with lim-
ited mobility, even modest levels of isolation
reduce or eliminate inter-fragment movements
(e.g. 300 m for the scarce heath (Coenonympha
hero); Cassel et al., 2001). For long-term spe-

numerous studies

cies persistence on these landscapes, the area
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of habitat fragments must be greater than that
required to support a minimum viable popula-
tion (Crone and Schultz, 2003; MacDonald et al.
2018a).

By these and related mechanisms, habitat
fragmentation may result in a greater loss of
species than that resulting from habitat loss
alone. This has many conservation biologists
concerned (reviewed by Fletcher et al., 2018).
However, it is becoming increasingly recognized
that many inferences of negative fragmentation
effects are based on observations and study
designs that have not decoupled the correlated
effects of habitat fragmentation and habitat loss
(Fahrig, 2003, 2013, 2017; Hadley and Betts,
2016). Habitat fragmentation is almost always
accompanied by habitat loss, which may in fact
be the primary driver of diversity declines on
landscapes modified by anthropogenic activi-
ties. To effectively control for these confounding
effects, many researchers have framed habitat
fragmentation in terms of the ‘SLOSS’ debate,
which asks whether the configuration of pro-
tected lands as ‘Single Large Or Several Small’
habitat fragments protects a greater number of
species (Diamond, 1975). Because many but-
terflies respond quickly to changes in habitat
configuration and are able to live and reproduce
within small habitat fragments, they serve as an
excellent indictor group for evaluating SLOSS at
fine temporal and spatial scales.

8.2.3 Butterfly case studies

Many studies have used butterflies to infer
effects of habitat loss, fragmentation, and qual-
ity on species diversity. Here we explore two
studies that quantify patterns of butterfly diver-
sity on a naturally fragmented landscape of lake
islands (MacDonald et al., 2018a, 2021). True
islands provide interesting models for investi-
gating the effects of fragment area and isolation
on species diversity (Dover and Settele, 2009;

Haila, 2002). From more than 14,500 islands in
Lake of the Woods, Canada, MacDonald et al.
(2018a) selected 30 islands, in two sets of 15,
based on their area (Figure 8.1). The small
island set contained one 0.8 ha island, two
0.4 ha islands, four 0.2 ha islands, and eight
0.1 ha islands. Here, the single 0.8 ha island
represented 0.8 ha of unfragmented habitat, the
two 4.0 ha islands represent 0.8 ha of moder-
ately fragmented habitat, the four 2.0 ha islands
represent 0.8 ha of more fragmented habitat,
and the eight 1.0 ha islands represent 0.8 ha of
highly fragmented habitat. The large island set
followed the same basic design, but was com-
prised of islands 10 times larger; one 8.0 ha
island, two 4.0 ha islands, four 2.0 ha islands,
and eight 1.0 ha islands. This study design effec-
tively decouples degree of habitat fragmentation
from total habitat area, or, in other words, hab-
itat fragmentation from habitat loss. Species
richness and the relative abundance of butterfly
species on each of the 30 islands were quantified
using repeated full-island surveys, with sam-
pling effort standardized per unit area.
Thirty-four butterfly species were observed
across all islands. Surprisingly, in both island
sets, the combined diversity of several small
islands was approximately equal to the diver-
sity of the single large island of equal total area
(Figure 8.2). This result was also found with
other SLOSS-based methods that assessed
fragmentation effects across all 30 islands
simultaneously, such as comparisons of spe-
cies accumulation curves (MacDonald et al.,
2018a). In this analysis, cumulative species
richness is plotted against cumulative island
area in two ways: (1) adding islands, one at a
time, from the largest island to smallest island
(large-to-small curve); and (2) adding islands,
one at a time, from the smallest island to
largest island (small-to-large curve) (Figure
8.3). For any value of cumulative island area
along the x-axis of the plot, the cumulative spe-
cies richness of single/few larger islands and
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Figure 8.1 Experimental design of MacDonald et al. (2018a, 2018b), showing how sets of islands or
habitat fragments, differing in their individual areas and number of replicates, can be used to decouple
the effects of habitat fragmentation from habitat loss. Total habitat area is maintained between four
groupings of islands, but degree of fragmentation increases from left to right. If species diversity
decreases, does not change, or increases across increasing degrees of fragmentation, it can be inferred
that fragmentation has a negative effect, no effect, or positive effect, respectively.

several small islands, equal in their total areas,
can be compared by examining the difference
between the large-to-small and small-to-large
Considering all butterflies observed
across the 30 study islands, the large-to-small
and small-to-large curves are nearly identical,

curves.

indicating that single/fewer larger and several
small islands contain the same number of but-
terfly species (Figure 8.3a). This equates to a
neutral fragmentation effect. Additionally, after
controlling for island area, generalized linear
models resolved that isolation was not signif-
icantly related to species richness. Together,
these results suggest that decreasing fragment
area and increasing fragment isolation do not
affect butterfly diversity after controlling for
total habitat area.

These results accord with predictions of
Fahrig’s (2013) ‘habitat amount hypothesis’,

which posits that the number of species per-
sisting on fragmented landscapes is solely a
function of habitat loss and not its degree of
fragmentation. The primary mechanism under-
lying the habitat amount hypothesis is the
sample-area effect, which describes that species
richness increases with island/fragment area
only because larger islands/fragments randomly
sample more individuals from the regional spe-
cies pool (Connor & McCoy, 1979). In other
words, the species-area relationship is just a
sampling artefact; if a researcher surveys a larger
area, they will find more species simply because
of their increasing sampling effort. To date, the
majority of SLOSS-based studies addressing
a plethora of taxa (e.g., plants, insects, birds,
mammals) have found that several small islands
or habitat fragments contain an equal or greater
number of species compared to single large
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Figure 8.2 Butterfly species richness (S), the exponential of the Shannon-Wiener index (exp H'),

and Simpson's reciprocal index (D) for island size classes that represent different degrees of habitat
fragmentation while controlling for total habitat area (MacDonald et al., 2018a). Within each of the two
island sets (panels a and b), island size classes varied in degree of fragmentation while maintaining an

equal total area. There was no obvious change in the diversity of butterflies across island size classes,

suggesting that habitat fragmentation does not affect butterfly diversity after controlling for habitat loss.

islands/fragments (reviewed in Fahrig, 2003;
2013; 2017).

Although SLOSS-based studies based on
overall patterns of species diversity often report
neutral or even positive effects of fragmentation,
such inferences may be susceptible to ecological
fallacy (sensu Robinson, 1950). This addresses
biases that may arise when observed effects
on aggregated variables (e.g. species richness)
differ from causal relationships at finer levels of
organization (e.g. occurrences of single species)
(MacDonald et al., 2021). Populations respond
to external conditions, such as degree of hab-
itat fragmentation, and species richness some-
times emerges in misleading ways. This point is
demonstrated by a disparity in the findings of a
thorough review of the fragmentation literature.
Fahrig (2017) found that 90% (114/127) of
studies addressing patterns of species diversity
(generally, species richness) inferred a positive

effect of fragmentation. However, studies that
addressed responses of individual species were
much more varied in their results, with only
68% (158/232) reporting positive fragmenta-
tion effects (Fahrig, 2017). Greater congruence
in the results of studies addressing species
diversity and those addressing individual spe-
cies would be expected if patterns of species
diversity are indeed viable indicators of frag-
mentation effects on individual species. This
suggests that analyses of species diversity may
obscure important species-level fragmentation
effects.

Looking deeper into butterfly diversity
patterns on islands of Lake of the Woods, it
became apparent that occurrences of butterfly
species with small wingspans were generally
restricted to large islands that contained their
host plant species (MacDonald et al., 2018a). In
other words, small species were excluded from
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Figure 8.3 Species accumulation curves inform whether single/fewer large islands harbor a greater or
lesser number of species than many small islands of equal total area (MacDonald et al., 2018a; 2018b).
This was completed for both total butterfly species richness (a) and for the richness of potentially

reproducing species only (described below) (b). In each panel, cumulative species richness is plotted

against cumulative island area in two ways: 1) by adding islands, one at a time, from the largest to

smallest island (large-to-small curve; triangles connected by dashed lines); and 2) adding islands, one

at a time, from the smallest to largest island (small-to-large curve; circles connected by solid lines). For
any value of cumulative island area along the x-axis, the cumulative species richness of single/fewer
large islands and many small islands of equal total area can be compared by examining the difference
between the two curves. When all butterfly species were included in the analysis (a), overlap of the
two curves indicates that single/fewer large islands and many small islands of equal total area contain
the same number of species. However, when transient individuals were removed (b), the large-to-small
curve accumulated species more quickly than the small-to-large curve, indicating that single/fewer large

islands support a greater number of potentially reproducing species than many small islands of equal

total area.

particularly small islands and islands of any size
that lacked their host plants. In contrast, but-
terfly species with large wingspans frequented
islands of all sizes, regardless of whether their
host plants were present or absent. Wingspan
is one of the strongest predictors of butterfly
species’ mobility and dispersal ability (Burke
et al., 2011). Accordingly, MacDonald et al.
(2018a) hypothesized that movements of larger
and highly mobile ‘transient’ species from large
islands (containing host plants) to smaller
islands (lacking host plants) may be obscuring

important effects of habitat fragmentation on
species diversity (examples in Figure 8.4). In a
re-analysis of the data, MacDonald et al. (2018a)
removed from the dataset all individuals occur-
ring on islands that did not contain their host
plant species, as these individuals cannot rep-
resent reproducing populations. Rerunning
SLOSS-based analyses on ‘potentially reproduc-
ing’ species only, negative fragmentation effects
became very apparent: comparisons of species
accumulation curves showed that several small

islands harbored fewer potentially reproducing
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a) Large, more mobile species

b) Small, less mobile species

Figure 8.4 Examples of butterflies observed on a naturally fragmented landscape of lake islands;
Lake of the Woods, Ontario, Canada. (a) Four large and more mobile butterfly species generally found
on islands of all sizes, regardless of the presence of their larval host plants (from top left, clockwise:

Canadian tiger swallowtail (Papilio canadensis); atlantis fritillary (Speyeria atlantis); red admiral (Vanessa

atalanta); white admiral (Limenitis arthemis)). (b) Four small and less mobile species that were generally

excluded from both small islands and islands of any size that lacked their host plants (from top left,
clockwise: striped hairstreak (Satyrium liparops); arctic skipper (Carterocephalus palaemon); summer
azure (Celastrina neglecta); northern crescent (Phyciodes cocyta)). Occurrence and abundance patterns
of these butterflies across lake islands show that habitat fragmentation disproportionally affects small
and less mobile species (MacDonald et al., 2018a, 2021). Photos by Zachary G. MacDonald.

species than single large islands (Figure 8.3b).
Additionally, generalized linear models resolved
that island isolation had a significant effect on
species richness after transient individuals were
removed from the dataset. MacDonald et al.
(2018a) therefore suggested that inter-frag-
ment movements, but not breeding or estab-
lishment of self-sustaining populations, of
large, highly mobile butterfly species inflate the
total number of species observed on small hab-
itat fragments, obscuring important fragmenta-
tion effects.

the
transient versus potentially reproducing but-
terfly species hinted that an autecological (i.e.
species-by-species) approach may be most effec-
tive for inferring effects of habitat fragmentation

Differentiating between richness of

on butterflies. Butterfly species

considerably in their responses to landscape fac-

can vary

tors and researchers are particularly interested in
morphological, behavioral, and ecological charac-
teristics of butterflies that might explain this vari-
ation (Dover and Settele, 2009). Functional traits,
including body size, mobility and dispersal abil-
ity, perceptual range, degree of ecological special-
ization, rarity/conservation status, and trophic
position are hypothesized to relate to species’
sensitivity to habitat fragmentation for a variety
of taxa (see references in MacDonald et al., 2019,
2021). However, few studies have tried to relate
functional traits to interspecific variation in frag-
mentation effects, or model how this interspecific
variation scales to emergent patterns of species
diversity on fragmented landscapes.
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To address this knowledge gap, MacDonald
et al. (2021) reanalyzed the Lake of the Woods
butterfly data with a novel methodological
framework, using random placement models
(instead of SLOSS-based methods) to control
for the sample-area effect while integrating
functional trait analyses. These analyses showed
that habitat fragmentation may have negligible
effects on overall butterfly species richness, in
agreement with the previous SLOSS-based anal-
yses. However, applying the new methods to
individual butterfly species identified a number
of important fragmentation effects that were
not previously detected. For many butterfly
species, probabilities of occurrence were lower
than predicted by the sample-area effect for
small islands. This indicates that small islands
are of lower habitat quality than larger islands,
suggesting an important fragmentation effect.
Even more prominent were effects on butterfly
species’ abundances, which were much lower
on both smaller and more isolated islands than
predicted by the sample-area. Most importantly,
the analyses demonstrated that negative frag-
mentation effects were significantly greater for
smaller and less mobile butterfly species, high-
lighting the importance of individual species
traits in fragmentation research.

In sum, the relative size and mobility of but-
terfly species can be a strong predictor of their
sensitivity to fragmentation (and see Dover and
Settele, 2009). Individual habitat fragments may
contain resources sufficient for the persistence
of some butterfly species, but not others. Large
and highly mobile species may be able to move
among multiple habitat fragments to meet their
resources requirements, rendering them more
resilient to habitat fragmentation. To adequately
evaluate fragmentation effects on species diver-
sity, it is important to differentiate transient
individuals from resident individuals represent-
ing established populations. Different butterfly
species are affected by habitat fragmentation in
different ways, and autecological details need to

17

be considered when we evaluate the effects of
habitat fragmentation on butterflies. The habi-
tat amount hypothesis is generally unsupported
for butterflies, and we suggest that efforts to
minimize habitat fragmentation and abate hab-
itat loss remain as foundations in conservation
practice.

8.3 Habitat degradation

Many terrestrial landscapes fragmented by
anthropogenic activities are more complex than
true island systems (Haila, 2002). For example,
the terrestrial matrix that separates isolated
fragments is often variable and less hostile than
open water, and may in fact be the preferred
habitat of some matrix-dwelling species (Riva
et al., 2018a). The quality of individual habitat
fragments themselves can also vary widely due
to habitat degradation. Along with total habitat
area, habitat quality is often a principal factor
determining the persistence of many butterfly
species on landscapes fragmented or otherwise
modified by anthropogenic activity. For exam-
ple, rather than area per se, larval habitat quality
and isolation were the strongest predictors of
fragment occupancy for the Glanville fritillary
(Melitaea cinxia), Adonis blue (Polyommatus bel-
largus), and Lulworth skipper (Thymelicus acteon)
in the UK (Thomas et al., 2001). Furthermore,
large populations inhabiting high-quality (rather
than large) habitat fragments have been inferred
to facilitate colonization/recolonization of adja-
cent, unoccupied fragments, helping to stabi-
lize species’ metapopulations (Thomas et al.,
2001). Habitat quality was also the principal
factor affecting the assemblage of grassland
butterfly species inhabiting isolated habitat
fragments in an urban-dominated landscape
in the UK (Wood & Pullin, 2002), and habitat
quality and area, but not isolation, were the
principal factors governing the distribution of
Alcon blue (Maculinea alcon) across 127 habitat
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fragments in the Netherlands (Wallis DeVries,
2004). Notwithstanding these observations of
the importance of habitat quality, both Wenzel
et al. (2006) and Ockinger and Smith (2006)
observed that species richness and overall abun-
dance of grassland butterflies on fragmented
agricultural landscapes were strongly related to
their isolation from semi-natural grassland hab-
itats. As with the two studies addressing butter-
fly assemblages on islands of Lake of the Woods
(MacDonald et al., 2018a, 2021), small, less
mobile species were most sensitive to fragmen-
tation effects in two these studies.

8.3.1 Interacting effects of ecology

and evolution

Land use changes can also affect the evolution
of butterfly species, threatening their long-term
persistence. A particularly rigorous history of
research on Edith’s checkerspot (Euphydryas
editha) has resulted in inferences of eco-
evolutionary processes that affect species per-
sistence. For example, Singer and Parmesan
(2018) found that an isolated population of E.
editha in Nevada, USA, shifted its primary host
plant association from Collinsia parviflora, the
historical native host, to Plantago lanceolata, a
non-native species introduced by cattle ranch-
ers. Such host shifts in E. editha were first doc-
umented in the 1980s, with female E. editha
rapidly evolving a preference for ovipositing
on Plantago in heavily grazed landscapes due
to higher larval survival (Singer et al., 1993).
Some populations even abandoned Collinsia
completely and evolved total dependence on
Plantago.

However, it has become clear that the sur-
vival of Plantago-feeding populations may be
heavily dependent on continued cattle grazing.
Due to the sale of private land, grazing was
eventually stopped on the landscape inhabited
by the isolated Nevada population, allowing

tall grasses to grow around the Plantago plants.
The resulting shading drastically reduced sur-
vival of the thermophilic E. editha larvae, which
would have otherwise survived on Collinsia
occupying drier microhabitats that were unaf-
fected by grazing. Although Collinsia was still
present on the landscape, female E. editha did
not switch back to ovipositing on it. Shortly
after grazing ceased, Singer and Parmesan
(2018) documented that the entire E. editha
population, which had completely switched
its host association from Collinsia to Plantago,
went extinct. This extinction was the product
of an ‘eco-evolutionary trap’, set by anthropo-
genic activity. Although the area was eventu-
ally recolonized by adjacent Collinsia-feeding E.
editha populations, this is a particularly instruc-
tive example of the complex effects of land use
changes and the possibility for unintended con-
sequences of reclamation practices. Butterflies
adapting to land use changes risk becoming
dependent on continuation of the same prac-
tices. Indeed, Singer et al. (1993, p. 681) warn
that ‘This is a serious risk, because human
cultural evolution can be even faster than the
rapid genetic adaptation that the insects can
evidently achieve.’

In sum, effects of land use changes on but-
terflies are complex and often difficult to pre-
dict. Different butterfly species can respond to
similar land use changes in very different ways;
some species are lucky ‘winners’ and succeed
in changing landscapes, while the unfortu-
nate majority are likely to be ‘losers’ suffering
population declines and possibly extinction
(Filgueiras et al., 2021; Tabarelli et al., 2012).
Continued study of habitat loss, fragmentation
and degradation will be key to understand-
ing and possibly ameliorating these effects.
However, the effects of land use changes should
not be considered in isolation. Changing cli-
matic conditions, and the rate at which these
changes are accelerating, must also be taken
into consideration.
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8.4 Climate change

Earth’s climate is changing, and anthropogenic
activities are a large contributor (IPCC, 2021).
Generalizable patterns include warming tem-
peratures, increased cloud cover, and increased
overall precipitation concentrated in fewer
precipitation events (Easterling et al., 2000;
Parmesan, 2003; Wang et al., 2016). Faced
with these changes, individual populations and
entire species will exhibit one of three possible
responses (Parmesan, 2003).

1. Track changing climatic conditions by shift-
ing distributions either poleward in latitude
or higher in elevation.

2. Persist in the current location via pheno-
typic/behavioural plasticity or local adapta-
tion to new climatic conditions.

3. Suffer extirpation or extinction.

It is generally unknown what the frequency of
these three responses will be, or whether they will
vary systematically across space, through time, or
among taxa. Notwithstanding, the high suitabil-
ity of butterflies as sentinel species for detecting,
modelling, and predicting effects of climate change
has been amply demonstrated in case studies on
their phenology, distributions, and diversity.

8.4.1 Butterfly phenology and

climate change

Butterflies are highly sensitive to abiotic condi-
tions (Dennis, 1993; Sparks and Yates, 1997).
In most mid- to high-latitude regions around
the world, where butterfly species complete one
or a few generations every summer, the timing
of larval development, pupation, and eclosion
as adults is advancing due to warming temper-
atures. A number of mechanisms account for
this relationship. For example, faster melting
of snowpacks allows butterflies (and their host
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plants) to begin growth and development ear-
lier, regardless of the life stage in which they
overwintered. Additionally, most temperate
butterfly species are thermophilic, and the rate
at which larvae grow is a function of available
resources and heat, with warmer temperatures
generally corresponding with faster growth
rates (Singer and Parmesan, 2018). ‘Growing
degree days’ is a commonly used measure of
thermal accumulation for the development of
many insects and plants. For most butterfly spe-
cies, growing degree days is a better predictor
of adult emergence time and overall abundance
than date of the year (e.g. Cayton et al., 2015).
Around the world, emergence times of
many butterfly species are shifting from his-
torical patterns because growing day degrees
are accumulating earlier in the spring as cli-
matic conditions warm. For example, 23 but-
terfly species inhabiting the Central Valley of
California, USA, have advanced their spring
emergence times by an average of 24 days since
the early 1970s (Forister and Shapiro, 2003).
Changing climatic conditions in California,
including temperature and precipitation,
were significantly related to these phenolog-
ical shifts. Similarly, data from the United
Kingdom Butterfly Monitoring Scheme have
shown significant advances in the emergences
of multiple UK butterfly species (Sparks and
1997).
trends, regional warming of ~3°C within the

Yates, Extrapolating the observed
next century is expected to advance the emer-
gence of most UK butterfly species by 2 to 3
weeks. Along with earlier emergence times,
flight periods of many butterfly species are
becoming longer. For example, Westwood and
Blair (2010) examined trends in the flight peri-
ods of 19 Canadian butterfly species and found
that 13 were flying significantly longer into the
autumn. With longer flight periods, we may
expect some univoltine species to switch to a
bivoltine life cycle, with two generations flying
every summer (MacDonald et al., 2020).
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8.4.2 Butterfly distributions and
abundances and climate
change

Butterflies were the first taxonomic group for
which shifts in species’ distributions and abun-
dances were linked to changing climatic condi-
tions. Well before anthropogenic activity was
recognized to be affecting our planet’s climate,
butterfly enthusiasts were documenting poleward
range shifts of multiple species, particularly in the
UK (e.g. Limenitus camilla; Ford, 1945), and it was
hypothesized that these range shifts were due to
a general warming trend (reviewed by Dennis,
1993; Parmesan, 2003). Mean average tempera-
tures across the UK rose by an average of 0.8°C
in the 20th century, and this warming trend is
predicted to continue (Murphy et al., 2009). With
these types of climatic changes receiving increas-
ing attention, research on how butterfly distribu-
tions are responding has proliferated.

A common method for inferring range shifts is
to compile species’ historical occurrence records
and compare them to contemporary distributions.
Using this approach, Burton (2003) inferred that
260 European species had experienced some
degree of change in the northern limit of their
occurrences since 1850. Of these, 190 exhibited
a northern range expansion, while only 70 exhib-
ited a northern range contraction. In a more thor-
ough analysis addressing the entire ranges of 35
European butterfly species, northward shifts of
both northern and southern range limits were
observed for 22 species, with distances varying
from 35 to 240 km (Parmesan et al., 1999). In
contrast, only two species exhibited southward
range shifts. In the northeastern USA, abundances
of many butterfly species are increasing through-
out the northern extant of their range and decreas-
ing in the southern extent, suggesting that range
shifts are underway (Breed et al., 2013).

In the absence of habitat destruction prevent-
ing movement, butterflies may continue shift-
ing their ranges poleward as climatic conditions

continue to warm (Parmesan, 2003). However,
based on the limited data available, it seems
that changing climatic conditions, coupled with
habitat loss, fragmentation, and degradation,
may exceed the resiliency of many butterfly spe-
cies. In many instances, extensive habitat loss
and fragmentation mean that butterfly species
may be unable to track changing climatic con-
ditions. This is predicted to result in population
declines and possibly extinction. Empirical data
support this prediction. For example, Warren
et al. (2001) examined changes in the popu-
lations of 46 UK butterfly species that, based
on previous observations, were expected to
respond positively to warming temperatures.
However, 34 of the 46 species experienced sig-
nificant population declines over the previous
30 years. This was attributed to habitat loss
and barriers to movement, which outweighed
any positive effects of warming temperatures.
In the Netherlands, 51 of the 72 butterfly spe-
cies native to the region have experienced pop-
ulation declines over the 20th century, while 15
have suffered regional extinction (van Swaay
and Warren, 1998). Research on Canadian but-
terfly distributions has also shown that while
some species may be able to track changing
climatic conditions via poleward shifts in their
distributions, these shifts are unlikely to match
the pace of changing climatic conditions for the
majority of species due to their limited disper-
sal ability and habitat loss (Lewthwaite et al.,
2018). Among these climate threatened spe-
cies, those with the smallest range sizes seem
to be accumulating the greatest ‘climate debt’,
wherein northward range expansions cannot
sufficiently offset southward range contractions
(Lewthwaite et al., 2018). Changing climatic
conditions are also having significant effects on
butterfly abundances. For example, analyses of
a massive dataset, including 70 survey locations
across western North America, suggested that
butterfly abundances have exhibited a 1.6%
annual reduction over the past four decades
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(Forister et al., 2021). This overall trend of
fewer butterflies, as well as inter-annual fluctu-
ations in butterfly abundance, was significantly
associated with warming temperatures.

8.4.3 An autecological approach

Studying the effects of changing climatic con-
ditions on patterns of species diversity has
generated interesting hypotheses that warrant
further study. However, effectively evaluat-
ing the probability of climate-induced range
shifts, local adaptation, and extinction likely
requires an autecological approach that consid-
ers the unique ecology and life history of indi-
vidual species. Euphydryas E. editha, the victim
of the eco-evolutionary trap studied by Singer
and Parmesan (2018), has probably received
more research attention in this realm than any
other butterfly. One study (Parmesan, 1996)
has become a landmark for quantitatively
demonstrating the effects of climate change
on sensitive species and their ecological asso-
ciations. Examining patterns of E. editha pop-
ulation extinctions throughout western North
America, from Baja California, Mexico, to
British Columbia, Canada, Parmesan (1996)
inferred that the species’ range had shifted
poleward and higher elevation by 92 km and
124 m, respectively, since the beginning of the
20th century. Most interestingly, these figures
closely mirrored latitudinal and elevational
shifts in temperature isotherms over the same
time period, inferred to be 105 km and 105 m,
respectively (Parmesan, 2003). In many correla-
tive relationships like this, it is unclear whether
butterflies are responding directly to changes
in environmental conditions, or whether these
relationships are mediated by intermediate var-
iables, such as the occurrences and phenologies
of host and nectar plants. However, extensive
research on E. editha suggests that, at least for
this species, the latter scenario is most likely.

For many E. editha populations, environmen-
tally driven host plant senescence and its effect
on larval mortality is the principal driver of
abundance fluctuations (Singer, 1972; reviewed
in Parmesan, 2003). In general, warm and dry
climatic conditions accelerate the senescence
of host plants, leaving larvae to starve if they
have not reached their fourth or fifth instar and
entered diapause. The effects of this can be dis-
astrous. For example, the 1975-1977 drought in
California lead to the extinction of 5 out of 21
E. editha populations that were being monitored
at the time (Singer and Ehrlich, 1979; Ehrlich
et al., 1980). Extreme weather events, which are
predicted to increase in frequency with climate
change, also have significant effects on abun-
dance fluctuations and population extinctions.
For example, the extinction of an entire E. editha
metapopulation in the Sierra Nevada, California,
coincided with three extreme weather events:
(1) a very low winter snowpack in 1989, which
caused adults to emerge earlier than nectar
resources were available, leading to substantial
adult mortality; (2) another very low winter
snowpack in 1990, causing many early emerg-
ing adults to perish in a spring snowstorm; and
(3) unseasonably cold temperatures of —5°C on
16 June 1992, which killed an estimated 97%
of the metapopulation’s host plant, Collinsia,
leaving larvae to starve (Thomas et al., 1996).
Following the extinction of this Collinsia-
feeding metapopulation, the area was eventually
recolonized by adjacent Pedicularis-feeding pop-
ulations, which typically fly 2 to 3 weeks later
and were less affected by these extreme weather
events (reviewed by Parmesan, 2003).

While warmer and drier climatic condi-
tions threaten the persistence of many E. editha
populations, cooler and wetter conditions can
have opposing, positive effects. In southern
California, USA, and Baja California, Mexico,
two consecutive years (1976 and 1977) of par-
ticularly high precipitation in the dry season
led to population explosions of an endangered
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subspecies of E. editha, E. editha quino (Murphy
and White, 1984). These high abundances were
attributed to increased host plant availability
and delayed host plant senescence over the two-
year period. However, since then, the majority
of these E. editha quino metapopulations have
suffered extinction due to a general trend of
warmer and drier conditions. Parmesan (2003)
noted that, in her 1996 surveys of E. editha
quino populations, the phenologies of larvae and
local host plants were asynchronous, with host
senescence preceding the hatching of larvae.
As climatic conditions of this region continue
to become warmer and drier, the persistence of
remaining E. editha quino populations is ques-
tionable. Other notable threats to the subspe-
cies include habitat loss related to urban and
agricultural development, competitive exclusion
of larval host plants (Plantago, Antirrhinum, and
Collinsia spp.), and increased fire frequency.
The US Fish and Wildlife Quino Checkerspot
Working Group and the California Conservation
(https://www.ccgproject.
org/) are working together to identify specific
conservation measures, such as population aug-
mentation and translocation, that might aid
in the persistence of E. editha quino. However,

Genomics Project

given the rate at which land use and climate
changes are advancing in southern California
and Baja California, the efficacy of these meas-
ures is uncertain.

8.4.4 Climate-induced habitat loss

An insidious effect of climate change on but-
terflies is climate-induced habitat loss. This is
expected to be a major threat to many range-
species  (Dirnbock
et al., 2011), which together comprise some of
the most unique species assemblages on our
planet. For example, in California’s Sierra Nevada,
the greatest diversity of butterflies is found in

restricted, high-elevation

non-forested habitats, such as subalpine/alpine

meadows and fellfields. These unique ‘sky island’
habitats support three butterflies endemic to the
region: the Sierra Nevada Parnassian (Parnassius
behrii), the Sierra sulfur (Colias behrii), and the
Ivallda Arctic (Oeneis chryxus ivallda). The insular
nature of these species’ distributions makes them
particularly interesting subjects for biogeographic
and genetic studies (e.g. Schoville and Roderick,
2009; Schoville et al., 2012). However, their spe-
cific habitat and environmental requirements
also render them particularly sensitive to climate
and habitat changes (Condamine and Sperling,
2018; Sperling et al., 2020). Many populations
already occur at or near mountain tops, limit-
ing their potential for elevational range shifts to
track changing climatic conditions (Figure 8.5).
Within the next century, dispersal and resultant
gene flow among isolated populations will be
increasingly threatened by habitat loss and frag-
mentation resulting from forests encroaching
into subalpine/alpine habitats (Keyghobadi et al.,
2005; Roland and Matter, 2007; Sperling et al.,
2020). These changes are likely to threaten the
persistence of high-elevation specialist species to
a greater extent than sympatric generalist species
(Condamine & Sperling, 2018; Dirnbock et al.,
2011; Ehrlich and Murphy, 1987; Warren et al.,
2001). Changing climatic conditions are also
likely to impact the distribution and phenology
of butterflies” host plant species, compounding
their risk of extinction (Filazzola et al., 2020). In
light of these predictions, effective conservation
planning for alpine butterflies requires research
programs that integrate methods of multiple dis-
ciplines to better understand the ecological and
evolutionary processes that determine species’
persistence and extinction probabilities.

8.5 A path forward: conservation
and landscape genomics

A plethora of methods in landscape ecology
correlate variation in the occurrences, densities,
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(a) A few hundred years ago

(b) Present day

Warming temperatures

Parnassius behrii

Colias behrii

Oeneis chryxus ivallda

Figure 8.5 Three butterfly species endemic to the Sierra Nevada, USA: Sierra Nevada parnassian
(Parnassius behril), Sierra sulfur (Colias behrii), and Ivallda Arctic (Oeneis chryxus ivallda). Each of
these species have highly restricted ranges and are only found in high-elevation environments such as
alpine meadows and fellfields. Three panels (a, b, and c) illustrate how climate change and warming

temperatures are affecting high-elevation habitats and the butterflies that depend on them. A few

hundred years ago (top panel), alpine meadows and fellfields were abundant and populations of each
species were well connected. Today (middle panel), warming temperatures are causing treelines to
advance up mountain slopes, resulting in climate-induced habitat loss and fragmentation as alpine
meadows and fellfields become smaller and further isolated. Within the next century (bottom panel),
continued habitat loss, fragmentation, and degradation is expected to lead to drastic population declines

and possibly extinction.

and movements of species with environmental
and geographic variables to infer factors that
affect species persistence. Meanwhile, advances
in DNA sequencing technologies have ena-
bled analyses of genome-wide data for almost
any species of interest, helping to resolve how
gene flow and adaptive genetic variation affect
long-term persistence. The integration of these

disciplines holds great potential, not only for
understanding the effects of habitat loss, hab-
itat fragmentation, and climate change on bio-
diversity, but also to aid in their amelioration
through conservation planning. The emerging
field of conservation genomics presents a viable
toolkit for informing the conservation of imper-
iled butterflies and other species. An example
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of its application is the California Conservation
Genomics Project, a state-funded initiative with
a single goal: to produce the most comprehen-
sive, multi-species, genomic dataset ever assem-
bled to help manage regional biodiversity. This
represents an intersection between genomic,
landscape, and environmental methods, which
together can be used to quantify the adaptive
potential of threatened species and predict how
their population structure and genetic health
are likely to be affected by land use and climate
changes.

Three endemic Sierra Nevada butterflies,
along with the pipevine swallowtail (Battus
philenor), (Apodemia
mormo), and Edith’s checkerspot (Euphydryas
editha), are six of 236 species that are now
being surveyed by the California Conservation
Genomics Project. Each of these species is
receiving achromosome-level genome assembly,

Mormon metalmark

as well as whole-genome DNA sequencing for
approximately 150 individuals. These data will
be combined with forward-in-time landscape
and environmental modelling to evaluate how
each species is being/will be affected by land
use and climate changes. The larval host plant
of B. philenor, Dutchman’s pipe (Aristolochia cal-
ifornica), is also included in this project, allow-
ing scientists to infer how trophic interactions
influence genomic patterns.
sequence data can also be used to identify adap-
tive genomic variation corresponding to local
environmental conditions and host associations
(MacDonald et al., 2020). This information can
be particularly informative for conservation

Genome-wide

practice. For example, if land use or climate
changes result in the decline or extinction of
populations that are of conservation concern,
information on adaptive genomic variation can
ensure that future translocation and reintroduc-
tion efforts focus on donor populations that are
most compatible, both in terms of their ecology
and genomic composition (Bellis et al., 2019).
These data can also be used to inform captive

breeding programs by maximizing the genetic
fitness of introduced individuals.

8.6 Summary

Butterflies are unparalleled sentinels for meas-
uring effects of land use and climate changes
on biodiversity worldwide. They exhibit rapid
ecological and evolutionary responses to habitat
loss, fragmentation, and degradation, as well as
changing climatic conditions. Detailed accounts
of their phenologies, distributions, and diversity,
often led by armies of engaged members of the
public, have led to a pool of information avail-
able to conservation biologists that is perhaps
only exceeded by birds. This knowledge has been
used to infer ecological and evolutionary effects
of land use and climate changes at a range of
spatial scales, from habitat fragments to entire
continents, and a range of temporal scales, from
inter-annual population fluctuations to extinc-
tion dynamics over multiple centuries. Our soci-
ety’s passion for butterflies has created a unique
connection between amateur naturalists and
professional scientists, accelerating theoretical
developments in ecology and evolution and their
application to conservation practice. These con-
tinuing collaborations will be crucial to under-
standing and ameliorating the effects of land use
and climate changes in the future, especially as
we reach potential tipping points and large-scale
shifts in climate patterns globally.
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