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Abstract

Creating variation in microclimates through habitat management is often advocated as a way of
ameliorating the impact of climate warming, although the effectiveness of microclimate

management has rarely been studied.

We compared temporal variation in habitat quality (the availability of suitably warm microclimates)
and ambient air temperature on the abundance of a highly thermophilous species of butterfly, the
Glanville fritillary Melitaea cinxia, at one site on the south coast of the Isle of Wight, UK, from 1997 -
2010. Ground temperatures beneath the various habitat successional stages were measured and
compared, and the relationship between butterfly abundance and hostplant and weather variables

was examined.

Temporal variation in habitat quality was almost twice as strong as a predictor of butterfly

abundance as ambient air temperature. We found no relationship between abundance and rainfall.



Comparisons of ground temperatures beneath habitats showed that earlier successional stages were
considerably warmer than later successional stages, and the distribution of Glanville fritillary larval
‘webs’ within plots was restricted to these warmer habitats. Hostplants selected for oviposition by

gravid females were also considerably warmer than ambient temperature.

The importance of habitat quality reinforces the notion that thermophilous insects would benefit
from site management practices that create thermally diverse environments. Heterogeneous
habitats provide refugia for species intolerant of climate change, as well as opportunities for range

expansion.

Introduction

Recent projections suggest that the average temperature of the Northern Hemisphere will rise
between 0.9 — 2 degrees in the next few decades (IPCC 2013). Climate change is considered a

significant threat to biodiversity (McLaughlin et al. 2002; Thomas et al. 2004a), although the

ecological response to increasing temperatures varies across species groups (Hickling et al. 2006;

Chen et al. 2011; Devictor et al. 2012). Insects, which are predominantly ectothermic species with

short life cycles, often show rapid and clear responses to changes in temperature (Sinclair et al.

2003; Hassall et al. 2007; Boggs & Inouye 2012). They are an essential component to the functioning

of most terrestrial ecosystems (New 2009; Montoya et al. 2012) and so understanding the key

drivers of insect abundance has significant consequences for conservation, agriculture, forestry,

diseases, ecosystem services and ultimately humanity (Biesmeijer et al. 2006; Haslett 2008; Potts et

al. 2010). Furthermore, with extinction rates in insects exceeding those of plants, birds and

mammals (Thomas et al. 2004b; Dunn 2005) clarifying the effect that climate change will have on

insect populations remains a priority (Maclean & Wilson 2011; Pettorelli 2012), and more

pertinently, can ambient temperature rise be ameliorated through habitat management (Bourn &

Thomas 2002; Lawson et al. 2012)?

Like most insects, butterflies are extremely sensitive to changes in temperature and are therefore

affected strongly by climatic limitations at a range of spatial scales (Dennis & Shreeve 1991; Bryant

et al. 2002; Storch et al. 2003). At the broadest scale, latitude determines the climatic tolerances of

species (Gutierrez & Menendez 1995; Dennis et al. 2008), mainly because the time available in which

to complete the life cycle is a primary constraint (Thomas 1993; Oliver et al. 2009). Climate is of such

importance that increases in temperature have been observed to increase range and distribution

(Davies et al. 2005; Lawson et al. 2012), advance emergence dates (Roy & Sparks 2000; Sparks et al.

2006) as well as increasing movement (Sparks et al. 2005; Sparks et al. 2007). However, relatively

few studies have demonstrated the importance of temperature on abundance (Pollard 1988; Roy et




al. 2001), and so comprehending the link between temperature and population dynamics of

individual species remains poorly understood (WallisDeVries et al. 2011).

Within sites, small variation in vegetation structure and topography creates thermal gradients across
the landscape, forming microclimates where patches of ground become considerably hotter or

cooler than the ambient temperature (Rosenberg 1974; Suggitt et al. 2011). This is particularly

important to butterflies, as the temperature of a hostplant within a microclimate is often a key

determinant of larval development rates (Braby & Jones 1994; Thomas et al. 2011). Therefore,

within species, individuals can control for variations in temperature by choosing to oviposit on

hostplants on different aspects or within vegetation of different heights (Roy & Thomas 2003;

Dennis 2010). Furthermore, many butterflies at the northern edge of their range therefore survive
by inhabiting earlier (hotter) successional stages of habitats opposed to their conspecifics living

within the (warmer) centres of their range (Thomas 1993; Thomas et al. 1999), and so the local

distribution of higher latitude populations is frequently restricted by warmer microclimates within

habitats (Thomas 1995b).

Consequently, within northern Europe the abundance of many butterfly species is correlated with

the availability of suitable microclimates or ‘habitat quality’ within a site (Thomas et al. 2001; Kramer

et al. 2012; Eilers et al. 2013). However, temperature driven changes in habitat associations remain

poorly understood (Davies et al. 2006; Turlure et al. 2010), yet comprehending such changes are

essential for adaptive conservation management (Sutherland 1998; Roy & Thomas 2003). Therefore,

an important unanswered question is whether temporal variation in habitat quality, or ambient
temperature is the stronger predictor in determining species abundance. Put simply, the
conservation advice of creating habitat mosaics, which provide a variety of microclimates to
facilitate oviposition requirements for many species, is widely regarded as a management panacea

to compensate against temperature fluctuations (New 2009; Morecroft 2012), but the evidence

supporting this strategy remains circumstantial.

The Glanville fritillary Melitaea cinxia is an excellent model for testing the role of both weather and
habitat quality on abundance. It is a monophagous and highly thermophilous species: in the UK it is
restricted to early-successional habitat on south-facing slopes at the southern edge of the country

(Asher et al. 2001), so we expect it to be extremely sensitive to changes in temperature (Diamond et

al. 2011). Research on the Glanville fritillary within the U.K., has demonstrated that females are
highly selective and choose to oviposit only on the smallest plants in warm microhabitats (Thomas et
al. 2001) and furthermore habitat quality (the availability of preferred hostplants in suitable

condition) explains spatial variation in both distribution and abundance. Moreover, in Finland, where



the Glanville fritillary has been a model for developing and testing metapopulation theory (Hanski

1998), there is strong evidence linking population status with summer droughts (Hanski & Meyke

2005; Ojanen et al. 2013).

Here we compare temporal variation in both weather variables and habitat quality to assess which is
the stronger predictor of inter-annual variation in abundance on an individual site, and whether the
temperature of microhabitats varies depending on the height of vegetation above it, using data

gathered over 14 years from one population.

Methods

Study species

The Glanville fritillary is a univoltine species in the U.K., with a typical flight period lasting from May
to July. Eggs are laid in clusters on the underside of a Ribwort Plantain Plantago lanceolata leaf, with
most oviposition occurring in June. During summer the larvae live and feed gregariously and spin a
silken web around the plantain leaves. They enter diapause within the web during early autumn, and
emerge the following spring, when they again feed communally and spin a conspicuous web around

plantains before pupating in April.

Study site & vegetation survey

Binnel Point is approximately 2.5km east of the southern tip of the Isle of Wight, just south of the
village of St Lawrence. It supports a relatively small population of Glanville fritillaries and is isolated
from the next nearest population (St Catherine’s Point) by over 2km. The site is predominantly
mesotrophic grassland on the cliff edges flanked on the northern edge by thick scrub. The area used
for breeding and oviposition by Glanville fritillaries remains extremely small with the cliff top
grassland habitat covering an area of approximately 200m x 20m, with a total study area of 0.4

hectares (Figure 1).

To test the importance of habitat quality on larval web numbers, the study area was divided into
adjacent plots which were easily identifiable on repeated surveys (Figure 1); Two of the plots were
of similar size but of opposing aspect, separated by a smaller (flat) plot, and the remaining two plots

were smaller, contiguous and south-facing (Table 1).

The abundance of larval webs at this site was monitored from 1996-2013. During the 14 of these

years (1997-2010) RJC conducted a matching survey of the habitat quality. At each survey, plots



were scored by the percentage cover in five categories (successional stages from bare ground to
long grass) based on the amount of bare ground and mean turf height (Table 2). These data were
converted into estimates of habitat quality by multiplying the area in each category by the habitat
preference score for that category. Habitat preference scores are the relative probabilities of
occurrence within each habitat type, summed to 1. We used scores derived from Thomas et al
(2001), who compared the distributions of 368 larval webs and hostplants among five habitat

categories, each representing a different successional stage.

These estimates of quality were used to assess the strength of relationship between the amount of

suitable habitat and butterfly abundance.
Local Temperature Data

The temperature beneath the various successional stages of habitats (see Table 2 for definitions)
was recorded by five Tiny tag temperature loggers placed beneath the soil surface, with another

recording ambient air temperature from 15th to 17th May 1998 (Figure 2).

A hand held laser thermometer was also used to record hostplant temperatures that were utilised
for oviposition (Figure 3). Temperatures were acquired by following 60 gravid females during 6" —
25% June 2010 and recorded whilst oviposition was occurring. A note was made of time of
oviposition, and this time was then matched to ambient temperature of a Tiny tag data logger which
was set to record ambient air temperature every five minutes during the same day. If times did not
exactly match then differences of two minutes or less were rounded down to the nearest five
minute recording, and three minutes and above were rounded up to the next recording. Air

temperatures varied very little between five minute intervals.
Regional Weather Data

Weather data were obtained from the nearest Meteorological Office station, which was just over
2km from Binnel Point (St Catherine’s Point Lighthouse $2497753). We used June mean maximum
temperature (i.e. the mean of the daily maxima) and July rainfall to assess the relationship between
temporal variation in weather and butterfly abundance. Mean maximum June temperature is a good
measure of the warmth of June days, which is when most eggs are laid. July rainfall was found to be

important for Glanville fritillary population dynamics in Finland (Hanski & Meyke 2005; Ojanen et al.

2013), as host plants withered during dry summers, thus increasing larval mortality.

Statistical Analysis



The data used in this analysis was derived from 14 years of surveys across 5 habitat plots: thus 14 x 5
= 70 web counts: one for each year - plot combination, each of which has a matching estimate of

habitat quality.

Glanville fritillary abundance (number of webs) was modelled as a function of habitat quality (from
the same year) and June temperatures and July rainfall (of the previous year, when those eggs were
laid), in a multi-predictor GLM with quasipoisson errors (since the abundance estimates were over-
dispersed) and log(plot area) as an offset. Plot identity was included as a categorical ‘nuisance
variable’ (to control for variation among plots), consequently our model examines the relative
effects of changes in temperature and habitat quality through time. Significance was assessed by
removing terms and comparing the goodness-of-fit of nested models using Chi-squared, with
a=0.05. We estimated the effect size for each predictor variable as the fitted difference in web
numbers over the observed range of variation of that predictor. All models were fitted in R (R

Development Core Team 2010).

Results

Habitat microclimate temperatures

There is a clear decrease in ground temperature between the earliest successional stage (1) and the
last (5) of approximately two degrees per stage around the warmest time of day — midday (Figure 2).
The preferred larval habitat categories observed by Thomas et al (2001) (2 and 3, see Table 2) are

eight and ten degrees warmer than ambient air temperature.
Hostplant temperatures

Mean temperature of hostplants during oviposition was 27.70 degrees Celsius (S.D = 3.47, Figure 3).
Although not directly compared with hostplants on which oviposition did not occur, simultaneous
ambient air temperature was just 19.79 degrees (S.D = 1.64). The difference is highly significant: t
(59) =20.754, p = <0.001.

The temperature of plants on which females were observed to oviposit was therefore on average
eight degrees hotter than ambient air temperatures. Thus, Glanville fritillary females show a clear

preference for hostplants which are significantly hotter than ambient temperatures.
Correlates of Population Abundance

There is a strong and significant role for both changes in habitat quality (Figure 4) and temperature

(Figure 5). Web counts were significantly higher following relatively warm June weather of the



previous year (b=0.935, se=0.166, t=5.63, p<0.001) and when large areas of high quality habitat were
available (b=0.103, se=0.04, t=2.819, p<0.05). Both temperature and habitat quality are independent
effects, with no significant relationship between the two parameters (p=0.25). We found no

evidence for a relationship between abundance and rainfall in the previous July (x>=0.58, p=0.45).

To compare the effect sizes of temperature and habitat quality, we estimated the difference in fitted
abundance across the range of observations for both temperature and habitat quality. For
temperature, the parameter estimate means that each degree of warmth is associated with an
increase in web counts by a factor of e®%> = 2,5, Thus, across the range of temperatures observed
(2.2 degrees C), the fitted difference in abundance varies by e(®93>*22 = 7,83 fold from the coldest to
warmest years. Each point increase (percentage) on the habitat quality scale is associated with an
increase of webs by e%1% = 11%, and across the range of qualities (0 - 25.65) the fitted difference in

abundance varies by e®193x256% = 14 04 fold from the poorest to highest quality habitats.

Therefore, the fitted differences in abundance would suggest that on average, habitat quality is

almost twice as important as temperature in determining temporal butterfly abundance.

Discussion

We found that both temporal changes in habitat quality (percentage of warmer microclimates
present within each plot) and ambient air temperature were highly significant in determining
Glanville fritillary abundance. However, habitat quality was almost twice as important as ambient
temperature, suggesting a key role for management of habitat microclimates to ameliorate the

impact of climate warming.
Microclimate

Temperatures recorded by the Tiny tag data loggers (Figure 2), demonstrate the differences in
ground temperatures between successional stages (depending on the height of vegetation and the

amount of bare ground).

The combined evidence of strong larval microhabitat preferences (Thomas et al. 2001) and our

recorded microclimate temperatures (Figure 2) suggests that temperature is a key factor in
explaining suitability of oviposition localities and thus distribution of larval webs within habitats.
Eggs are probably laid on hostplants within these warmest habitats to maximise thermoregulation

and metabolic efficiency, thus expediting development time (Bryant et al. 2002).




Although the earliest successional stage (1) is the warmest (Figure 2), this stage is predominantly
bare ground interspersed with very short turf. The preference for habitat successional stage 2 can be
understood as the warmest stage which provides a sward structure capable of supporting a larval
web complete with inner chambers, and more importantly a hibernaculum which is essential for
overwintering survival. Furthermore, temperature demarcation above habitat stage 2 is so acute,
that hostplants are unlikely to be of a suitably warm temperature (and thus utilised), unless they are
within locations which are warm for reasons other than habitat structure, for example, because they

are sheltered due to topography or on south facing slopes.

Selection of Hostplants

Female Glanville fritillaries show a clear preference for hostplants which are considerably warmer
(on average 8 degrees) than the ambient air temperature (Figure 3). Again, this is because the

temperature of a hostplant is crucial to optimise larval development (Renwick & Chew 1994; Doak et

al. 2006). Therefore, as the Glanville fritillary is at the northern edge of its distribution within the
U.K., females will invest considerable effort in finding suitably warm locations for oviposition which

will expedite larval growth and maximise chances of successful development (Thomas 1991; Merrill

et al. 2008).

Habitat Quality

Habitat quality is an important determinant of butterfly abundance, which increases 14 fold from
the worst habitats to the best (or 10% with each point increase on the habitat quality scale). Plots
with greater spatial extent of warmer successional stages (both within and between years) are thus

more likely to contain higher numbers of Glanville fritillary larval webs.

Furthermore, the abundance of many butterfly species within the U.K are likely to increase with the
availability of early successional habitats, given that they are often restricted to warmer
microclimates within habitats (Thomas 1993). Hence, the lack of management within sites can often
explain the demise of many thermophilous butterfly species (Thomas 1991), and the initiation of
appropriate management within sites can also explain the dramatic recovery of others (Thomas

1983, 1995a; Thomas et al. 2011).

Ambient Temperature

Glanville fritillary abundance is highly correlated with temperature in the previous June, i.e. when
the eggs were laid. This result is further evidence that oviposition is temperature-dependent: in

warm years a greater proportion of plantains are within the thermal envelope for oviposition (Weiss



et al. 1988; Roy & Thomas 2003), but in cold years females restrict their egg-laying to a small

proportion of the available plantains. The most likely mechanism linking temperature to abundance
is therefore the amount of hostplants within a suitably warm microclimate, but we cannot rule out

the possibility of density-dependent larval mortality (Hanski et al. 1996; Nowicki et al. 2009) or that

fecundity itself might be temperature dependent (Saastamoinen 2007; Ojanen et al. 2013).

Our result also explains why species at northern limits of their range often experience dramatic

population fluctuations (Thomas et al. 1994; Davies et al. 2006; Oliver et al. 2012a): hostplants on

cooler slopes and aspects can be utilised during warm years, resulting in temporary increase in both

the abundance of individual populations and the area of occupied habitat.

Recommendations for Site Management

Both habitat quality and ambient air temperature were highly significant in determining Glanville
fritillary abundance. However, habitat quality within sites was almost twice as important as ambient
temperature, suggesting a key role for management of habitat microclimates to ameliorate the

likelihood of increased temperature variability due to climate change (Bergman et al. 2008; Lawson

et al. 2012; Eilers et al. 2013).

The options for managing the habitat of Glanville fritillaries in Britain is limited, since most colonies

occur on soft cliff habitats (Curtis et al. 2014). Those that do occur on grassland (including Binnel

Point) could be managed to create a mosaic of (mainly short) turf interspersed with taller vegetation
which provides shelter and structure for hibernacula. More generally, within-site microclimate
management could benefit many thermophilous insect species that reach their northern range
margin within the U.K., and can explain why inappropriate or lack of management (thereby reducing
the spatial extent of early successional or suitably warm habitats) has caused the relatively high

losses observed in insects populations compared to other species groups (Thomas & Morris 1994;

Thomas 1995b; Thomas et al. 2004b).

Creating a mosaic of vegetation within sites therefore remains a priority in butterfly conservation, as

oviposition sites are often determined by temperature (Shreeve 1986; Dennis 2010; Eilers et al.

2013). Variation in turf heights will provide a degree of flexibility which can counteract ambient

temperature fluctuations (Roy & Thomas 2003; Oliver et al. 2012b) and furthermore, patches of

longer turf will provide shelter which can be important during periods of inclement weather (Dennis

& Sparks 2006) and provide oviposition locations for less thermally restricted species thus

maximising butterfly diversity within sites (New 2009).



Conclusions

The Glanville fritillary is at the northern edge of its range within the U.K., where temperature is a
principle constraint. Most larvae occur in the (earlier) warmer successional stages that have

sufficient vegetation to supporting larval web structures.

The Glanville fritillary is extremely sensitive to fluctuations in both the amount of suitably warm
habitat within plots and ambient air temperature, and therefore both habitat quality and

temperature are highly significant predictors of population abundance.

To maintain long-term population stability and viability within sites, management creating a range of
thermally diverse habitats is recommended. Areas which contain more heterogeneous habitats will
also allow a degree of flexibility in choice of oviposition locations, in that variations in turf height can
counteract year-to-year fluctuations in ambient temperatures. This could be particularly important

for conserving insect populations if temperatures continue to increase due to climate warming.
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Table 1: Characteristics of plots surveyed at Binnel Point 1997 - 2010.

Plot Number Aspect Area (m?)
1 South 1175
2 None (flat) 122
3 North 1375
4 South 62
5 South 45




Table 2: Definitions of successional stages contained within a typical succession from bare ground to

scrub and habitat preference scores associated with each stage (after Thomas et al. 2001).

Habitat category % Bare Mean Turf Height  Habitat preference scores
(successional stage) Ground (cm) (after Thomas et al. 2001)
1 >90 <5cm 8%
90->0 5<15cm 54%

2

3 0 15<20cm 35%
4 0 20-25cm 3%
5 0 >25cm 0%




Figure 1. A map of study plots surveyed at Binnel Point, on the south coast of the Isle of Wight (inset).
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Figure 2. A comparison of temperatures between habitat successional stages 1 - 5 (see Table 2), and
ambient air temperature over three days in May 1998, recorded by Tiny tag temperature loggers. Habitat
1 is the warmest, followed by 2,3,4, 5 and ambient temperature. Colour references are for the online

version only.
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Figure 3. Boxplot illustrating the differences between ambient air temperature recorded by Tiny tag
temperature loggers (left) and temperature of a ribwort plantain leaf used for oviposition by the Glanville
fritillary (right) recorded using a laser thermometer by following gravid females (n=60). Temperatures
were recorded in degrees Celsius on seven dates from 6th - 25th June 2010. Boxplot shows median (thick

line), upper and lower quartiles (box), and minimum and maximum values.
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Figure 4. The relationship between web numbers recorded in each plot (logex) and matching estimate of

habitat quality from 1997 - 2010 at Binnel Point with least squares regression line.
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Figure 5. The relationship between web numbers summed across plots (logex) and June mean maximum

temperature (degrees Celsius) from 1997 - 2010 at Binnel Point with least squares regression line.

log (Web Numbers)

| 1 | |
16.5 17.0 17.5 18.0

June Mean Maximum Temperature



	N509086Cover
	N509086Text

