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Abstract
Background: Understanding the factors influencing movement is essential to forecasting species persistence in a
changing environment. Movement is often studied using mechanistic models, extrapolating short-term observations of
individuals to longer-term predictions, but the role of weather variables such as air temperature and solar radiation, key
determinants of ectotherm activity, are generally neglected. We aim to show how the effects of weather can be
incorporated into individual-based models of butterfly movement thus allowing analysis of their effects.
Methods: We constructed a mechanistic movement model and calibrated it with high precision movement data on a
widely studied species of butterfly, the meadow brown (Maniola jurtina), collected over a 21-week period at four sites
in southern England. Day time temperatures during the study ranged from 14.5 to 31.5 °C and solar radiation from
heavy cloud to bright sunshine. The effects of weather are integrated into the individual-based model through
weather-dependent scaling of parametric distributions representing key behaviours: the durations of flight and periods
of inactivity.
Results: Flight speed was unaffected by weather, time between successive flights increased as solar radiation
decreased, and flight duration showed a unimodal response to air temperature that peaked between approximately
23 °C and 26 °C. After validation, the model demonstrated that weather alone can produce a more than two-fold
difference in predicted weekly displacement.
Conclusions: Individual Based models provide a useful framework for integrating the effect of weather into movement
models. By including weather effects we are able to explain a two-fold difference in movement rate of M. jurtina
consistent with inter-annual variation in dispersal measured in population studies. Climate change for the studied
populations is expected to decrease activity and dispersal rates since these butterflies already operate close to their
thermal optimum.
Keywords: Body temperature, Climate warming, Lepidoptera, Motivation, Thermoregulation

Background
Understanding individual movement is crucial to species
conservation as it directly impacts metapopulation stability and species persistence [1]. In order to predict the
consequences of anthropogenic change, it is essential to
understand, in detail, the capacity and the motivation for
movement of species within complex landscapes [2–4].
Butterflies have served as a model systems to investigate
movement processes [5] that determine metapopulation
dynamics [6], home-range sizes [7, 8], functional
connectivity [9], and minimum area requirements [10],
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though accurately predicting movement rates remains
challenging, since movement is context dependent and
driven by multiple environmental factors [11].
The drivers of movement behaviour have been variously investigated and modelled in butterflies. Examples
include: responses to boundaries [12–16], habitatspecific movement rates [17, 18], and variation among
individuals in motivation to move [19]. Progress in modelling these effects is achieved by incorporating mechanisms underlying the behavioural responses to changing
conditions. Rarely though has the effect of weather been
included (but see [18]), despite the well-established
temperature-dependency of lepidopteran flight behaviour [20–25] and the underlying physics of heat transfer
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being known in detail for Colias butterflies [26]. Therefore, the consequences of weather and climate variability
on potential movement rates have yet to be fully
addressed.
Recent field studies conducted on a number of different butterfly species confirm that weather is an important factor explaining propensity for emigration [27] and
underlying the variation in dispersal rate between years
[28, 29]. Specifically, rate of movement is found to increase with both air temperature and sunshine intensity
due to their predicted independent effects on body
temperature [30]. Environmental variability in propensity
to move is shown to contribute to the kurtosis of dispersal kernels in general [31–35]. However, while metabolism is expected to increase with temperature under
predicted climate change [36], performance is eventually
impaired as species approach their thermal safety
margins [37–39], forcing a change in thermoregulatory
behaviour that can ultimately limit and reduce movement rates [40, 41]. Understanding of these effects is necessary as species ranges are shifting rapidly in response
to changing climates [42, 43], and the rates of range
shifts are linked to species mobility [44].
In order to better understand and predict the effects
of weather on movement rate in butterflies we investigated the weather-dependence of movement behaviour
in the model species Maniola jurtina (L. 1758). M. jurtina is a common species which exists in networks of
local fragmented populations. It is a relatively sedentary
species with short mean dispersal distances. The
majority of individuals remain in their natal patch [45], a
situation typical of butterflies in metapopulations [46]
making it ideal to model. Various aspects of the movement behaviour of M. jurtina have been empirically
investigated, notably changes in movement rates with
habitat quality and edge responses [47–51]. Both
temperature and solar radiation are known to influence
the movement rate of a range of butterfly species,
including M. jurtina [29], though a basis for including
these in predictions of movement is lacking. Here we
address this issue by introducing an individual-based
model which incorporates weather-dependent changes
in duration of flights and inactivity (referred to hereafter
as inter-flight durations). The model is parameterised
with extensive high precision data on both flight tracks
and behavioural time budgets collected over the course
of three seasons and at four sites which demonstrates
the influence of weather on flight and inter-flight
durations. Movement models incorporating flight and
inter-flight have only recently been developed [19] and
we show how the influence of weather can also be
included. The model is validated with data collected over
10-min intervals and is then used to explore the consequences of a weather on weekly displacement rates. We

Page 2 of 10

conclude by discussing possible consequences of these
findings for the responses of M. jurtina to climate
change.

Methods
Study species and sites

The meadow brown (Maniola jurtina) is a widespread
univoltine butterfly with a flight period that extends
across the summer months in the UK from June to
September [52]. It is commonly found in a variety of
grasslands habitats [45], where the larvae feed mainly
on Poa spp and the adults nectar on a range of
flowering plants [53].
Data on individual flight tracks were collected over 72
days during the summers of 2016 (July–August), 2017
(June–September) and 2018 (June–July), at four sites in
the south of England: North farm in Oxfordshire (51°37′
N, 1°09′W), Jealott’s Hill farm Berkshire (51°27′N, 0°44′
W), the University of Reading (51.4414° N, 0.9418° W),
and Sonning farm Berkshire (51°28′N, 0°53′W). Three
of the sites were agricultural farms which had implemented agri-environment schemes and consisted of a
mixture of arable fields, open meadows, and nectar rich
field margins, while the fourth consisted of areas of
meadow within the grounds of the Reading University
campus.
Movement & behavioural observations

Three hundred eighty-five (♀181, ♂204) individual
butterflies were followed at a distance of approximately
three metres continuously for up to 10-min intervals to
record both movements and behaviour. These distances
allow careful observations of the butterflies without disturbing their behaviour. Flight paths were reconstructed
as a series of steps and turns between landings and successive 15 s periods of continuous flight [54]. Positions
were initially marked with numbered flags, the precise
coordinates for which were subsequently mapped using
a high-grade Global Navigation Satellite System receiver
accurate to < 30 cm (Arrow 200 RTK). The time for
which an individual was followed, termed observation
time was either 10 min or after a set number of flags
were laid (20 in 2016 & 2017 and 15 in 2018), whichever
event occurred first. Step distances and relative turning
angle were calculated based upon the coordinates of the
successive flagged positions. During the observations
activity was recorded continuously by categorising
behaviour into: flying and inter-flight with the timing of
behaviour recorded accurately using a bespoke android
phone app developed for the project by LE. Any flight
and inter-flight durations which were ongoing at the end
of the observation were treated as right-censored data in
subsequent analyses.
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We use two measures of 10-min displacement, which
we term distance rate and displacement rate. Distance
rate is here defined as the total flight path distance
divided by the observation time; displacement rate (m/s)
is the Euclidean distance moved during the observation
divided by the observation time.
Dataloggers (HOBO pendant) were used to record
solar radiation (lux) at 10 s intervals and air temperature
was measured at hourly intervals from meteorological
stations within 3 km of each site (Jealotts Hill, Sonning,
University of Reading, RAF Benson).
Statistical analysis

Linear models were used to demonstrate the influence
of sex, air temperature, (air temperature)2, and solar
radiation on the movement variables, though a different
procedure was used for incorporating these effects into
the individual-based model as it is then desirable to
model both the changing mean and variance of flight
and inter-flight durations across weather categories (see
Generalising behavioural responses to weather conditions). (Air temperature) 2 was introduced as covariate
after visual inspection of the relationship between air
temperature and flight duration. To control for repeated
measures from an individual, means of the variables
were calculated such that each observation of a movement variable referred to a unique individual. Model
diagnostics were used to check the conformation of the
data to the assumptions of linear models and minimal
transformations were used when residuals were skewed,
thus step speeds, displacement rate and distance rates
were cube-root transformed, and flight and inter-flight durations which were log transformed. Stepwise AIC was
used to drop uninformative covariates. The Wall-Raff rank
sum tests of angular distance, which is available through
the circular package in R [55] was used to test for differences in turning angles between the sexes.
Generalising behavioural responses to weather conditions

The individual-based model required representative distributions fitted to the flight and inter-flight durations
across weather conditions. The data was subdivided to
allow for changes in both the means and the variance of
the representative distribution across the changing weather conditions. To evaluate the effect of temperature on
flight duration distributions, flights were ranked by
recorded air temperature and then subdivided to give
five categories across the observed range (median values:
16.2 °C, 19.6 °C, 23 °C, 26.4 °C, 29.8 °C). Inter-flight
duration distributions were similarly analysed across the
range between 10 and 230klx as measured on the
dataloggers (i.e. from overcast to full sunshine) using
median values: 30.2 k lx, 76 klx, 120 klx, 16.4klx, 22.6klx.
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Flight and inter-flight durations were long-tailed, and
goodness of fit statistics were used to choose between
candidate parametric distributions (log-normal distributions were selected as most appropriate). As flight and
inter-flight durations contain right censored observations, distributions were fitted using ‘fitdistcens’ an
algorithm available in fitdistplus package through R [56]
which takes account of censoring and uses maximum
likelihood methods to fit distributions to data. Flight
duration distributions were then fitted across
temperature categories and inter-flight durations distributions across solar intensity categories. This allowed
evaluation of the change in the parameters of the lognormal distributions (log μ, σ) across weather conditions. The changes were summarised using a quadratic
model which was selected after visual inspection of the
change in parameters across weather conditions. This
provided an estimate of the shape of flight and interflight distributions between the upper and lower bounds
of the observed weather conditions. All analysis was
carried out in R 3.4.2 (R Core Team, 2018).
Individual based model

A spatially-explicit individual-based random walk model
was developed to evaluate the effect of temperature and
solar radiation on the movement rates of M. jurtina.
The model consists of individuals representing butterflies which move across a grid of habitat patches. Mechanistic movement models typically represent butterfly
movement as a series of steps and turns which are used
in a correlated random walk to simulate the flight path
of a butterfly over time [57–59]. Our model is conceptually similar to a recent approach in which movement
over time is represented as transitions between flights
and inter-flight periods [10], rather than as fixed flight
times for all butterflies. This allows representation of the
changing durations of flights and inter-flights with environmental conditions and between the sexes (Fig. 1) and
thus allows prediction of movement rates across a range
of weather conditions. Durations of flight and interflight periods are drawn from solar-intensity and
temperature-specific log-normal distributions with the
parameters predicted through model fits to the observed
changes in parameters across weather conditions
(described above). Individuals in the model move during
a flight by random draws from observed distributions of
step lengths and turning angles. An overview of the
model is given in Fig. 1. Each individual first selects an
inter-flight duration and remains stationary until this
time has elapsed, and then it draws a flight duration. To
move during flight the individuals draw step distances
from marginal distributions of step lengths observed for
flights of that duration. For example, if a four second
flight was drawn a corresponding step from the four
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Fig. 1 Conceptual model of the IBM. Solid boxes represent model processes, diamonds decision points, and ovals data input to the model. Condition
dependence of data input is indicated by dashed boxes. The model runs on a one-second time step

second marginal distribution of step lengths would be
selected. The butterfly then moves forward at a rate
such that the step length is completed in the flight
time. As step lengths were measured at a maximum
of every 15 s a long flight may result in multiple steps
being drawn before the flight time has elapsed. This
detail, which is not included in standard random walk
approaches, decouples movement rate from flight
time and is important here to fairly represent the effect of changing flight durations on movement. After
a flight, or every 15 s during flight, the individuals
change heading by drawing a turning angle and adding this turn to the current heading. After the flight
time had elapsed the individuals selected another
inter-flight duration, and this was repeated until the
end of the simulation. To match field observations as
closely as possible observations of butterflies ceased
after 20 or 15 flags had been laid at the proportions
used in field observations, and a low probability of
being lost in flight was included. The model was built
in NetLogo 6.0 [60] and analysis was carried out
using the RNetLogo package [61]. Von-Mises circular
distributions were fitted to observed turning angles
using the ‘circular’ package in R [55, 62].

Results
Short term movements of individual butterflies

The positions of individual butterflies were marked
when they took off, when they landed, and every 15 s
during flight: the distance between successive marks is
referred to as a step, and the change in direction between successive steps is referred to as a turn. Males had
significantly longer step distances than females (mean ±
SE: females = 3.21 m ± 0.16 m; males =3.88 m ± 0.11 m, ttest on log step distances: t = 5.09, p < 0.001, df = 1351.1)
and more directed flights (circular mean resultant
length: females = 0.40, males = 0.61, Wallraff test: X2 =
34.4, p > 0.001) (Fig. 2) but females flew faster than
males as measured by step speeds (step distance/step
duration) (Table 1). Step speeds were not influenced
by solar radiation and there was only weak evidence
of an effect of air temperature or (air temperature)2
though they were both retained in AIC model selection (Table 1).
Behaviour over 10 min

Males were significantly more active than females, with
longer flights (Fig. 3a, median flight durations: males:
9.1 s, females 3.8 s) and shorter inter-flight durations
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Fig. 2 Step distances with relative turning angle inset for a) males; b) females

(Fig. 3b, median inter-flight durations: males 15.1 s, females 38.8 s) (Table 1). In addition to the effects of sex,
flight durations were affected by air temperature but not
solar radiation, while inter-flight durations were most affected by sex and solar radiation, with weak evidence for
an effect of air temperature (Table 1). Flight durations
increased with air temperature and peaked between
20 °C and 26 °C, and then decreased, but only marginally
so for females (Fig. 3a). Inter-flight durations declined as
solar radiation levels increased (Fig. 3b). Males had
higher displacements rates than females (Table 1). For
displacement and distance rates, which integrate effects
on flights and inter-flight durations, air temperature, (air
temperature)2 and solar radiation all significantly affected observed rates.
Generalising behaviour with log normal distributions

Quadratic models fitted to the parameters of log-normal
distributions (log μ, σ) were used to generalise the nonlinear behavioural changes of M. jurtina across weather
conditions (coefficients presented in supplementary

materials 1). The effect of insolation on inter-flight durations was well captured using this approach fitting closely
the parameters of the log-normal for both sexes (R2: Males
log μ = 0.94, σ =0.91; Females log μ = 0.98, σ =0.88). For
male butterflies parameters of flight durations across air
temperatures, were also well fitted (R2: log μ = 0.86, σ =
0.81) though for females the effect of air temperature was
generally much weaker (Fig. 3a) and with no simple relationship between the log-normal parameters and air temperatures a data driven approach was applied by using the
fitted parameters for an air temperature category when
simulating air temperatures within that interval in the
individual-based model.
Using the individual-based model to predict dispersal rates

The individual-based model described in Methods was
developed to bridge the gap between short-term
observations of movements and 10-min displacements
by explicitly representing changes in behaviour across
weather conditions. The model uses weather-dependent
parameterisations (supplementary material 1) of flight

Table 1 Effects of sex and environmental variables on flight and movement characteristics
Sex (M)

Step speed (m/s)

Inter-flight duration (s)

Flight duration (s)

Displacement rate (m/s)

Distance rate (m/s)

−0.13*** (± 0.03)

− 1.1*** (± 0.14)

1.19*** (±0.11)

0.11*** (±0.02)

0.175*** (±0.03)

Air temperature (°C)

−0.06• (± 0.03)

0.27• (± 0.16)

0.55*** (±0.13)

0.07** (±0.02)

0.064* (±0.02)

Air temperature2 (°C)

0.001• (± 7 × 10−4)

−0.006 (± 3.6 × 10−3)

−0.02*** (±2.8 × 10− 3)

− 0.002** (±4.7 × 10− 4)

−0.001* (±5.7 × 10− 4)

Solar radiation (Lux)

–

− 1.04 × 10− 5***
(± 1.26 × 10− 6)

1.31 × 10− 6
(±8.99 × 10− 7)

7.28 × 10− 7***
(1.7 × 10− 7)

1.35 × 10− 6***
(1.9 × 10− 7)

DF

142

276

211

233

266

2

0.17

0.36

0.39

0.24

0.33

R

Analyses performed using linear models, predictors removed or retained through AIC model selection. • < 0.1, * p < 0.05; ** p < 0.01; *** p < 0.001. Numbers in
parentheses indicate standard error of the estimated coefficients
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Fig. 3 a) Flight durations across temperature categories; b) inter-flight durations across solar-radiation categories. Male butterflies shown as solid
circles, females as open circles

durations and inter-flight durations to predict movement
rates, measured as distance rate (track path length/observation time) (Fig. 1) and displacement rates (Euclidean
distance/observation time) (Additional file 1: Figure S2).
The model was validated by comparing predictions of
movement rate with the observations for each air
temperature and solar-intensity level (Figs. 4 and
Additional file 1: Figure S2). Predictions were obtained
by inputting the air temperature and solar radiation of a
field observation, running the model for ten minutes of
simulated time and then collecting the measure of displacement, this process was repeated 20 times per individual. Distance rates are preferable for validation
because they are not sensitive to edge-of-habitat effects,
which are not included in the model, but displacement
is a more direct measure of 10-min displacement
because it represents the Euclidean distance moved.

Predicted and observed distance rates were highly
correlated across of levels of sunshine (Fig. 4a,
Pearson’s r = 0.97, p < 0.001) and air temperatures
categories (Fig. 4b, r = 0.90, p < 0.001) though there is
some under-prediction for males at the two highest
temperature categories. Similarly high correlations
were obtained for displacement rates across sunshine
categories (Additional file 1: Figure S2A, Pearson’s r =
0.89, p < 0.001) and temperature categories (Additional
file 1: Figure S2B, Pearson’s r = 0.90, p < 0.001). We
consider that these high correlations between observations and predictions constitute satisfactory validation
of the model.
To analyse the effects of solar radiation and temperature
on movement over a meaningful timeframe for the
dispersal potential of a population, simulations of the
movement of 1000 butterflies over a week (5 days × 8 h)

Fig. 4 Comparison of model predictions with observations of distance rate for males and females a) sunshine categories and b) Temperature
categories. Male butterflies shown as solid circles, females as open circles
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were performed for 25 simulated weather conditions (5
sunshine × 5 temperature levels). Daily temperatures were
simulated by fitting a Loess curve to observed temperatures during the 2018 field observations and shifting the
intercept of the function in 3 °C intervals to replicate
cooler or warmer days (Additional file 1: Figure S1). Daily
sunshine levels were similarly replicated by fitting a custom function to observed solar radiation and shifting the
intercept in 20 klux intervals (Additional file 1:
Supplementary materials 2). Weather changes occurred
half-hourly in the simulation and on-going behaviours,
such as inter-flight durations, then ceased and a new
behaviour was drawn, so that butterflies were reactive to
the changing conditions. Maximum mean weekly
displacements were predicted approximately three times
greater for males than for females (Fig. 5). The range of
weekly displacement predictions varied more than twofold across solar-intensity and temperature categories for
males and > 50% for females. For both sexes predicted
weekly displacement responded strongly to solar radiation.
Displacement peaked at intermediate temperatures in
males, but there was no strong effect in females. These results were similar for distances travelled (Additional file 1:
Figure S3) with males flying much further than females
and flying furthest at intermediate temperatures, and both
sexes travelling further distances with increasing solarintensity.

Discussion
Our objective has been to integrate the effects of air
temperature and solar radiation into an individual-based
model which predicts movement rates for M. jurtina.
Our method has been to identify the short-term effects of
the weather variables on flight and inter-flight durations
(Fig. 3 and Table 1), and then to draw from distributions
representing these weather-dependent behaviours within
the individual-based model. Two measures of movement
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are presented: displacement rates and distance rates, and
the model is satisfactorily validated for both measures by
comparing observations and predictions (Figs. 4 and
Additional file 1: Figure S2). The model is subsequently
used to analyse the effects of weather on weekly displacement and demonstrates that within the analysed range
weather has a greater than two-fold effect for males and
greater > 50% for females (Fig. 5).
Weather strongly influences butterfly behaviour,
primarily through the effects of air temperature on flight
duration, and solar radiation reducing the time interval
between successive flights (Fig. 3). These effects of
weather on movement are consistent with theoretical
expectations based on biophysical analysis and observations of thermoregulatory behaviour [63–66] and
consistent with previous observations of butterfly movement [20, 23, 29, 67]. While warmer temperatures are
predicted to increase the scope for muscle power by
enhancing aerobic capacity [68], we found no strong
evidence of a relationship between flight speed and
either air temperature or solar radiation. It is likely that
the flight speed measured in this study reflects a
foraging strategy optimised for favourable habitats rather
than a maximal rate [69]. Therefore, a limitation when
relating our results to longer-term dispersal is the
complexity of the dispersal process with movement behaviour changing between habitat types [51] and influenced
by edge effects [70]. Nonetheless, the influence of weather
on behaviour was found to account for more than a twofold variation in displacement rate, which is consistent
with observed annual variability in dispersal rates [28].
While both sexes showed similar flight speeds, males
had longer flight durations and shorter intervals between
successive flights, resulting in a three-fold greater
predicted daily displacement. These sex differences likely
reflect different priorities. Male M. jurtina continuously
‘patrol’ habitat in search of females to mate with,

Fig. 5 Predicted mean weekly displacements (m) for a given combination of solar radiation and air temperature for a) Males and b) Females
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whereas mated females search for suitable host plants
on which to lay eggs [20, 45]. While males appear to
maximise flight durations on sunny days when solar
radiation can be used to elevate body temperature, females show reduced activity which is less temperature
dependent. This restricted flight period for oviposition
may ultimately reflect thermal constraints on egg maturation rate [71]. The optimal strategy for females may be
to fly only when eggs are ready to lay, to minimise
unwanted attention from males and associated energetic
costs.
Although below 23 °C temperature had a positive
effect on flight duration, for male butterflies flight durations declined above 26 °C (Fig. 3). Similarly, predicted
displacement for males peaked at approximately 26 °C,
and afterwards declined, though there was no strong
effect of temperature on females (Fig. 5). For both sexes
movement predictions peaked at the highest solar
radiation levels. Declines in activity and switches in
behaviour are consistent with ectotherms nearing their
thermal limits [40] . High temperatures have for instance
been shown to reduce mate-searching behaviour in the
small white (Pieris rapae) [72]. Our results suggest that
while a warmer climate is likely to increase potential
dispersal rate and potentially population stability for M.
jurtina [29], particularly at its northern range boundary,
predicted high temperatures under climate change might
ultimately restrict movement with detrimental effects on
the stability of populations unless accompanied by an associated change in phenology, population size, habitat
use and/or thermal adaptation [73, 74], such as seen in
the morphological differences in species of Colias butterflies across altitudinal gradients [23].
While the long-term ecological consequences are complex to predict, we have demonstrated that the current
relationship between behaviour and weather can be defined and included in mechanistic movement models.
The temperature-dependence of flight behaviour observed particularly for male M. jurtina, has a number of
important general implications. Firstly, weather alone
may explain much of the variation in movement observed for butterflies among sites and among years
[28, 31], and therefore ought to be accounted for
when estimating butterfly and other ectotherm movement behaviours. Secondly, the influence of weather
on dispersal may affect population synchrony in both
space and time [75]— the Moran effect [76]. Thirdly,
the finding that flight behaviour is constrained by unfavourably hot conditions suggests opportunities for
oviposition may be more limited than previously
thought, reducing the possible benefits of temperature
dependent increases in fecundity [77].
We hope that the approach of representing the
weather dependence of movement in models can be
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applied more generally across species, using mechanistic
understanding of how movement depends on traits differing between species such as body size [64, 78],
thermoregulatory behaviour and melanism [25, 65], or
observation of thermal performance curves on a species
by species basis. Thermal performance curves for movement are available for several insects [79–81], and
reptiles [82–84]. We hope that in this way the effects of
changing climate may be better predicted using mechanistic movement models that account for the effects of
varying environmental conditions.

Conclusions
Individual based models provide a useful framework for
including mechanism in movement models. By disentangling the effects of weather on different aspects of flight
behaviour, and then by demonstrating how to integrate
these insights into an individual based model of butterfly
movement, we were able to explain up to a two-fold difference in movement rate of M. jurtina consistent with
inter-annual variation in dispersal measured in population studies. We have also revealed that climate change
for the studied populations, may be expected to decrease
activity and dispersal rates since these butterflies already
operate close to their thermal optimum. We hope that
developments of our model will enable improved forecasting of the ecological consequences of changes in
weather, and ultimately climate, and provide impetus to
include greater mechanism in future movement models.
Additional file
Additional file 1: Supplementary materials 1, 2, 3 and 4. (DOCX 3035 kb)
Acknowledgements
Access to sites was granted by the Earth trust, The University of Reading and
Jealott’s hill Syngenta. We are grateful to additional research assistance in
the field provided by undergraduate students: Andrew Tarbie, Felix
Townsend, Ginny Crouch and Arron Watson.
Author contributions
LE collected the data, conducted the analysis and developed code for the
individual based model. LE, RS & RW led the writing of the manuscript with
contributions from TO, IS & PT. All authors read and approved the final
manuscript.
Funding
L. Evans was supported by a BBSRC CASE/Syngenta PhD studentship award.
Availability of data and materials
Should the manuscript be accepted, the data supporting the results and all
model code, will be archived in a public repository such as Dryad or
Figshare and the data DOI will be included at the end of the article.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.

Evans et al. Movement Ecology

(2019) 7:24

Competing interests
The authors declare that they have no competing interests.
Author details
1
School of Biological Sciences, University of Reading, Whiteknights, PO Box
217, Berkshire, Reading RG6 6AH, UK. 2Syngenta, Jealott’s Hill International
Research Centre, Bracknell, Berkshire RG42 6EY, UK. 3Centre for Environmental
and Climate Research, University of Lund, Lund, Sweden. 4BASF SE, APD/EE,
Speyerer Strasse 2, 67117 Limburgerhof, Germany.
Received: 1 May 2019 Accepted: 24 June 2019

References
1. Hanski I. Metapopulation dynamics. Nature. 1998;396:41–9.
2. Bonte D, Van Dyck H, Bullock JM, Coulon A, Delgado M, Gibbs M, et al.
Costs of dispersal. Biol Rev Wiley Online Library. 2012;87:290–312.
3. Doherty TS, Driscoll DA. Coupling movement and landscape ecology for
animal conservation in production landscapes. Proceedings Biol Sci The
Royal Society. 2018;285:20172272.
4. Lima SL, Zollner PA. Towards a behavioral ecology of ecological landscapes.
Trends Ecol Evol. 1996;11:131–5 Available from: https://linkinghub.elsevier.
com/retrieve/pii/0169534796810949.
5. Stevens VM, Whitmee S, Le Galliard J-F, Clobert J, Böhning-Gaese K, Bonte
D, et al. A comparative analysis of dispersal syndromes in terrestrial and
semi-terrestrial animals. Chase J, editor. Ecol Lett. 2014;17:1039–52 Available
from: http://doi.wiley.com/10.1111/ele.12303.
6. Heinz SK, Wissel C, Frank K. The viability of metapopulations: individual
dispersal behaviour matters. Landsc Ecol. 2006;21:77–89.
7. Kőrösi Á, Örvössy N, Batáry P, Kövér S, Peregovits L. Restricted within-habitat
movement and time-constrained egg laying of female Maculinea rebeli
butterflies. Oecologia. 2008;156:455–64 Available from: http://link.springer.
com/10.1007/s00442-008-0986-1.
8. Hovestadt T, Nowicki P. Investigating movement within irregularly shaped
patches: analysis of mark-release-recapture data using randomization
procedures. Isr J Ecol Evol. 2008;54:137–54.
9. Ovaskainen O, Luoto M, Ikonen I, Rekola H, Meyke E, Kuussaari M. An
empirical test of a diffusion model: predicting clouded Apollo movements
in a novel environment. Am Nat. 2008;171:610–9 Available from: https://
www.ncbi.nlm.nih.gov/pubmed/18419523.
10. Brown LM, Crone EE. Minimum area requirements for an at-risk butterfly
based on movement and demography. Conserv Biol. 2016;30:103–12.
11. Nathan R, Getz WM, Revilla E, Holyoak M, Kadmon R, Smouse PE, et al. A
movement ecology paradigm movement research for unifying organismal
movement research. Proc Natl Acad Sci U S A. 2008;105:19052–9.
12. Schultz CB, Crone EE. Edge-mediated dispersal behavior in a prairie
butterfly. Ecology. 2001;82:1879 Available from: http://www.jstor.org/stable/
2680054?origin=crossref.
13. Schultz CB, Franco AMA, Crone EE. Response of butterflies to structural and
resource boundaries. J Anim Ecol. 2012;81:724–34.
14. Ovaskainen O, Hanski I. From individual behavior to Metapopulation
dynamics: unifying the patchy population and classic Metapopulation
models. Am Nat. 2004;164:364–77 Available from: http://www.ncbi.nlm.nih.
gov/pubmed/15478091.
15. Delattre T, Vernon P, Burel F. An Agri-environmental scheme enhances
butterfly dispersal in European agricultural landscapes. Agric Ecosyst
Environ. 2013;166:102–9 Available from: https://linkinghub.elsevier.com/
retrieve/pii/S016788091100209X.
16. McIntire EJB, Rompré G, Severns PM. Biased correlated random walk and
foray loop: which movement hypothesis drives a butterfly metapopulation?
Oecologia. 2013;172:293–305 Available from: http://link.springer.com/10.
1007/s00442-012-2475-9.
17. Fownes S, Roland J. Effects of meadow suitability on female behaviour in
the alpine butterfly Parnassius smintheus. Ecol Entomol. 2002;27:457–66
Available from: http://doi.wiley.com/10.1046/j.1365-2311.2002.00426.x.
18. Ovaskainen O. Habitat-specifc movement parameters estimated using
mark–recapture data and a diffusion model. Ecology. 2004;85:242–57
Available from: http://doi.wiley.com/10.1890/02-0706.
19. Brown LM, Crone EE. Individual variation changes dispersal distance and
area requirements of a checkerspot butterfly. Ecology. 2016;97:106–15
Available from: http://doi.wiley.com/10.1002/ecy.1216.

Page 9 of 10

20. Shreeve TG. Habitat selection, mate location, and microclimatic constraints
on the activity of the speckled wood butterfly Pararge aegeria. Oikos.
1984;42:371–7.
21. Clench HK. Behavioral thermoregulation in butterflies. Ecology. 1966;47:
1021–34 Available from: http://doi.wiley.com/10.2307/1935649.
22. Watt WB. Adaptive significance of pigment polymorphisms in Colias
butterflies, II. Thermoregulation and photoperiodically controlled melanin
variation in Colias eurytheme. Proc Natl Acad Sci U S A. 1969;63:767–74.
23. MacLean HJ, Higgins JK, Buckley LB, Kingsolver JG. Morphological and
physiological determinants of local adaptation to climate in Rocky
Mountain butterflies. Conserv Physiol. 2016;4:cow035 Available from: https://
academic.oup.com/conphys/article-lookup/doi/10.1093/conphys/cow035.
24. Heinrich B. The hot-blooded insects: strategies and mechanisms of
thermoregulation: Springer Science & Business Media; 2013.
25. Buckley LB, Kingsolver JG. The demographic impacts of shifts in climate
means and extremes on alpine butterflies. Funct Ecol. 2012;26:969–77
Available from: http://doi.wiley.com/10.1111/j.1365-2435.2012.01969.x.
26. Kingsolver JG, Moffat RJ. Thermoregulation and the determinants of heat
transfer in Colias butterflies. Oecologia Springer. 1982;53:27–33.
27. Legrand D, Trochet A, Moulherat S, Calvez O, Stevens VM, Ducatez S, et al.
Ranking the ecological causes of dispersal in a butterfly. Ecography.
2015;38:822–31.
28. Kuussaari M, Rytteri S, Heikkinen RK, Heliölä J, von Bagh P. Weather explains
high annual variation in butterfly dispersal. Proc R Soc B Biol Sci. 2016;283:
20160413 Available from: http://rspb.royalsocietypublishing.org/lookup/doi/
10.1098/rspb.2016.0413.
29. Cormont A, Malinowska AH, Kostenko O, Radchuk V, Hemerik L,
WallisDeVries MF, et al. Effect of local weather on butterfly flight behaviour,
movement, and colonization: significance for dispersal under climate
change. Biodivers Conserv. 2011;20:483–503 Available from: http://link.
springer.com/10.1007/s10531-010-9960-4.
30. Bonebrake TC, Boggs CL, Stamberger JA, Deutsch CA, Ehrlich PR. From
global change to a butterfly flapping: biophysics and behaviour affect
tropical climate change impacts. Proceedings Biol Sci. The Royal Society.
2014;281.
31. Stevens VM, Turlure C, Baguette M. A meta-analysis of dispersal in
butterflies. 2010;
32. Walters RJ, Hassall M, Telfer MG, Hewitt GM, Palutikof JP. Modelling dispersal
of a temperate insect in a changing climate. Proc R Soc B Biol Sci.
2006;273:2017–23.
33. Humphries NE, Queiroz N, Dyer JRM, Pade NG, Musyl MK, Schaefer KM, et al.
Environmental context explains Lévy and Brownian movement patterns of
marine predators. Nature Nature Publishing Group. 2010;465:1066–9.
34. Patterson TA, Thomas L, Wilcox C, Ovaskainen O, Matthiopoulos J. Statespace models of individual animal movement. 2008;
35. Schlaff AM, Heupel MR, Simpfendorfer CA. Influence of environmental
factors on shark and ray movement, behaviour and habitat use: a review.
Rev Fish Biol Fish Springer International Publishing. 2014;24:1089–103.
36. Dillon ME, Wang G, Huey RB. Global metabolic impacts of recent climate
warming. Nature. Nature Publishing Group. 2010;467:704–6.
37. Deutsch CA, Tewksbury JJ, Huey RB, Sheldon KS, Ghalambor CK, Haak DC, et al.
Impacts of climate warming on terrestrial ectotherms across latitude. 2008.
38. Tewksbury JJ, Huey RB, Deutsch CA. ECOLOGY: putting the heat on tropical
animals. Science (80- ). 2008;320:1296–7 Available from: http://www.
sciencemag.org/cgi/doi/10.1126/science.1159328.
39. Sunday JM, Bates AE, Dulvy NK. Global analysis of thermal tolerance
and latitude in ectotherms. Proc R Soc B Biol Sci. 2011;278:1823–30
Available from: http://rspb.royalsocietypublishing.org/cgi/doi/10.1098/
rspb.2010.1295.
40. Sunday JM, Bates AE, Kearney MR, Colwell RK, Dulvy NK, Longino JT, et al.
Thermal-safety margins and the necessity of thermoregulatory behavior
across latitude and elevation. Proc Natl Acad Sci National Academy of
Sciences. 2014;111:5610–5 Available from: http://www.pnas.org/cgi/doi/10.
1073/pnas.1316145111.
41. Sears MW, Angilletta MJ, Schuler MS, Borchert J, Dilliplane KF, Stegman M,
et al. Configuration of the thermal landscape determines thermoregulatory
performance of ectotherms. Proc Natl Acad Sci U S A National Academy of
Sciences. 2016;113:10595–600.
42. Breed GA, Stichter S, Crone EE. Climate-driven changes in northeastern US
butterfly communities. Nat Clim Chang Nature Publishing Group.
2013;3:142–5 Available from: https://doi.org/10.1038/nclimate1663.

Evans et al. Movement Ecology

(2019) 7:24

43. Parmesan C, Ryrholm N, Stefanescu C, Hill JK, Thomas CD, Descimon H, et
al. Poleward shifts in geographical ranges of butterfly species associated
with regional warming. Nature. 1999;399:579–83 Available from: https://doi.
org/10.1038/21190.
44. Poyri J, Luoto M, Heikkinen RK, Kuussaari M, Saarinen K. Species traits explain
recent range shifts of Finnish butterflies. Glob Chang Biol. 2009;15:732–43
Available from: http://doi.wiley.com/10.1111/j.1365-2486.2008.01789.x.
45. Brakefield PM. Ecological studies on the butterfly Maniola jurtina in Britain. I.
Adult behaviour, microdistribution and dispersal. J Anim Ecol. 1982;51:713
Available from: https://www.jstor.org/stable/4000?origin=crossref.
46. Conradt L, Bodsworth EJ, Roper TJ, Thomas CD. Non-random dispersal in
the butterfly Maniola jurtina: implications for metapopulation models.
Proc R Soc B Biol Sci. 2000;267:1505–10 Available from: http://rspb.
royalsocietypublishing.org/cgi/doi/10.1098/rspb.2000.1171.
47. Conradt L, Roper TJ. Nonrandom movement behavior at habitat boundaries in
two butterfly species: implications for dispersal. Ecology. 2006;87(1):125–32.
48. Conradt L, Roper TJ, Thomas CD. Dispersal behaviour of individuals in
metapopulations of two British butterflies. Oikos. 2001;95:416–24 Available
from: http://doi.wiley.com/10.1034/j.1600-0706.2001.950306.x.
49. Schneider C, Dover J, Fry GLA. Movement of two grassland butterflies in the
same habitat network: the role of adult resources and size of the study area.
Ecol Entomol. 2003;28:219–27.
50. Ouin A, Martin M, Burel F. Agricultural landscape connectivity for the
meadow brown butterfly (Maniola jurtina). Agric Ecosyst Environ.
2008;124:193–9 Available from: http://linkinghub.elsevier.com/retrieve/pii/
S0167880907002356.
51. Delattre T, Burel F, Humeau A, Stevens VM, Vernon P, Baguette M. Dispersal
mood revealed by shifts from routine to direct flights in the meadow
brown butterfly Maniola jurtina. Oikos. 2010;119:1900–8.
52. Thomas J. Butterflies of britain and Ireland: British Wildlife Publishing; 2010.
53. Dennis RLH. Ecology of butterflies in Britain: Oxford University Press; 1992.
54. Turchin P. Translating foraging movements in heterogeneous environments
into the spatial distribution of foragers. Ecology. 1991;72:1253–66.
55. Lund U, Agostinelli C. R package ‘circular’: circular statistics. URL https//rforge r-project org/projects/circular. 2011;
56. Delignette-Muller ML, fitdistrplus DC. An R package for fitting distributions.
J Stat Softw. 2015;64(4):1–34.
57. Odendaal FJ, Turchin P, Stermitz FR. Influence of host-plant density and
male harassment on the distribution of female Euphydryas anicia
(Nymphalidae). Oecologia. 1989;78(2):283-8.
58. Schultz CB. Dispersal behavior and its implications for Reserve Design in a
Rare Oregon Butterfly. Conserv Biol. 1998;12:284–92 Available from: https://
www.jstor.org/stable/2387498?seq=1#metadata_info_tab_contents.
59. Root RB, Kareiva PM. The search for resources by cabbage butterflies ( Pieris
rapae): ecological consequences and adaptive significance of Markovian
movements in a patchy environment. Ecology. 1984;65:147.
60. Wilensky U. NetLogo. Evanston, IL: center for connected learning and
computer-based modeling, Northwestern University. 1999.
61. Thiele JC. R marries NetLogo : introduction to the RNetLogo package.
J Stat Softw. 2014;58:1–41 Available from: http://www.jstatsoft.org/v58/i02.
62. Team RC. R: a language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing; 2018.
63. Heinrich B. Thoracic temperatures of butterflies in the field near the
equator. Comp Biochem Physiol Part A Physiol Elsevier. 1972;43:459–67.
64. Heinrich B. Comparative thermoregulation of four montane butterflies of
different mass. Physiol Zoolgy. 1986;59:616–26.
65. Kingsolver JG. Thermoregulation and flight in Colias butterflies: elevational
patterns and mechanistic limitations. Ecology. 1983:534–45.
66. Angilletta MJ Jr. Thermal adaptation : a theoretical and empirical synthesis:
Oxford Universty Press; 2009.
67. Heinrich B. Thermoregulation and flight activity Satyrine, Coenonympha
Inornata (Lepidoptera: Satyridae). Ecology. 1986;67:593–7 Available from:
http://doi.wiley.com/10.2307/1937682.
68. Clarke A, Pörtner H-O. Temperature, metabolic power and the evolution of
endothermy. Biol Rev. Wiley/Blackwell (10.1111); 2010;85:no-no.
69. Warfvinge K, KleinHeerenbrink M, Hedenström A. The power-speed
relationship is U-shaped in two free-flying hawkmoths (Manducasexta).
J R Soc Interface The Royal Society. 2017;14:20170372.
70. Conradt L, Roper TJ. Nonrandom movement behaviour at habitat
boundaries in two butterfly species: implications for dispersal. Ecology.
2006;87:125–32 Available from: http://doi.wiley.com/10.1890/05-0413.

Page 10 of 10

71. Berger D, Walters R, Gotthard K. What limits insect fecundity? Body size- and
temperature-dependent egg maturation and oviposition in a butterfly.
Funct Ecol. 2008;22:523–9.
72. Hirota T, Obara Y. The influence of air temperature and sunlight intensity on
mate-locating behavior of Pieris rapae crucivora. Zool Sci. 2000;17:1081–7.
73. Kingsolver JG, Arthur Woods H, Buckley LB, Potter KA, MacLean HJ, Higgins
JK. Complex life cycles and the responses of insects to climate change.
Integr Comp Biol. 2011;51:719–32 Available from: https://academic.oup.com/
icb/article-lookup/doi/10.1093/icb/icr015.
74. Buckley LB, Miller EF, Kingsolver JG. Ectotherm thermal stress and
specialization across altitude and latitude. Integr Comp Biol. 2013;53:571–81
Available from: https://academic.oup.com/icb/article-lookup/doi/10.1093/
icb/ict026.
75. Lande R, Engen S, Sæther B. Spatial scale of population synchrony:
environmental correlation versus dispersal and density regulation. Am Nat.
1999;154:271–81.
76. Bjørnstad ON, Ims RA, Lambin X. Spatial population dynamics: analyzing
patterns and processes of population synchrony. Trends Ecol Evol Elsevier.
1999;14:427–32 Available from: http://linkinghub.elsevier.com/retrieve/pii/
S0169534799016778.
77. Gotthard K, Berger D, Walters R. What keeps insects small? Time limitation
during oviposition reduces the fecundity benefit of female size in a
butterfly. Am Nat. 2007;169:768–79.
78. Kemp DJ, Krockenberger AK. Behavioural thermoregulation in butterflies: the
interacting effects of body size and basking posture in Hypolimnas bolina
(L.) (Lepidoptera : Nymphalidae). Aust J Zool. 2004;52:229 Available from:
http://www.publish.csiro.au/?paper=ZO03043.
79. Gilchrist GW. A quantitative genetic analysis of thermal sensitivity in the
locomotor performance curve of Aphidius ervi. Evolution. 1996;50:1560
Available from: https://www.jstor.org/stable/2410892?origin=crossref.
80. Full R, Tullis A. Capacity for sustained terrestrial locomotion in an insect:
energetics, thermal dependence, and kinematics. J Comp Physiol B. 1990;
160:573–81. Available from: https://link.springer.com/article/10.1007/
BF00258985.
81. Shapley H. Note on the Thermokinetics of Dolichoderine ants. Proc Natl
Acad Sci. 1924;10:436–9 Available from: http://www.pnas.org/cgi/doi/10.
1073/pnas.10.10.436.
82. MacKinnon CA, Lawson A, Stevens ED, Brooks RJ. Body temperature
fluctuations in free-ranging eastern foxsnakes ( Elaphe gloydi ) during coldwater swimming. Can J Zool. 2006;84:9–19 Available from: http://www.
nrcresearchpress.com/doi/10.1139/z05-168.
83. Scribner SJ, Weatherhead PJ. Locomotion and antipredator behaviour in
three species of semi-aquatic snakes. Can J Zool NRC Research Press.
1995;73:321–9.
84. Angilletta MJ, Hill T, Robson MA. Is physiological performance optimized by
thermoregulatory behavior?: a case study of the eastern fence lizard,
Sceloporus undulatus. J Therm Biol. 2002;27:199–204 Available from: https://
linkinghub.elsevier.com/retrieve/pii/S0306456501000845.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

