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1  | INTRODUC TION

Dispersal is a feature of animal behavior that crucially affects eco-
logical processes across a range of spatial and temporal scales, 
including the persistence of species in fragmented landscapes, com-
munity dynamics, and ultimately evolutionary trajectories (Hanski, 

1998; Nathan et al., 2008). To understand and predict the responses 
of species to anthropogenic pressures arising from changes in land-
use and climate change, it is necessary to understand both a spe-
cies motivation and its capacity to move (Bonte et al., 2012; Gibbs, 
Saastamoinen, Coulon, & Stevens, 2010; Thompson & Gonzalez, 
2017; Travis et al., 2013). These factors can be incorporated into 
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Abstract
1.	 Dispersal ability is key to species persistence in times of environmental change. 

Assessing a species' vulnerability and response to anthropogenic changes is often 
performed using one of two methods: correlative approaches that infer dispersal 
potential based on traits, such as wingspan or an index of mobility derived from 
expert opinion, or a mechanistic modeling approach that extrapolates displace-
ment rates from empirical data on short-term movements.

2.	 Here, we compare and evaluate the success of the correlative and mechanis-
tic approaches using a mechanistic random-walk model of butterfly movement 
that incorporates relationships between wingspan and sex-specific movement 
behaviors.

3.	 The model was parameterized with new data collected on four species of butterfly 
in the south of England, and we observe how wingspan relates to flight speeds, 
turning angles, flight durations, and displacement rates.

4.	 We show that flight speeds and turning angles correlate with wingspan but that to 
achieve good prediction of displacement even over 10 min the model must also 
include details of sex- and species-specific movement behaviors.

5.	 We discuss what factors are likely to differentially motivate the sexes and how 
these could be included in mechanistic models of dispersal to improve their use in 
ecological forecasting.
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process-based mechanistic models (Doherty & Driscoll, 2018; 
Nathan et al., 2008). To date however mechanistic models have 
played only a limited, if important, role in ecological forecasting due 
to the time and costs required to acquire the necessary data for 
model parametrization and validation (Urban et al., 2016).

Given the challenges of developing these more complex mech-
anistic models, the pragmatic approach to applied questions con-
cerning dispersal potential has often been to use a proxy of mobility, 
one that is either based on expert knowledge (Burke, Fitzsimmons, 
& Kerr, 2011; Shreeve, 1995) or simply correlated with another trait, 
such as body size (Bejan, 2000; Berwaerts, Van Dyck, & Aerts, 2002; 
Dudley & Srygley, 1994; Peters, 1986; Sekar, 2012). This approach, 
here termed the “correlative approach,” is valid at broad scales: 
search rates for foragers in two dimensions, for example, increase 
allometrically with body mass according to a power law with expo-
nent 0.68 (Pawar, Dell, & Savage, 2012), and home range sizes in-
creasing with exponent 1 for mammals (Jetz, Carbone, Fulford, & 
Brown, 2004). Natal dispersal distances increase with body mass in 
mammals and carnivorous bird species (Sutherland, Harestad, Price, 
& Lertzman, 2000), and similar relationships exist across a diverse 
range of taxa (Jenkins et al., 2007; Stevens et al., 2014), including 
freshwater fish (Shurin, Cottenie, & Hillebrand, 2009), marine fish 
(Bradbury, Laurel, Snelgrove, Bentzen, & Campana, 2008), and birds 
(Neuschulz, Brown, & Farwig, 2013; Paradis, Baillie, Sutherland, 
& Gregory, 1998). Relationships between traits and dispersal are 
however typically noisy and not uniform across guilds (Shurin et al., 
2009; Sutherland et al., 2000). Consequently, accurate predictions 
of dispersal may require a nuanced understanding of the relationship 
between traits and the mechanisms influencing dispersal. This detail 
can typically only be provided for fewer species, a well-known mod-
eling trade-off (Levins, (1966) still debated (Evans, Merow, Record, 
McMahon, & Enquist, 2016).

Butterflies present a useful system in which to compare the 
correlative and mechanistic approaches to forecasting dispersal 
rate. Mechanistic models have linked individual movement behav-
ior to metapopulation dynamics (Ovaskainen & Hanski, 2004; Pe'er, 
Heinz, & Frank, 2006), home ranges size (Hovestadt & Nowicki, 
2008; Kőrösi, Örvössy, Batáry, Kövér, & Peregovits, 2008), func-
tional connectivity (Ovaskainen et al., 2008), minimum area require-
ments (Brown & Crone, 2016), and egg-laying distributions (Evans, 
Sibly, et al., 2019; Grant, Parry, Zalucki, & Bradbury, 2018; Parry et 
al., 2017). Correlative approaches have linked levels of mobility to 
traits such as body size and wingspan (Kuussaari, Saarinen, Korpela, 
Pöyry, & Hyvönen, 2014; Sekar, 2012), and so these traits can par-
tially explain interspecific variation in response to land-use change 
(Öckinger et al., 2010). However, the correlative approach to fore-
casting dispersal rate remains contentious for several reasons. First, 
traits such as body size are only weakly associated with movement 
(Sekar, 2012); second, only rarely do we fully understand the rea-
sons underlying interspecific variation (Stevens, Turlure, & Baguette, 
2010); and third, large-scale movement patterns are an emergent 
property of a complex interplay between movement capacity, indi-
vidual behavior, and environmental influences (Nathan et al., 2008). 

A detailed understanding of how exactly body size impacts dispersal 
through the effects on observable small-scale movement behavior is 
currently missing. Further, the extent to which mechanistic under-
standing can improve predictive power by comparison to a correla-
tive approach is not well-understood.

To inform comparison of correlative and mechanistic approaches, 
we here evaluate the effect of a trait often related to mobility, wing-
span (Sekar, 2012), on measuring and forecasting movement in 
four species of butterfly in the south of England. We also present 
a random-walk model of butterfly movement behavior that incor-
porates relationships between wingspan and the key aspects of the 
movement process, including flight speed, turning angle, and the 
proportion of time spent flying. We parameterize the model with 
newly collected data on butterfly flight paths. Though the number 
of species is limited, the collection of high-precision movement and 
behavioral data allow us to closely evaluate the success of the two 
approaches and to explore why traits, such as body size or wingspan, 
may break down when predicting movement over longer timescales. 
The predictive success of the mechanistic approach is found to be 
strongly influenced by the inclusion of sex-specific behavior, and we 
detail why the correlative approach is less successful.

2  | METHODS

2.1 | Study species and sites

The study was conducted on four species of grassland butter-
fly: Aricia agestis (Dennis & Schiffermüller, 1775), Maniola jurtina 
(Linnaeus, 1758), Pyronia tithonus (Linnaeus, 1758), and Melanargia 
galathea (Linnaeus, 1758). All four species are commonly found in 
southern England and range in average wingspan from around 28 to 
58 mm (Thomas, 2010). The brown argus, A. agestis, is the smallest 
with a wingspan of between 25 and 31 mm (Newland, Still, Swash, 
& Tomlinson, 2015). It is a bivoltine species with adults found first 
on the wing in June and then again in August. In contrast, the other 
three species are univoltine, are found on the wing through June to 
September, and show marked sexual dimorphism in wingspan. Males 
are notably smaller than females on average in each case: the gate-
keeper, P.  tithonus: 37–43 versus 42–48  mm; the meadow brown, 
M. jurtina: 40–55 versus 42–60 mm; and the marbled white, M. gala-
thea: ~53 mm versus ~58 mm (Newland et al., 2015). In this study, we 
take the mid-value published values of wingspan as body size trait 
measure in further analyses. Sex was identified on the wing for all 
species except A. agestis, which required close inspection of caught 
individuals.

The study was conducted over two summers (2016: July–August 
and 2017: June–September) at three 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), and Sonning farm Berkshire (51°28′N, 
0°53′W). The sites are representative of agricultural farms that have 
implemented agri-environment schemes to promote biodiversity 
conservation. They consisted of a mixture of arable fields, open 
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meadows, and nectar-rich field margins. Habitats contained similar 
densities of flower resources and data from species were collected 
from across all sites to control for the effects of varying habitat com-
position on observed movement. The hourly air temperature was 
collected from meteorological stations deployed at two of the sites 
(Jealotts Hill & Sonning) and from the closest meteorological obser-
vation center for the third site North Farm (<3 km, RAF Benson).

2.2 | Movement and behavioral observations

The behavior of individual butterflies was recorded in the field at a 
distance from observers of approximately 3  m for a maximum of 
10 min between the hours of 10:00 and 16:00. During this observa-
tion period, the position of each individual was recorded by planting a 
sequentially numbered marker flag, either at each landing site or after 
every 15 s during continuous flight, following established methodol-
ogy (Schultz, 1998; Turchin, 1991). To accurately record the movement 
of the butterflies, observations relied on two observers one placing 
the flags and the other constantly following and recording behavior. 
The precise location of each flag was retrospectively mapped using 
a high-grade Global Navigation Satellite System receiver (Arrow 200 
RTK). Observations were stopped early either if the butterfly could no 
longer be tracked (i.e., crossed hedges or lost from sight) or if a maxi-
mum number of 20 flags were used. Flight durations and behavior were 
recorded on a mobile phone using a bespoke Android App developed 
for the project (see Data availability statement).

Records of precise location, time, and behavior were later pro-
cessed to calculate the distance between successive flags, hereaf-
ter referred to as a step distance. Step speed was calculated as step 
distance/step duration. Step speed was used as our measure of flight 
speed as step distances depend on both step duration and flight 
speed. Turning angle was calculated as the absolute subtended angle 
between successive steps (i.e., +40° and −40° were both recorded as 
40°). Flight duration is calculated as the time between the observed 
takeoffs and landings of individual flights, thus a flight contains mul-
tiple step distances and turns. Inter-flight duration was calculated as 
the time interval between successive flights. Proportion of time flying 
was calculated as the sum of flight time over the observation period. 
Finally, displacement rate is calculated as the Euclidean distance be-
tween positions at the start and the end of the observation period. 
Aricia agestis could only be sexed by catching the butterfly after the 
observation, reducing the number of observations in which sex was 
confirmed. Because of this, the sexes were pooled for comparison 
of step speeds, turns, and any displacement predictions in A. agestis.

2.3 | Statistical analysis

Linear mixed effects models (LMERs) with a Gaussian error struc-
ture were used to evaluate the effect of wingspan, sex, and air tem-
perature on the movement components. Butterfly ID was included 
in models of flight duration, step speed, and turning angle as random 

intercepts to account for repeated measures. Linear models were 
used for proportion of time in flight and displacement rate since in 
these analyses there was just one observation per individual. A sin-
gle mean value of wingspan as reported in the literature was used 
for each sex x species combination and entered as a covariate in the 
analysis as a species/sex trait, alongside air temperature and sex as 
a fixed factor. Note that the focus of this study is to evaluate re-
lationships to wingspan across groups and not the response to in-
traspecific variation in this particular trait. Model diagnostics were 
used to check the conformation of the data to the assumptions of 
the error structure, and suitable transformations were used when 
residuals were skewed. Step speed was square-root transformed, 
displacement rate and flight durations were both log-transformed, 
while proportion of time flying was logit-transformed. To display the 
effects of circular concentration, a von Mises circular distribution 
was fitted to the turning angles and the parameter k, a reciprocal 
measure of the dispersion, was estimated with confidence inter-
vals derived from a boot-strapping procedure (Lund & Agostinelli, 
2011). All analyses were conducted in R 3.6.1 (R Core Team, 2019). 
Mixed models were fitted using the “lme4” package (Bates, Mächler, 
Bolker, & Walker, 2015) with significance scores for coefficients es-
timated using the Satterthwaite method for approximating degrees 
of freedom through the “lmerTest” package (Kuznetsova, Brockhoff, 
& Christensen, 2017).

2.4 | Mechanistic random-walk model

A random-walk model was designed around the empirical obser-
vations collected in this study in order to explore the effects of 
movement behaviors on predictions of displacement distances. The 
model runs at one second time intervals for a total of ten minutes of 
simulated time. An overview of the model is as follows: first, each 
individual draws from the observed distribution a proportion of time 
in flight, which multiplied by the total observation period duration, 
gives a total flight time during which the individual moves. To move 
during a flight, the individual draws from the observed distribution 
of step speeds and moves forward at that rate for 15 s. After 15 s, 
the individual changes heading by drawing a turning angle from a von 
Mises distribution fitted to the data. This process is repeated until 
the total flight time has elapsed. Distributions for the proportion of 
time in flight and step speeds were produced by interpolations on 
the empirical cumulative distribution functions fitted to the data. 
The model was built in NetLogo 6.0 (Wilensky, 1999), and analysis 
was carried out using the RNetLogo package (Thiele, 2014).

The effects of movement components on displacement rate and 
their relationship to wingspan were investigated in three scenarios 
differing in the distributions from which flight components were 
drawn. In the first scenario, step speeds were drawn from sex- and 
species-specific distributions, but turning angles and proportion of 
time in flight were drawn from distributions of pooled data. In the 
second scenario, both step speed and turning angles were drawn from 
sex- and species-specific distributions, while proportion of time flying 
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was selected from a pooled distribution. In the third scenario, all 
distributions were sex- and species-specific. For each scenario, the 
success of the model was evaluated by plotting the observed against 
the predicted mean displacement distances (Piñeiro, Perelman, 
Guerschman, & Paruelo, 2008). In each scenario, we conducted 50 
repeats of the movement of 1,000 butterflies for each sex and spe-
cies combination. For comparison with a trait-based approach, we 
compare these results against the success of a simple regression of 
observed displacement against wingspan.

3  | RESULTS

In total, detailed observations were undertaken on the flight paths 
and behavior of 583 individuals (A. agestis: 83; M. jurtina: ♀135, ♂155; 
P. tithonus: ♀75, ♂61; M. galathea ♀15, ♂58). Output from regressions 
evaluating the effects of wingspan, sex, and air temperature on the 
four components of movement and displacement rate are shown 
in Table 1. Movement was affected by the predictor variables in all 
cases except that sex had no effect on step speed or turning angle.

Step speed over 15  s was roughly proportional to wingspan 
(Table 1; Figure 1a), approximately doubling between the smallest 
butterflies, A. agestis, and the largest, M. galathea. Larger butterflies 
turned less between adjacent 15-s steps, with the exception of fe-
male M. jurtina (Table 1; Figure 1b). Neither step speed nor turning 
angle were affected by sex, but turning angle reduced a little as air 
temperature increased.

Flight durations and proportion of time flying were affected by 
air temperature, sex, and wingspan (Table 1, Figure 1c,d). Butterflies 
flew longer and spent more time flying when it was warmer. The ef-
fects of sex and wingspan on flight durations are shown in Figure 1c 
for air temperatures between 18 and 21°C, the temperature window 
for which most data are available. Males flew much longer than fe-
males, more than three times longer in M.  jurtina, and the largest 
species flew two to three times longer than the smallest. The ef-
fects of sex and wingspan on proportion of time flying are shown 
in Figure 1d. Males spent more time flying than females. There was 
variation between the sexes in the effects of wingspan but some 
tendency for larger species to spend more time flying.

Displacement rate is the total displacement observed during an 
observation bout (usually 10 min) divided by the bout duration and 
therefore gives the combined effects of all three movement com-
ponents. Displacement rate was affected by air temperature, wing-
span, and sex (Table 1), displacement rate was four times greater 
in the largest species, M.  galathea, than in the smallest, A.  agestis 
(Figure 2a), and the displacement rate of males was to 2–3 times that 
of females in M. jurtina and P. tithonus.

The success of the correlative approach, using a simple regres-
sion of displacement on wingspan, is shown in Figure 2b. The propor-
tion of variance explained, R2, is .35. For comparison, we developed a 
mechanistic model in which large-scale movement patterns emerge 
from movement components (Section 2), with the aim of under-
standing how our measure of large-scale movement, displacement 

rate, depends on step speed, turning angle, and the proportion of 
time flying. Using the model with only step speeds being sex and 
species-specific, modeled displacement rate increases in proportion 
to wingspan, with a doubling between the smallest species A. agestis 
and the largest butterfly, females of M. galathea, but this is less than 
that observed (Figure 2c), and this gives an R2 of .58. When the ef-
fects of turning angle are also made sex- and species-specific the fit 
improves with R2 rising to .77 (Figure 2d). The most realistic model 
makes all three movement components sex- and species-specific 
and gives an R2 of .91 (Figure 2e). Modeled displacement rate then 
increases fourfold with wingspan between the smallest and the larg-
est butterflies, and females of P. tithonus and M. jurtina have a lower 
displacement rate than A. agestis (Figure 2e), very like the pattern of 
observed displacement rates (Figure 2a), and much better than the 
results of the correlative approach (Figure 2b).

4  | DISCUSSION

The full mechanistic model, which included sex-specific movement 
behaviors, outperformed simpler models containing only the effects 
of changing step speeds and turning angles and dramatically outper-
formed the correlative approach in predicting displacement rate, as 
shown by comparing Figure 2b,e. In building the mechanistic model, 
we took into account that the distance moved by an individual is 
a combination of movement capacity, behavior, and environmental 
influence (Nathan et al., 2008), so we began by looking at each of 
these components to understand how a widely used species trait 
for approximating movement, wingspan, relates to small-scale in-
dividual movement. We then explored the subsequent effects of 
these including these components in mechanistic models predicting 
longer-term displacement. Movement capacity was strongly related 
to wingspan. Larger butterflies had a greater capacity for movement 
than smaller butterflies as they flew faster and straighter irrespec-
tive of sex (Figure 1). Behavior was also related to wingspan with 
larger butterflies found to have longer flights than smaller butter-
flies, though sex (Figure 1c) and air temperature were also important 
(Table 1). Finally, the proportion of time in flight, which is a combi-
nation of flight and inter-flight durations, increased with wingspan, 
though the most important factors were sex (Figure 1d) and air tem-
perature (Table 1). The proportion of time in flight, which measures 
variation in behavior, therefore decoupled the linear relationship 
between wingspan and displacement rate. By comparison with the 
correlative approach (R2  =  .35) including sex- and species-specific 
variations in the proportion of time in flight produced substantially 
more accurate medium-term displacement predictions (R2 = .91).

The relationship between wingspan and flight speed (Figure 1) is 
expected from first-principle scaling arguments assuming isometry 
with changing size (Norberg & Rayner, 1987). Previous intraspecific 
comparisons based on temperate species have found flight speed cor-
relates well to wingspan (Berwaerts et al., 2002), but interspecific com-
parisons conducted on a large sample of neotropical species, where 
isometry is likely violated, have found mixed results (Dudley, 1990; 
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Dudley & Srygley, 1994, 2008). Wingspan alone provided a good pre-
dictor of flight speed in our study based on four related species living 
in a shared habitat; however, extrapolation of these results to multiple 
species will also need to account more directly for traits such as wing 

loading, aspect ratio, and momentum of inertia arising from differences 
in wing shape and proportions (Betts & Wootton, 1988).

The relationship between wingspan and directedness of flights 
for butterflies has not received much attention even though turning 

TA B L E  1   Coefficients from LMERs and linear models (±standard errors) predicting the four components of the movement process and 
displacement rate from wingspan, sex, and air temperature

Step speed (m/s)
±SE

Turning angle (°)
±SE

Flight duration (s)
±SE

Proportion of time flying
±SE

Displacement rate (m/s)
±SE

Wingspan (mm) 0.012***
±0.001

−0.019**
±0.007

0.022***
±0.006

0.040**
±0.015

0.037**
±0.01

Sex (M) — — 0.900***
±0.077

1.931***
±0.208

0.996***
±0.036

Air temperature 
(°C)

— −0.033*
±0.01

0.044***
±0.011

0.186***
±0.029

0.101***
±0.02

Intercept — 4.573***
±0.43

−0.25
±0.349

−8.684***
±0.864

−8.256***
±0.684

N 1,324 1,073 1,819 428 408

R2 — — — .257 .144

R2 (c) .33 .136 .42 — —

R2 (m) .08 .025 .13 — —

Note: Step speed was measured as distance moved in 15 s, turning angle is the change in heading between adjacent 15 s steps. Proportion of time 
flying and displacement rate were measured over 10 min. Non-significant (p > .05) predictors are omitted from display.
*p < .05, 
**p < .01, 
***p < .001. 

F I G U R E  1   Effect of wingspan on (a) 
step distance over 15 s, equivalent to 
the step speed. (b) Von Mises circular 
concentration, k, of turning angle 
distribution. (c) Effect of wingspan and sex 
on log flight durations at air temperatures 
between 18 and 21°C; (d) logit transform 
of the proportion of time flying in 10 min 
observations. Females are shown as 
open symbols males as closed. Bars show 
standard errors. Dashed line connects 
females, and dotted line connects males

A. agestis P. tithonus M. jurtina M. galathea
(a) (b)

(d)(c)
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angles are commonly reported. We found that the larger butter-
flies had straighter flights (Figure 1b) and that inclusion of species/
sex-specific turning angles improved displacement predictions con-
siderably (Figure 2d). Size might influence directedness if the higher 
inertia of larger butterflies leads to decreases in maneuverability pro-
ducing fewer or shallower turns as is the case for bats (Norberg & 
Rayner, 1987). Detailed studies of butterfly movement in real-time 
conducted using harmonic radar suggest turning angle also varies 
within a species among habitats (Cant, Smith, Reynolds, & Osborne, 
2005), likely reflecting a change in foraging strategy in response to 
resource density and/or landscape features (Delattre et al., 2010; 
Fownes & Roland, 2002; Odendaal, Turchin, & Stermitz, 1989; Roland, 
Keyghobadi, & Fownes, 2000; Schtickzelle, Joiris, Dyck, & Baguette, 
2007; Zalucki & Kitching, 1982). It remains to be determined to what 
extent turning angle varies between species and how it subsequently 
influences displacement rates. Further, it is not well explored how 
variation in turning relates to sex- and species-specific search strat-
egies (Root & Kareiva, 1984) for the location of different resources.

Larger butterflies flew for longer than smaller butterflies 
though there was a strong effect of both sex and temperature. The 

influences of size and temperature on flight durations are consis-
tent with previous studies (Cormont et al., 2011; Heinrich, 1986) 
and theoretical predictions based on the physics, anatomy, and pos-
ture of Colias species (Kingsolver, 1983; Tsuji, Kingsolver, & Watt, 
1986). However, the substantial behavioral differences between 
the sexes demonstrate the limitations of using a single trait, such 
as wingspan, to predict mobility. Male flight behavior may primarily 
reflect a search for females and repeat matings, a behavior termed 
“patrolling” (Brakefield, 1982; Shreeve, 1984), whereas females are 
primarily focused on locating suitable egg-laying sites and avoiding 
the unwanted attentions of males. Flight durations and inter-flight 
periods are also likely subject to the spatial distribution of nectar re-
sources and egg-laying sites (Odendaal et al., 1989; Root & Kareiva, 
1984), which suggests the extent of differences among the sexes 
and species may also be dependent on the resources in the immedi-
ate environment. These factors altogether likely explain why in prac-
tice traits such as wingspan are only weak predictors of mobility. 
However, by accounting for these differences we demonstrate that 
it is possible to predict displacement rates with a higher degree of 
accuracy (Figure 2).

F I G U R E  2   Observed and modeled 
mean displacement rates for each sex 
x species combination. Upper panel 
(a) shows relationship of displacement 
rates with wingspan as observed, bars 
show standard errors; lower panels show 
observed versus predicted displacement 
rates. Lines indicate perfect prediction. 
Symbols indicate modeling scenarios. 
(b) The correlative approach, fitting a 
regression line to the data in a; (c–e) 
mechanistic models. (c) Assuming only 
step speed is sex- and species-specific; (d) 
assuming turning angle and step speed are 
sex- and species-specific; (e) assuming all 
three movement components are sex- and 
species-specific
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While it is clear that wingspan provides an important trait-based 
approach to modeling dispersal potential, the accuracy of model pre-
dictions was contingent on sex- and species-specific trait parame-
terizations (Figure 2e), particularly for flight durations. For instance, 
though females flew slightly faster and straighter than males of the 
same species (Figure 1), they spent substantially less time in flight, 
leading to much lower overall displacement rates (Figure 2a). These 
differences ultimately influenced interspecific comparisons, with 
females of P.  tithonus and M.  jurtina showing lower displacement 
rates than the slower and more tortuous flying A.  agestis. The in-
fluence of behavior is, therefore, a key factor in explaining variation 
in movement (Morales & Ellner, 2002) which is less directly related 
to morphological traits such as wingspan. Further, though our study 
measured local movements within homogenous habitat, the discrep-
ancy between trait and dispersal is likely further uncoupled across 
different quality habitat patches which have been shown to have 
strong effects on butterfly behavior (Conradt, Bodsworth, Roper, & 
Thomas, 2000; Delattre et al., 2010; Odendaal et al., 1989; Roland 
et al., 2000; Schtickzelle et al., 2007). This is particularly relevant for 
understanding the role of rarer long distances movements in con-
necting populations which, though likely influenced by a capacity for 
movement, may be crucially influenced by behavior and interactions 
with the landscape structure (Nowicki et al., 2014). This context-de-
pendency demonstrates a common weakness of the mechanistic 
approach, as it necessitates the collection of detailed behavioral in-
formation of the target species across different many circumstances. 
A useful contribution of mechanistic models of movement is there-
fore in explaining the basis of motivational differences in relation 
to resource density, habitat structure, and foraging strategies, such 
that they provide better prediction for dispersal for species across 
varying landscape structures (Doherty & Driscoll, 2018; Johnston et 
al., 2019; Patterson, Thomas, Wilcox, Ovaskainen, & Matthiopoulos, 
2008; Pauli et al., 2013; Urban et al., 2016).

In conclusion, we have shown that the reason wingspan can serve 
as a proxy for dispersal in butterflies is that it correlates well with 
flight speed and the tortuosity of butterfly movement. However, the 
most accurate predictions of displacement depend on sex- and spe-
cies-specific parameterizations of flight and inter-flight durations, 
which decouple the relationship between wingspan and movement 
rate. Since these behaviors likely reflect motivation to move, sub-
stantive improvements in model predictions will require an under-
standing of how species view and utilize resource availability in 
complex landscapes. Demonstrating the extent to which behavior 
can improve predictive power over simple correlative approaches 
suggests that there is both scope and strong justification to develop 
process-based models as a practical tool for ecological forecasting.

ACKNOWLEDG MENTS
L. Evans was supported by a BBSRC CASE/Syngenta PhD student-
ship award. 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.

CONFLIC T OF INTERE S T
None declared.

AUTHOR CONTRIBUTIONS
LE collected the data, conducted the analysis, and developed code 
for the individual-based model. LE, RS, and RW led the writing of the 
manuscript with contributions from TO, IS, and PT.

DATA AVAIL ABILIT Y S TATEMENT
Data from the study and the app used for the project are archived 
at Mendeley Data: http://dx.doi.org/10.17632/​kpcgk​fmpv8.1. Full 
data description is provided by Evans, Sims, et al. (2019).

ORCID
Luke C. Evans   https://orcid.org/0000-0001-8649-0589 

R E FE R E N C E S
Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear 

mixed-effects models using lme4. Journal of Statistical Software, 
67(1),1–48. https​://doi.org/10.18637/​jss.v067.i01

Bejan, A. (2000). Shape and structure, from engineering to nature. 
Cambridge, UK: Cambridge University Press.

Berwaerts, K., Van Dyck, H., & Aerts, P. (2002). Does flight morphology 
relate to flight performance? An experimental test with the butter-
fly Pararge aegeria. Functional Ecology, 16(4), 484–491. https​://doi.
org/10.1046/j.1365-2435.2002.00650.x

Betts, C. R., & Wootton, R. J. (1988). Wing shape and flight behaviour in 
butterflies (Lepidoptera: Papilionoidea and Hesperioidea): A prelimi-
nary analysis. Journal of Experimental Biology, 138(1), 271–288.

Bonte, D., Van Dyck, H., Bullock, J. M., Coulon, A., Delgado, M., Gibbs, 
M., … Travis, J. M. J. (2012). Costs of dispersal. Biological Reviews, 
87(2), 290–312. https​://doi.org/10.1111/j.1469-185X.2011.00201.x

Bradbury, I. R., Laurel, B., Snelgrove, P. V. R., Bentzen, P., & Campana, S. 
E. (2008). Global patterns in marine dispersal estimates: The influ-
ence of geography, taxonomic category and life history. Proceedings 
of the Royal Society B: Biological Sciences, 275(1644), 1803–1809. 
https​://doi.org/10.1098/rspb.2008.0216

Brakefield, P. M. (1982). Ecological Studies on the Butterfly Maniola jur-
tina in Britain. I. Adult behaviour, microdistribution and dispersal. The 
Journal of Animal Ecology, 51(3), 713. https​://doi.org/10.2307/4000

Brown, L. M., & Crone, E. E. (2016). Minimum area requirements for an 
at-risk butterfly based on movement and demography. Conservation 
Biology, 30(1), 103–112. https​://doi.org/10.1111/cobi.12588​

Burke, R. J., Fitzsimmons, J. M., & Kerr, J. T. (2011). A mobility index 
for Canadian butterfly species based on naturalists' knowledge. 
Biodiversity and Conservation, 20(10), 2273–2295. https​://doi.
org/10.1007/s10531-011-0088-y

Cant, E. T., Smith, A. D., Reynolds, D. R., & Osborne, J. L. (2005). Tracking 
butterfly flight paths across the landscape with harmonic radar. 
Proceedings. Biological Sciences/The Royal Society, 272(1565), 785–
790. https​://doi.org/10.1098/rspb.2004.3002

Conradt, L., Bodsworth, E. J., Roper, T. J., & Thomas, C. D. (2000). 
Non-random dispersal in the butterfly Maniola jurtina: Implications 
for metapopulation models. Proceedings of the Royal Society B: 
Biological Sciences, 267(1452), 1505–1510. https​://doi.org/10.1098/
rspb.2000.1171

http://dx.doi.org/10.17632/kpcgkfmpv8.1
https://orcid.org/0000-0001-8649-0589
https://orcid.org/0000-0001-8649-0589
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1046/j.1365-2435.2002.00650.x
https://doi.org/10.1046/j.1365-2435.2002.00650.x
https://doi.org/10.1111/j.1469-185X.2011.00201.x
https://doi.org/10.1098/rspb.2008.0216
https://doi.org/10.2307/4000
https://doi.org/10.1111/cobi.12588
https://doi.org/10.1007/s10531-011-0088-y
https://doi.org/10.1007/s10531-011-0088-y
https://doi.org/10.1098/rspb.2004.3002
https://doi.org/10.1098/rspb.2000.1171
https://doi.org/10.1098/rspb.2000.1171


     |  3207EVANS et al.

Cormont, A., Malinowska, A. H., Kostenko, O., Radchuk, V., Hemerik, 
L., WallisDeVries, M. F., & Verboom, J. (2011). Effect of local 
weather on butterfly flight behaviour, movement, and coloniza-
tion: Significance for dispersal under climate change. Biodiversity 
and Conservation, 20(3), 483–503. https​://doi.org/10.1007/
s10531-010-9960-4

Delattre, T., Burel, F., Humeau, A., Stevens, V. M., Vernon, P., & Baguette, 
M. (2010). Dispersal mood revealed by shifts from routine to direct 
flights in the meadow brown butterfly Maniola jurtina. Oikos, 119(12), 
1900–1908. https​://doi.org/10.1111/j.1600-0706.2010.18615.x

Doherty, T. S., & Driscoll, D. A. (2018). Coupling movement and land-
scape ecology for animal conservation in production landscapes. 
Proceedings. Biological Sciences, 285(1870), 20172272. https​://doi.
org/10.1098/rspb.2017.2272

Dudley, R. (1990). Biomechanics of flight in neotropical butterflies: 
Morphometrics and kinematics. Journal of Experimental Biology, 
150(1), 37–53.

Dudley, R., & Srygley, R. (1994). Flight physiology of neotropical butter-
flies: Allometry of airspeeds during natural free flight. The Journal of 
Experimental Biology, 191(1), 125–139.

Dudley, R., & Srygley, R. B. (2008). Airspeed adjustment and lipid re-
serves in migratory Neotropical butterflies. Functional Ecology, 22(2), 
264–270. https​://doi.org/10.1111/j.1365-2435.2007.01364.x

Evans, L. C., Sibly, R. M., Thorbek, P., Sims, I., Oliver, T. H., & Walters, R. J. 
(2019). Quantifying the effectiveness of agri-environment schemes 
for a grassland butterfly using individual-based models. Ecological 
Modelling, 411(June), 108798. https​://doi.org/10.1016/j.ecolm​
odel.2019.108798

Evans, L. C., Sims, I., Sibly, R. M., Thorbek, P., Oliver, T. H., & Walters, R. 
J. (2019). Data on the movement behaviour of four species of grass-
land butterfly. Data in Brief, 27, 104611. https​://doi.org/10.1016/j.
dib.2019.104611

Evans, M. E. K., Merow, C., Record, S., McMahon, S. M., & Enquist, B. 
J. (2016). Towards process-based range modeling of many spe-
cies. Trends in Ecology & Evolution, 31(11), 860–871. https​://doi.
org/10.1016/j.tree.2016.08.005

Fownes, S., & Roland, J. (2002). Effects of meadow suitabil-
ity on female behaviour in the alpine butterfly Parnassius 
smintheus. Ecological Entomology, 27(4), 457–466. https​://doi.
org/10.1046/j.1365-2311.2002.00426.x

Gibbs, M., Saastamoinen, M., Coulon, A., & Stevens, V. M. (2010). 
Organisms on the move: Ecology and evolution of dispersal. Biology 
Letters, 6(2), 146–148. https​://doi.org/10.1098/rsbl.2009.0820

Grant, T. J., Parry, H. R., Zalucki, M. P., & Bradbury, S. P. (2018). Predicting 
monarch butterfly (Danaus plexippus) movement and egg-laying with 
a spatially-explicit agent-based model: The role of monarch per-
ceptual range and spatial memory. Ecological Modelling, 374, 37–50.  
https​://doi.org/10.1016/j.ecolm​odel.2018.02.011

Hanski, I. (1998). Metapopulation dynamics. Nature, 396(6706), 41–49. 
https​://doi.org/10.1038/23876​

Heinrich, B. (1986). Comparative thermoregulation of four montane 
butterflies of different mass. Physiological Zoolgy, 59(6), 616–626.  
https​://doi.org/10.1086/physz​ool.59.6.30158609

Hovestadt, T., & Nowicki, P. (2008). Investigating movement within irreg-
ularly shaped patches: Analysis of mark-release-recapture data using 
randomization procedures. Israel Journal of Ecology and Evolution, 
54(1), 137–154. https​://doi.org/10.1560/IJEE.54.1.137

Jenkins, D. G., Brescacin, C. R., Duxbury, C. V., Elliott, J. A., Evans, J. A., 
Grablow, K. R., … Williams, S. E. (2007). Does size matter for dispersal 
distance? Global Ecology and Biogeography, 16(4), 415–425. https​://
doi.org/10.1111/j.1466-8238.2007.00312.x

Jetz, W., Carbone, C., Fulford, J., & Brown, J. H. (2004). The scaling 
of animal space use. Science, 306(5694), 266–268. https​://doi.
org/10.1126/scien​ce.1102138

Johnston, A. S. A., Boyd, R. J., Watson, J. W., Paul, A., Evans, L. C., 
Gardner, E. L., & Boult, V. L. (2019). Predicting population responses 
to environmental change from individual-level mechanisms: Towards 
a standardized mechanistic approach. Proceedings of the Royal Society 
B: Biological Sciences, 286(1913), 20191916. https​://doi.org/10.1098/
rspb.2019.1916

Kingsolver, J. G. (1983). Thermoregulation and flight in Colias butterflies: 
Elevational patterns and mechanistic limitations. Ecology, 64(3), 534–
545. https​://doi.org/10.2307/1939973

Kőrösi, Á., Örvössy, N., Batáry, P., Kövér, S., & Peregovits, L. (2008). 
Restricted within-habitat movement and time-constrained egg lay-
ing of female Maculinea rebeli butterflies. Oecologia, 156(2), 455–
464. https​://doi.org/10.1007/s00442-008-0986-1

Kuussaari, M., Saarinen, M., Korpela, E.-L., Pöyry, J., & Hyvönen, T. (2014). 
Higher mobility of butterflies than moths connected to habitat suit-
ability and body size in a release experiment. Ecology and Evolution, 
4(19), 3800–3811. https​://doi.org/10.1002/ece3.1187

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). lmerTest 
package: Tests in linear mixed effects. Models. Journal of Statistical 
Software, 82(13), 1–26. https​://doi.org/10.18637/​jss.v082.i13

Levins, R. (1966). The strategy of model building in population biology. 
American Scientist, 54(4), 421–431.

Lund, U., & Agostinelli, C. (2011). R package ‘circular’: Circular statistics. 
Retrieved from https​://R-Forge.r-Proje​ct.Org/Proje​cts/Circular

Morales, J. M., & Ellner, S. P. (2002). Scaling up animal movements in het-
erogeneous landscapes: The importance of behavior. Ecology, 83(8), 
2240–2247. https​://doi.org/10.1890/0012-9658(2002)083[2240:-
SUAMI​H]2.0.CO;2

Nathan, R., Getz, W. M., Revilla, E., Holyoak, M., Kadmon, R., Saltz, D., & 
Smouse, P. E. (2008). A movement ecology paradigm for unifying or-
ganismal movement research. Proceedings of the National Academy of 
Sciences of the United States of America, 105(49), 19052–19059. https​
://doi.org/10.1073/pnas.08003​75105​

Neuschulz, E. L., Brown, M., & Farwig, N. (2013). Frequent bird move-
ments across a highly fragmented landscape: The role of species 
traits and forest matrix. Animal Conservation, 16(2), 170–179. https​://
doi.org/10.1111/j.1469-1795.2012.00582.x

Newland, D., Still, R., Swash, A., & Tomlinson, D. (2015). Britain's butter-
flies: A field guide to the butterflies of Britain and Ireland-fully revised 
and updated (3rd ed.). Princeton, NJ: Princeton University Press.

Norberg, U. M., & Rayner, J. M. V. (1987). Ecological morphology and 
flight in bats (Mammalia; Chiroptera): Wing adaptations, flight perfor-
mance, foraging strategy and echolocation. Philosophical Transactions 
of the Royal Society B: Biological Sciences, 316(1179), 335–427. https​://
doi.org/10.1098/rstb.1987.0030

Nowicki, P., Vrabec, V., Binzenhöfer, B., Feil, J., Zakšek, B., Hovestadt, T., 
& Settele, J. (2014). Butterfly dispersal in inhospitable matrix: Rare, 
risky, but long-distance. Landscape Ecology, 29(3), 401–412. https​://
doi.org/10.1007/s10980-013-9971-0

Öckinger, E., Schweiger, O., Crist, T. O., Debinski, D. M., Krauss, J., 
Kuussaari, M., … Bommarco, R. (2010). Life-history traits pre-
dict species responses to habitat area and isolation: A cross-con-
tinental synthesis. Ecology Letters, 13(8), 969–979. https​://doi.
org/10.1111/j.1461-0248.2010.01487.x

Odendaal, F. J., Turchin, P., Stermitz, F. R. (1989). Influence of host-
plant density and male harassment on the distribution of female 
Euphydryas anicia (Nymphalidae). Oecologia, 78(2), 283–288. https​://
doi.org/10.1007/BF003​77167​

Ovaskainen, O., & Hanski, I. (2004). From Individual behavior to meta-
population dynamics: Unifying the patchy population and classic 
metapopulation models. The American Naturalist, 164(3), 364–377. 
https​://doi.org/10.1086/423151

Ovaskainen, O., Luoto, M., Ikonen, I., Rekola, H., Meyke, E., & Kuussaari, 
M. (2008). An empirical test of a diffusion model: Predicting clouded 

https://doi.org/10.1007/s10531-010-9960-4
https://doi.org/10.1007/s10531-010-9960-4
https://doi.org/10.1111/j.1600-0706.2010.18615.x
https://doi.org/10.1098/rspb.2017.2272
https://doi.org/10.1098/rspb.2017.2272
https://doi.org/10.1111/j.1365-2435.2007.01364.x
https://doi.org/10.1016/j.ecolmodel.2019.108798
https://doi.org/10.1016/j.ecolmodel.2019.108798
https://doi.org/10.1016/j.dib.2019.104611
https://doi.org/10.1016/j.dib.2019.104611
https://doi.org/10.1016/j.tree.2016.08.005
https://doi.org/10.1016/j.tree.2016.08.005
https://doi.org/10.1046/j.1365-2311.2002.00426.x
https://doi.org/10.1046/j.1365-2311.2002.00426.x
https://doi.org/10.1098/rsbl.2009.0820
https://doi.org/10.1016/j.ecolmodel.2018.02.011
https://doi.org/10.1038/23876
https://doi.org/10.1086/physzool.59.6.30158609
https://doi.org/10.1560/IJEE.54.1.137
https://doi.org/10.1111/j.1466-8238.2007.00312.x
https://doi.org/10.1111/j.1466-8238.2007.00312.x
https://doi.org/10.1126/science.1102138
https://doi.org/10.1126/science.1102138
https://doi.org/10.1098/rspb.2019.1916
https://doi.org/10.1098/rspb.2019.1916
https://doi.org/10.2307/1939973
https://doi.org/10.1007/s00442-008-0986-1
https://doi.org/10.1002/ece3.1187
https://doi.org/10.18637/jss.v082.i13
https://R-Forge.r-Project.Org/Projects/Circular
https://doi.org/10.1890/0012-9658(2002)083%5B2240:SUAMIH%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B2240:SUAMIH%5D2.0.CO;2
https://doi.org/10.1073/pnas.0800375105
https://doi.org/10.1073/pnas.0800375105
https://doi.org/10.1111/j.1469-1795.2012.00582.x
https://doi.org/10.1111/j.1469-1795.2012.00582.x
https://doi.org/10.1098/rstb.1987.0030
https://doi.org/10.1098/rstb.1987.0030
https://doi.org/10.1007/s10980-013-9971-0
https://doi.org/10.1007/s10980-013-9971-0
https://doi.org/10.1111/j.1461-0248.2010.01487.x
https://doi.org/10.1111/j.1461-0248.2010.01487.x
https://doi.org/10.1007/BF00377167
https://doi.org/10.1007/BF00377167
https://doi.org/10.1086/423151


3208  |     EVANS et al.

apollo movements in a novel environment. The American Naturalist, 
171(5), 610–619. https​://doi.org/10.1086/587070

Paradis, E., Baillie, S. R., Sutherland, W. J., & Gregory, R. D. (1998). 
Patterns of natal and breeding dispersal in birds. Journal of Animal 
Ecology, 67(4), 518–536. https​://doi.org/10.1046/j.1365-2656. 
1998.00215.x

Parry, H. R., Paull, C. A., Zalucki, M. P., Ives, A. R., Hulthen, A., & 
Schellhorn, N. A. (2017). Estimating the landscape distribution of 
eggs by Helicoverpa spp., with implications for Bt resistance manage-
ment. Ecological Modelling, 365, 129–140. https​://doi.org/10.1016/j.
ecolm​odel.2017.10.004

Patterson, T. A., Thomas, L., Wilcox, C., Ovaskainen, O., & Matthiopoulos, 
J. (2008). State–space models of individual animal movement. Trends 
in Ecology & Evolution, 23(2), 87–94. https​://doi.org/10.1016/j.
tree.2007.10.009

Pauli, B. P., McCann, N. P., Zollner, P. A., Cummings, R., Gilbert, J. H., & 
Gustafson, E. J. (2013). SEARCH: Spatially explicit animal response 
to composition of habitat. PLoS ONE, 8(5), e64656. https​://doi.
org/10.1371/journ​al.pone.0064656

Pawar, S., Dell, A. I., & Savage, V. M. (2012). Dimensionality of consumer 
search space drives trophic interaction strengths. Nature, 486(7404), 
485–489. https​://doi.org/10.1038/natur​e11131

Pe'er, G., Heinz, S. K., & Frank, K. (2006). Connectivity in heterogeneous 
landscapes: Analyzing the effect of topography. Landscape Ecology, 
21(1), 47–61. https​://doi.org/10.1007/s10980-005-1622-7

Peters, R. H. (1986). The ecological implications of body size (Vol. 2). 
Cambridge, UK: Cambridge University Press.

Piñeiro, G., Perelman, S., Guerschman, J. P., & Paruelo, J. M. (2008). How 
to evaluate models: Observed vs. predicted or predicted vs. ob-
served? Ecological Modelling, 216(3–4), 316–322.

R Core Team (2019). R: A Language and Environment for Statistical 
Computing. Vienna, Austria: R Foundation for Statistical Computing. 
Retrieved from http://www.r-proje​ct.org

Roland, J., Keyghobadi, N., & Fownes, S. (2000). Alpine Parnassius 
butterfly dispersal: Effects of landscape and population size. 
Ecology, 81(6), 1642–1653. https​://doi.org/10.1890/0012-
9658(2000)081[1642:APBDE​O]2.0.CO;2

Root, R. B., & Kareiva, P. M. (1984). The search for resources by cabbage 
butterflies (Pieris rapae): Ecological consequences and adaptive sig-
nificance of Markovian movements in a patchy environment. Ecology, 
65(1), 147–165. https​://doi.org/10.2307/1939467

Schtickzelle, N., Joiris, A., Dyck, H. V., & Baguette, M. (2007). Quantitative 
analysis of changes in movement behaviour within and outside hab-
itat in a specialist butterfly. BMC Evolutionary Biology, 7(1), 1–15.  
https​://doi.org/10.1186/1471-2148-7-4

Schultz, C. B. (1998). Dispersal behavior and its implications for reserve 
design in a rare Oregon butterfly. Conservation Biology, 12(2), 284–
292. https​://doi.org/10.1046/j.1523-1739.1998.96266.x

Sekar, S. (2012). A meta-analysis of the traits affecting dispersal ability in 
butterflies: Can wingspan be used as a proxy? Journal of Animal Ecology, 
81(1), 174–184. https​://doi.org/10.1111/j.1365-2656.2011.01909.x

Shreeve, T. G. (1984). Habitat selection, mate location, and microclimatic 
constraints on the activity of the speckled wood butterfly Pararge 
aegeria. Oikos, 42(3), 371–377. https​://doi.org/10.2307/3544407

Shreeve, T. G. (1995). Butterfly mobility. In:Pullin A.S (eds) Ecology and 
conservation of butterflies (pp. 37–45). Dordrecht, Netherlands: 
Springer. https​://doi.org/10.1007/978-94-011-1282-6_3

Shurin, J. B., Cottenie, K., & Hillebrand, H. (2009). Spatial autocorrelation 
and dispersal limitation in freshwater organisms. Oecologia, 159(1), 
151–159. https​://doi.org/10.1007/s00442-008-1174-z

Stevens, V. M., Turlure, C., & Baguette, M. (2010). A meta-analysis of 
dispersal in butterflies. Biological Reviews.85: 625–642.  https​://doi.
org/10.1111/j.1469-185X.2009.00119.x

Stevens, V. M., Whitmee, S., Le Galliard, J.-F., Clobert, J., Böhning-Gaese, 
K., Bonte, D., … Baguette, M. (2014). A comparative analysis of dis-
persal syndromes in terrestrial and semi-terrestrial animals. Ecology 
Letters, 17(8), 1039–1052. https​://doi.org/10.1111/ele.12303​

Sutherland, G. D., Harestad, A. S., Price, K., & Lertzman, K. P. (2000). 
Scaling of natal dispersal distances in terrestrial birds and mam-
mals. Conservation Ecology, 4(1),1–36. https​://doi.org/10.5751/
ES-00184-040116

Thiele, J. C. (2014). R Marries NetLogo: Introduction to the RNetLogo 
Package. Journal of Statistical Software, 58(2), 1–41. https​://doi.
org/10.18637/​jss.v058.i02

Thomas, J. (2010). Butterflies of Britain and Ireland. Totnes, UK: British 
Wildlife Publishing.

Thompson, P. L., & Gonzalez, A. (2017). Dispersal governs the reor-
ganization of ecological networks under environmental change. 
Nature Ecology & Evolution, 1(6), 0162. https​://doi.org/10.1038/
s41559-017-0162

Travis, J. M. J., Delgado, M., Bocedi, G., Baguette, M., Bartoń, K., 
Bonte, D., … Bullock, J. M. (2013). Dispersal and species' re-
sponses to climate change. Oikos, 122(11), 1532–1540. https​://doi.
org/10.1111/j.1600-0706.2013.00399.x

Tsuji, J. S., Kingsolver, J. G., & Watt, W. B. (1986). Thermal physiologi-
cal ecology of Colias butterflies in flight. Oecologia, 69(2), 161–170.  
https​://doi.org/10.1007/BF003​77616​

Turchin, P. (1991). Translating foraging movements in heterogeneous en-
vironments into the spatial distribution of foragers. Ecology, 72(4), 
1253–1266. https​://doi.org/10.2307/1941099

Urban, M. C., Bocedi, G., Hendry, A. P., Mihoub, J.-B., Peer, G., Singer, 
A., … Travis, J. M. J. (2016). Improving the forecast for biodiversity 
under climate change. Science, 353(6304), aad8466. https​://doi.
org/10.1126/scien​ce.aad8466

Wilensky, U. (1999). NetLogo. Evanston, IL: Center for Connected 
Learning and Computer-based Modeling, Northwestern University.

Zalucki, M. P., & Kitching, R. L. (1982). The analysis and description of move-
ment in adult Danaus plexippus L. (Lepidoptera: Danainae). Behaviour, 
80(3–4), 174–197. https​://doi.org/10.1163/15685​3982X​00346​

How to cite this article: Evans LC, Sibly RM, Thorbek P, Sims I, 
Oliver TH, Walters RJ. Behavior underpins the predictive 
power of a trait-based model of butterfly movement. Ecol Evol. 
2020;10:3200–3208. https​://doi.org/10.1002/ece3.5957

https://doi.org/10.1086/587070
https://doi.org/10.1046/j.1365-2656.1998.00215.x
https://doi.org/10.1046/j.1365-2656.1998.00215.x
https://doi.org/10.1016/j.ecolmodel.2017.10.004
https://doi.org/10.1016/j.ecolmodel.2017.10.004
https://doi.org/10.1016/j.tree.2007.10.009
https://doi.org/10.1016/j.tree.2007.10.009
https://doi.org/10.1371/journal.pone.0064656
https://doi.org/10.1371/journal.pone.0064656
https://doi.org/10.1038/nature11131
https://doi.org/10.1007/s10980-005-1622-7
http://www.r-project.org
https://doi.org/10.1890/0012-9658(2000)081%5B1642:APBDEO%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081%5B1642:APBDEO%5D2.0.CO;2
https://doi.org/10.2307/1939467
https://doi.org/10.1186/1471-2148-7-4
https://doi.org/10.1046/j.1523-1739.1998.96266.x
https://doi.org/10.1111/j.1365-2656.2011.01909.x
https://doi.org/10.2307/3544407
https://doi.org/10.1007/978-94-011-1282-6_3
https://doi.org/10.1007/s00442-008-1174-z
https://doi.org/10.1111/j.1469-185X.2009.00119.x
https://doi.org/10.1111/j.1469-185X.2009.00119.x
https://doi.org/10.1111/ele.12303
https://doi.org/10.5751/ES-00184-040116
https://doi.org/10.5751/ES-00184-040116
https://doi.org/10.18637/jss.v058.i02
https://doi.org/10.18637/jss.v058.i02
https://doi.org/10.1038/s41559-017-0162
https://doi.org/10.1038/s41559-017-0162
https://doi.org/10.1111/j.1600-0706.2013.00399.x
https://doi.org/10.1111/j.1600-0706.2013.00399.x
https://doi.org/10.1007/BF00377616
https://doi.org/10.2307/1941099
https://doi.org/10.1126/science.aad8466
https://doi.org/10.1126/science.aad8466
https://doi.org/10.1163/156853982X00346
https://doi.org/10.1002/ece3.5957

