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Abstract

The intensification of agricultural practices throughout the twentieth century has had large
detrimental effects on biodiversity and these are likely to increase as the human population
rises, with consequent pressure on land. To offset these negative impacts, agri-environment
schemes have been widely implemented, offering financial incentives for land-owners to
create or maintain favourable habitats that enhance or maintain biodiversity. While some
evidence is available on the resulting species richness and abundance for groups such as
natural predators and pollinating insects including butterflies and moths. This is costly to
obtain and it is difficult to predict the effects of specific habitat designs. To alleviate this
problem we here develop an individual-based model (IBM), modelling the detailed
movement behaviour, foraging, and energy budget of a grassland butterfly Maniola jurtina
Linn. in patches of varying dimensions and quality. The IBM is successfully validated against
data on M. jurtina densities, movement behaviour, resource use, fecundity and lifespan in
habitats of varying quality. We use the IBM to quantify the benefits for life-history outcomes
of M. jurtina of increasing the quantity and the quality of field margins within agricultural
landscapes. We find that increasing the quantity of field margin habitat from 1 to 3 ha per 100
ha, as recommended in agri-environment schemes, increases the average number of eggs laid
across a two-week period by 60% and adds an extra day to the average lifespan of the
butterfly. Similar effects are reported for variation in the quality of field margins. We discuss

the implications of the result for modelling butterfly responses to management scenarios.



7.1 Introduction

Agricultural practices have intensified throughout the twentieth century to keep pace with
needs of growing populations (Duraiappah et al., 2005), a trend that is set to continue well
into the twenty-first century (Lutz et al., 2017), and that is the main driver of insect declines
occurring at a global scale (Sanchez-Bayo and Wyckhuys, 2019). In the UK, agricultural
landscapes have tended toward increasing simplification with less variety in crop rotations
implemented at the farm scale (Robinson and Sutherland, 2002) and increases in the size of
land parcels used for intensive agriculture (Petit et al., 2002). Intensification has had
detrimental effects on biodiversity (Robinson and Sutherland, 2002) notably on farmland
birds (Chamberlain et al., 2000; Donald et al., 2006), pollinating insects (Potts et al., 2016;
Vanbergen et al., 2013), wildflowers (Barr et al., 1994), and butterflies (Asher et al., 2001,
Ekroos et al., 2010; Fox et al., 2015; Pywell et al., 2004).

For pollinating insects, a mechanism associated with their declines is reduction in the
availability of floral resources (Biesmeijer et al., 2006; Goulson et al., 2015; Potts et al.,
2010), which in the UK, have occurred at the national scale (Baude et al., 2016). A major tool
to offset these effects is agri-environment schemes, a key aspect of which is to offer
landowners various financial incentives to implement management increasing the quality or
amount of habitat for wildlife within agricultural landscapes. A widely advocated approach,
both within the UK and Europe, for increasing resources available to insects within intensive
landscapes, is the use of enhanced field margins (Vickery et al., 2009). Payments for flower-
rich margins and plots are currently delivered in England through the Countryside
Stewardship Scheme (CSS) (Defra, 2019). The continuing development of guidelines for
these schemes requires measuring and predicting the responses of species to management.
This is a challenging task, though research is beginning to accumulate concerning the
necessary quantity of quality habitat required to support groups such as pollinators (Dicks et
al., 2015; Redhead et al., 2015; Sutton et al., 2017). This information subsequently informs
guidelines, such as the CSS guidance of 1-3% of land set aside for nectar-rich plots and field

margins.

Butterflies are useful indicators of environmental quality (Erhardt and Thomas, 1989) as
populations respond rapidly to environmental change (Thomas, 2005), thus they represent

useful model organisms for understanding the wider benefits of agri-environment schemes



for terrestrial insects. Butterflies gain multiple benefits from field margins (Dover, 2019), and
florally enhanced margins provide nectar resources for the adults which have important
consequences for individual fecundity, longevity, dispersal (Geister et al., 2008; Lebeau et
al., 2016a, 2016b; Watt et al., 1974), and species richness and abundance (Curtis et al., 2015;
Luppi et al., 2018). Therefore, predicting the responses of butterflies to agri-environment
schemes has direct application in conservation management. Butterflies are a well-studied
group and empirical data exist for the development and validation of models that could
predict the responses of butterflies to agri-environment schemes, providing insight into the
responses of species to a multitude of scenarios that would otherwise be expensive in time

and cost to study in the field.

Modelling the movement behaviour of adult butterflies has received much attention.
Examples included responses to boundaries (Delattre et al., 2013; Mclntire et al., 2013;
Ovaskainen and Hanski, 2004; Schultz et al., 2012; Schultz and Crone, 2001) and habitat-
dependent changes in butterfly movement rates (Fownes and Roland, 2002; Odendaal et al.,
1989; Ovaskainen et al., 2008b; Roland et al., 2000; Schtickzelle et al., 2007; Zalucki and
Kitching, 1982). More recently, individual-based models (IBMs), which allow for greater
complexity in model processes, have been used to explore intraspecific variation in dispersal
(Brown and Crone, 2016a), minimum area requirements (Brown and Crone, 2016b), the
effects of weather (Chapter 4) and perceptual range and spatial memory on butterfly
movement (Grant et al., 2018). IBMs are suited to modelling the responses of butterflies to
agri-environment schemes as they allow detailed interactions of individuals to their local
environment and particularly responses to food availability through physiological energy
budgets (Sibly et al., 2013). Further, butterfly movement responds to the composition and
structure of the environment (Shreeve, 1995) and so in intensive landscapes, which contain

small amounts of quality habitat, it is necessary to represent fine-scale behavioural changes.

Here we present a new IBM of adult butterfly behaviour that predicts life-history outcomes
(primarily fecundity and survivorship) for females of a grassland butterfly, the Meadow
Brown (M. jurtina), in response to changing structures and resource densities within a
landscape. M. jurtina is a model butterfly species because aspects of its behaviour,
physiology and life history are well described, making it an ideal system for parameterising
an IBM. The IBM includes components representing the movement, energy budget, foraging
behaviour and egg maturation throughout a butterflies’ lifespan. The IBM is validated against

four datasets, providing independent patterns for validation purposes (Grimm, 2005). After



validation, the model is used to evaluate the effects on butterfly vital rates of varying
proportions and qualities of flower-rich set-aside within agricultural landscapes. We discuss
these findings in relation to the movement ecology of butterflies and the ways in which IBMs

can be used for ecological forecasting and conservation management.

2 Methodology

2.1 Study species and behavioural observations
We provide a brief overview of data collection as the full details of most field observations
have been presented in Chapters 2 and 3. Additional new data collected for this project were

transects, that are described below, and edge responses, which are presented in Appendix D.

The meadow brown (M. jurtina) is a common butterfly found across a variety of grasslands in
the British Isles (Brakefield, 1982a). The adults obtain nectar from a range of flowers
common to grasslands (Dennis, 1992) and the larvae feed predominantly on Poa spp. and
occasionally on other grasses and common herbs. Flight paths of 235 M. jurtina females were
recorded at four sites in the south of England over the summers of 2016, 2017 and 2018,
North farm in Oxfordshire (51°37°N, 1°09'W), Jealott’s Hill farm Berkshire 132 (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). Positions of butterflies were mapped every time the butterfly landed or
after 15 seconds of continuous flight using numbered flags. The precise coordinates were
subsequently mapped using a high-grade Global Navigation Satellite System receiver
accurate to < 30 cm (Arrow 200 RTK). Simultaneously the behaviour of the butterflies was
recorded (basking, inactive, flying, nectaring, and oviposition). Observations either ceased
after 10 minutes or after a set number of flags were laid (20 in 2016 & 2017, 15 in 2018).

Butterfly transects were walked along field margins and at two paired ‘ghost” margins
parallel to the field margin and spaced at approximately 5 and 10m into the crop field
(measurements were approximate as transects were walked in the nearest furrow to avoid
crop damage). Butterfly counts were recorded using standard methods (Pollard and Y ates,
1994). Briefly, this consisted of observers starting in a margin and then recording the number
of individuals of M. jurtina within a 5m box of the observer while walking at a set pace for
200 metres. The observer then moved to the next transect and repeated the procedure. This

generated three paired transects showing butterfly counts within the field margin and then 5



and 10m into the crop. In total 356 transects were walked between 10:00 and 17:00 at eight
field margin locations during August 2016 and June-August 2017 (Appendix D2).

2.2 Model overview

The model is a spatially-explicit simulation of the movement, foraging and egg-laying of
adult individual female M. jurtina. The model runs at one-second time-steps replicating the
behaviour of the butterflies over their lifespan. Physiological processes within each individual
are modelled, together with a detailed representation of its movement behaviour. The energy
use of butterflies during flight and inactivity is represented over the full 24 hour period each
day, with rates parameterised from observed values (Table. 1). Butterflies in the simulation
perceive flowers and extract energy at values parameterised from empirical observations of
nectar sugars in flowers, and females mature and lay eggs throughout the simulation. This
allows prediction of how the quantity and quality of the flower-rich patches in the landscape
affect the fecundity, lipid reserves and survivorship of M.jurtina; outcomes which are
informative metrics for conservation management. The movement behaviour includes recent
advances in butterfly IBMs such as the explicit representation of flight and inter-flight
durations (Brown and Crone, 2016a), responses to habitat edges (Conradt et al., 2000;
Conradt and Roper, 2006) and foraging loops which spontaneously occur in our model as

butterflies perceive and preferentially move to higher quality habitat (Grant et al., 2018).

The model was built in NetLogo 6.0 (Wilensky, 1999) and analysis was carried out using the
RNetLogo package (Thiele, 2014). Von-Mises circular distributions were fitted to observed
turning angles using the ‘circular’ package in R 3.4.2 (Lund and Agostinelli, 2011; R Core
Team, 2017).

The model is described using the Overview, Design concepts and Details format (ODD
protocol) (Grimm et al., 2010, 2006). A more comprehensive technical specification is
presented in Appendix D.



2.3 Generic model description

2.3.1 Entities, state variables and scales

The model landscape consists of two-dimensional 5m?2 patches that are either flower-poor or
flower-rich. Flower-rich patches contain entities called ‘flowers” while flower-poor patches
do not. Butterflies forage and lay eggs in flower-rich patches, which in the experimental
simulations represent field margins. Butterflies are described by their age, sex, spatial
location, energy reserves (mobilised and lipid energy reserves), movement rate, flight and
resting metabolic rates, the number of immature oocytes, mature eggs and the total number of
eggs successfully laid. Flowers provide replenishing supplies of nectar sugar and are
described by their location, energy content and the replenishment time of their nectar
resources. The model proceeds in one-second time-steps. For evaluating the response of
butterflies to field margin design over a two-week period, the spatial extent of the landscape
was 100ha (1000x1000m) and the flower-rich patches were arranged in lines to represent

field margins (Fig. 1, 2.7 Exploration of the effects on butterflies of field margin design).

B
.. C

Figure 1. Simulated landscapes. A) Field margins, flower-rich patches are green, flower-poor

A

patches are black; examples of flower-rich patches B) with low density of flowers, C) with

increased density of flowers. Flowers are shown in yellow.



2.3.2 Model schedule

Here we present an overview of the model (Fig. 2); further details of the model processes are
available in the section sub-models below and in Appendix D. Butterflies are conceptualised
as having two sources of energy: lipid stores and mobilised energy collected during foraging.
Mobilised energy is used preferentially and lipid reserves are only used when no mobilised
energy is available. At each time step, butterflies with no remaining lipid stores are
considered to have died and are removed from the simulation. During the day, butterflies
move and forage, with movement rates dependent on the type of patch. Slower tortuous
flights occur in flower-rich patches and straighter faster flights in the flower-poor patch.
Flight and inter-flight periods are represented explicitly, with the butterflies drawing
alternatively from the observed distributions of these behaviours. During inter-flight periods,
the butterflies remain stationary and use energy at the resting metabolic rate (RMR), while
during flight energy use is at the flight metabolic rate (FMR). During a flight, movement is
represented as a modified correlated random walk - individuals draw step distances from
habitat-specific distributions of step lengths observed for flights of that duration. For
example, if a four-second flight was drawn, a step from the distribution of step lengths
observed after four-second flights would be selected. The butterfly then moves forward at a
rate such that the step length is completed in the flight time (speed = step distance / step
duration). As step lengths were measured up to a maximum of every 15 seconds a long flight
may result in multiple steps being drawn before the flight has been completed. At the end of
each step and flight, a new heading is drawn from a habitat-specific distribution and added to
the current heading. If butterflies encounter the edge of a flower-rich patch a probabilistic
decision is made to either redirect their flight path to remain within the habitat or to cross into
the flower-poor patch. Butterflies within the flower-poor patches can perceive flower-rich
patches at a distance of 50m and a probabilistic decision is made to either direct flight
towards the nearest flower-rich patch or to maintain the direction of their current flight path.
Butterflies with no mobilised energy that are in flower-rich patches, search for flowers, with a
flower considered discovered if a butterfly lands within a metre at the end of a flight — for
simplification, this ignores the small movements that take place as butterflies land on flowers.
The butterfly then extracts nectar to gain energy that is added to the mobilised store; lipid
stores are never replenished. As M. jurtina is protandrous and monandrous (Brakefield,
1982b; Scali, 1971), and typically quickly mated after emergence, we assume all females are
fertile from initiation. Eggs are then matured at a set rate and when ten mature eggs are

available, butterflies lay eggs in flower-rich patches. At the end of each day (ten hours of



simulated time) a 14 hour night period commences during which temperature corrected RMR

and egg maturation take place.
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Figure 2. Conceptual model. Dark grey boxes run every time-step while light grey dashed
boxes take place only the first time the inter-flight procedures are called. CRW refers to
correlated random walk. Numbers 1-11 refer to model processes detailed below in 2.3.3

Submodels.

2.3.3 Submodels

Here we present an overview of the submodels. Full details of the submodel processes,
including equations and supporting literature, are available in Appendix A. Where data below
are drawn from field observations these are presented in Chapter 5.

1. Survival. Butterflies with no lipid or mobilised energy stores are considered to have

died and are removed from the simulation.

2. Habitat recognition. Butterflies determine whether their current location is in a
flower-poor or flower-rich patch. This subsequently affects processes in flight and inter-
flight.



3. Activity selection. Butterflies select their next activity, which cycles between periods
of flight or inter-flight. The duration of flights and inter-flights is drawn from distributions of
those observed in the field and is habitat-specific.

4. Inter-flight. Between flights, butterflies remain stationary. RMR takes place.

5. Flight. Butterflies move across the landscape according to a correlated random walk
until the current flight time has elapsed. The rate of movement and the straightness of flight is
habitat-specific and is drawn from distributions collected from field observations. FMR and

egg maturation take place.

6. Edge response. Butterflies in flight detect the edges of flower-rich patches and can
redirect their movement to remain in the flower-rich patch or cross into a flower-poor patch

at a set probability.

7. Locating new habitat. Butterflies in flower-poor patches can redirect their flight
towards flower-rich patches that can be perceived visually at a distance of 50 metres. The
choice to direct flight towards flower-rich patches is undertaken at a set probability.
Butterflies that select to return to a flower-rich patch fly directly towards the nearest such

patch.

8. Energy budget. The energy loss of butterflies is determined by whether the butterfly is
in inter-flight (RMR) or flight (FMR). Available energy is either mobilised energy in the
form of sugars derived from foraging, or in the individual’s non-replenishing lipid stores.
Energy is subtracted first from the mobilised energy until it is exhausted at which point the
butterfly draws on its lipid stores.

9. Foraging. Butterflies with no mobilised energy forage for flowers. Butterflies in
flower-rich patches that land within a metre of a flower extract nectar to gain mobilised
energy. The time taken to extract nectar is taken from field observations of nectaring
durations and is added to the inter-flight time. After nectar has been extracted from flowers
they cannot supply further nectar until one hour of simulation time has elapsed, thereafter
nectar is again available. The amount of energy per flower is estimated from field
observations of nectar production and content (Hicks et al., 2016).

10. Egg maturation & oviposition. Female butterflies initially have a supply of 200
immature oocytes that mature into eggs during the simulation. Egg maturation requires the

provision of lipid from the lipid energy stores at a rate observed in laboratory experiments



(Berger et al., 2008). When ten eggs have been matured, eggs can be laid in flower-rich
patches. Specific details of the egg-laying behaviour of the butterfly are not modelled

explicitly within the simulation and only the total number of eggs laid is recorded.

11. Night. Every ten hours of simulated time a night procedure is called during which
body temperature is assumed to be ambient air temperature and energy is lost through
temperature-corrected RMR and egg maturation rates using Arrhenius kinetics.

2.3.4 Initialisation
Population size varies between simulation experiments (see below) and is set on initialisation.
Butterflies are located randomly. Flowers are located randomly within flower-rich patches.

Default parameters used during the simulation are shown below in Table 1.



Table 1. Default parameter values of the butterfly model with sources. Further details of

parameter estimates are available in Appendix D.

Parameter Value Units Reference Notes
Flight durationsf 13* S -~
Inactive durationst 64* S --
Nectar durations 57* ) -
Resting metabolic 0.13* ml CO, hour* | (Lebeauetal.,
rate 2016a)
Flight metabolic 0.82* ml CO, hour* | (Lebeauetal.,
rates 2016a)
Mass 100* mg (Lebeau et al.,
2016a)
Step distances 1 4.6* m --
Edge crossingf 0.39 -- -- Calibrated
Habitat returning 0.004 -- -- Calibrated
Assimilation 0.98 % (Hainsworth et Vanessa cardui
efficiency al., 1991)
Energy of sugar 16.74 Jmg? (Clements,
1992)
Energy of lipid 40 Jmg? (Kleiber, 1961) Dry mass
Joules per ml of 21.1 Jml? (Hill et al.,
€O, 2004)
Lipid fraction of 20 (on % (Vande Velde Parage aegeria
body emergence) and Van Dyck,
2013)
Flower 1 hour (Luoetal.,
replenishment 2014)
Sugar per flower 0.061%, mg hour 1 (Hicks et al., C. nigra, T.pratense
unit 0.002* 2016)
Egg maturation 0.564 Eggs hour 1 (Berger et al., P. aegeria at 30°C
rate 2008) rate depends on
temperature and age
Activation energy 0.62 eV
Reference 30 °C (Lebeau etal., | Day time metabolism
temperature 20164a) and egg maturation
Energy of lipid per 0.4 J (Wiklund and
eqg Karlsson,
2019)
Lipid fraction of 7 % (Garcia-Barros, Wet mass
eqg 2006)
Maximum number 200 (Brakefield, Maximum egg-laying
of immature 1982b; Grill et | capacity in laboratory
oocytes al., 2013; 150-350
Lebeau, 2015)
Water fraction of 73 % (Mazer and 63-73 reported across
adult mass Appel, 2001; species, P.aegeria
Scriber et al., ~73%
2012; Wagner
and del Rio,
1997)
Sensory radius 1,50 m - Flowers, flower-rich

patches

* represents mean values from empirical distributions, 1 denotes parameters which are habitat-specific.



2.3.5 Emergence

Four main features emerge from the model structure. First, the quantity of habitat within the
landscape affects the reserves and subsequent longevity of the butterflies. Energy is used
during inter-flight and flight, thus maintenance of lipid energy stores is supported by access
to nectar provided by flowers and collected during foraging. Second, landscape composition
influences the total number of eggs laid by females, as lipid energy stores must be shared
between metabolism for survival and egg maturation. Third, edge responses and locating new
habitat cause changes in the density of butterflies in the field margin (flower-rich) and
flower-poor patches. These behaviours increase the proportion of time spent in flower-rich
patches that is likely adaptive behaviour for increasing foraging success and reproductive
fitness. Further, the locating new habitat procedure generates an observed behaviour termed a
foraging loop (Conradt et al., 2000; Conradt and Roper, 2006) which occurs when butterflies
leave flower-rich patches but soon after return. Fourth, movement rates and activity are
habitat-specific, this causes variability in displacement rates and population densities that are

dependent on landscape composition.

2.3.6 Adaptation

Movement rates and activity change in response to habitat type that increases time spent in
flower-rich habitat and reduces time in flower-poor habitat. Edge responses and locating new
habitat are presumed to have similar effects. Butterflies are assumed to only take nectar when
their mobilised resources are depleted, to leave time for fitness-enhancing behaviours which
are not here explicitly modelled (i.e., mate detection, host plant detection, predator avoidance,

basking and thermoregulation).

2.4 Model calibration

Probabilistic decisions in edge response and locating new habitat were calibrated using
rejection Approximate Bayesian Computation (van der Vaart et al., 2015) to match model
outputs to observed densities within field and ghost margins. Upper and lower values of a
uniform prior for edge response were estimated from a small experiment conducted during
data collection (Appendix D) and values reported in the literature (Conradt and Roper, 2006).
Limits of a uniform distributed prior for locating new habitat were guestimated by relating
observations of the proportion of butterflies performing foraging loops in the literature
(Conradt and Roper, 2006) to those that would result from the model structure implemented.



200 values were drawn from the priors using Latin hypercube sampling prior to the
simulation (Thiele et al., 2014).

2.5 Model validation

The model was validated against five patterns observed for M. jurtina: an outdoor experiment
measuring lipid used under varying resource availability (Lebeau et al., 2016b), field
observations of egg-laying rates and survivorship (Brakefield, 1982b), butterfly densities
within field margins, and medium-term displacement predictions for flower-poor and flower-

rich patches.

Lebeau et al.’s experiment (Lebeau et al., 2016b) explored the relationship between
metabolism, resource density, and lipid reserves. Twenty wild-caught individuals of M.
jurtina were placed in an outdoor flight cage in either a high or low nectar treatment, which
corresponded to 100 or 10 inflorescences per cage respectively. The resource densities were
chosen to mimic field densities of resources observed in high and low-quality habitats.
Flowers of the brown knapweed Centaurea jacea (Linn,) were used for the high nectar group
and the red clover Trifolium pratense (Linn.), for the low nectar group. Butterflies were left
for 48 hours and afterwards, individuals were collected and the remaining lipid reserves
measured. The IBM was set up to replicate the experimental design. Twenty individuals were
initialised in a ‘flight cage’ (5x10m in the simulation) with access to either 100 or 10 flowers
of the common knapweed Centaurea nigra (Linn.) or T. pratense. C. nigra was chosen to
replace C. jacea as it is a closely related species with values of nectar sugar production
available in the literature (Hicks et al., 2016). Butterflies were initialised with 16% dry body
mass as lipid as it was assumed that wild-caught individuals would have lower lipid levels
than those of freshly emerged individuals. As the focus was on changes in lipid reserves
between treatments and not variation between individual butterflies, the butterflies were
initialised with the same mass, FMR, and RMR across experiments by Lebeau et al., (2016b).
Flight activity and movement during the simulation were derived from Chapter 5. The
simulation was run for 48 hours of simulated time after which remaining reserves were
converted to changes in the proportion of body mass as lipid. During the experiment, it was
observed that flight activity of the low nectar group was reduced by ~50% which had a small
influence on predicted lipid use. To account for this we present results of simulations where

this effect was approximated by halving the flight time (half-day of flight activity per day) in



the low nectar group. The experiment was repeated ten times, simulating the response of 200

butterflies.

Fecundity and survivorship of natural populations of M.jurtina were measured in capture-
recapture studies by Brakefield (Brakefield, 1982b). To compare these to model outputs,
flower species and densities in the previous experiment were selected as representative of
good and poor quality resource areas to which an intermediate category of resource density
was added. A total of twenty butterflies were initialised in a flight cage and engaged in flight
activity and movement for 30 days of simulated time or till there were no surviving
butterflies. As butterflies differ in their initial mass, FMR and RMR which can influence
longevity, the butterflies were initialised with individual masses, FMRs and RMRs at values
by Lebeau et al., (2016b). The simulations were run for each resource density (10, 50, 100
per cage) and resource type (C. nigra, T. pratense) combination providing six estimates of

survival time and total eggs laid. Five repeats were conducted per treatment.

Ten-minute Euclidean displacements for M. jurtina across flower-rich and flower-poor
habitats were reported in Chapter 5 and these were compared directly with model outputs of

predicted displacement.

2.6 Sensitivity analysis

A local sensitivity analysis was performed to evaluate the influence of key parameters on
lipid stores, which directly influence longevity and egg production. Each parameter in turn
was adjusted + 10%, with 10 replicates, while other parameters held constant. Effects on lipid

stores were recorded after 48 hours of simulated time.

2.7 Exploration of the effects on butterflies of field margin design

Two simulation experiments were conducted to explore the influence of quantity and quality
of field margins within agricultural landscapes on the lipid use, longevity and fecundity of M.
jurtina. In the first, the amount of land set-aside for field margins was varied with the density
of nectar resources held constant. In the second experiment, the area of field margins was

kept constant but the density of nectar resources within the field margins was varied.

For the first experiment, a 100 ha landscape was used and the area assigned to field margins
was varied, being one of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4 ha. These values cover the range



of set-aside recommended for nectar-rich plots and margins in current agri-environment
schemes (Defra, 2019). At the start of each simulation, each field margin patch was seeded
with 25 flowers of C.nigra giving an intermediate flower density (Lebeau et al., 2016b) of 1
flower per m2. Butterflies were then randomly placed and the model was run for two weeks of
simulated time after which longevity, total eggs laid per individual and the proportion of
survivors were recorded. To observe any effects of population density the simulations were
repeated with four initial population sizes (500, 5000, 10000 and 50000) for 10, 5, 2, and 1

replicates respectively.

For the second experiment, the same method was used but the number of C.nigra flowers per
field margin patch was varied (2, 5, 10, 15, 20, 30, 40 and 50). The field margin area was
held constant at 2.5ha, the recommended value for flower-rich plots and margins per 100ha

area in the current CSS guidance (Defra, 2019).

3 Results

3.1 Validation

IBM outputs matched all five data patterns well (Fig. 3 and below). The Euclidean distance
moved in 10 minutes, here termed displacement, matched in both flower-poor and flower-rich
habitats, though was slightly under-predicted in the flower-poor areas (Fig. 3A). Predicted
and observed butterfly densities were very similar, though slightly under-predicted at 5
metres from the margin (Fig. 3B). Lipid content in the high and low nectar treatments of
Lebeau et al., (2016a) was well predicted by the model (Fig. 3C).
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Figure 3. Match of model outputs to three data patterns. Data are presented in red and model
predictions are in black. A) 10-minute displacements; B) densities of butterflies in field and
ghost margins, individual model runs indicated by light grey lines; C) Change in lipid content
over 48 hours between nectar poor and rich treatments, The data are obtained from Lebeau et
al., (2016a).

Model outputs were also matched to data on fecundities and survivorship presented by
Brakefield (1982b). In the absence of data on flower quality in Brakefield (1982b), flowers
were simulated across a quality range bounded by the nectar poor and rich treatments of
Lebeau et al., (2016a): the numbers of eggs produced by the butterflies (50 — 90) compared
well with those reported (66 — 80). Lifespans were also similar (predicted: 5.1 — 13 days,
observed: 5-12 days).

3.2 Sensitivity analysis

The sensitivity of lipid use to key model parameters is shown in Table 2. Model outputs were
the most sensitive to changes in flight and resting metabolic rates, and nectar sugar per
flower. This is expected as these parameters have the most direct effect on an individual’s
energy balance. The next highest sensitivities were parameters involved with flight activity
(inter-flight and flight durations) and the rate of nectar replenishment in flowers. Finally, the
model was robust to variation in the radius of vision of butterflies for interacting with flowers

and the rate of egg maturation.



Table 2. The sensitivity of lipid use to changes in key parameter values presented as the
average % change in output relative to 10% changes in parameter, + standard deviations.

Signs demonstrate directions of change.

Parameter Relative sensitivity of lipid
use %

Inter-flight durations 21+05
Flight durations -26+£04
Resting metabolic rate -41+£1.2
Flight metabolic rate -3.7+£0.7
Vision radius 0.3+1.0
Egg maturation rate -05+£14
Nectar sugar content 3.1x+1.0
Nectar replenishment time -22+15

3.3 Effects on butterflies of the design of field margins

The amount of land assigned to field margins had a strong influence on both the number of
eggs laid and the average lifespan of individuals (Fig. 4). Between the upper and lower limits
of the recommended set-aside area for field margin and nectar plots by the CSS (1-3 ha per
100 ha), there was a 1.6x increase in the number of eggs laid in the field margin, and mean
lifespan increased, from 4.5 to 5.5 days. Across the full range of values tested (0.5 — 4 ha),
there was over a 3x difference in the number of eggs laid and an increase in ~1.5 days in
average lifespan. The quality of the margin (density of flowers) had a more modest effect on
outcomes and only at low densities below 1 flower per m2 were butterflies affected, though at
the highest population size, increases in eggs laid and lifespan increased approximately

linearly throughout increasing flower density.

Outcomes after two weeks were generally similar, whatever the initial population size where
this was below 10000, though resource competition had some effect at lower flower densities
(Fig. 4C, D). At the highest population size (50000 butterflies) the effects of competition
were seen in all scenarios as populations had lower lifespans and laid fewer eggs (Fig. 4).
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Figure 4. Responses of butterflies to the amount of quality habitat, and the density of
flowers. The amount of quality habitat is measured as % land assigned to field margins; the
resultant eggs and lifespan are shown in A and B respectively. Responses to flower density
are shown in C and D. Coloured lines show results after two weeks for different sizes of
starting populations. Dashed lines in A & B show min and max recommendations from CSS

for the category “nectar-rich plots and margins”.

4 Discussion

National declines in insect abundance and richness are generally linked to the reduction of
floral resources and landscape intensification (Baude et al., 2016; Biesmeijer et al., 2006;
Goulson et al., 2015; Potts et al., 2010), making the prediction of the responses of butterflies
to varying habitat structures and compositions an important yet challenging task. Butterflies
exhibit behaviours such as responding to habitat edges and habitat-dependent movements
(Conradt et al., 2000; Conradt and Roper, 2006; Delattre et al., 2013, 2010b; Schtickzelle et
al., 2007; Schultz et al., 2012) that reduce the utility of simple random walk approaches.
Further, modelling the responses of life-history outcomes, such as survivorship and fecundity,
requires coupling accurate movement and activity predictions with interaction with resources

in the environment. The IBM model described here provided credible representations of key



features of the behaviour and life-history responses of M. jurtina across different habitat
types. This demonstrates the model has the potential to be a useful tool for conservation
management, as it allows prediction of the effect of a particular management scenario on

outcomes important for population-level effects.

We used the IBM to make some preliminary predictions of the effect of agri-environment
scheme scenarios on life-history outcomes for M. jurtina. The effectiveness of these schemes
is of considerable interest, with evidence accumulating towards the necessary requirement of
set-aside to sustain populations (Dicks et al., 2015; Redhead et al., 2015; Sutton et al., 2017).
While generally more is better (Fig. 4), egg production showed diminishing returns from
increasing the proportion of land assigned to field margins. Such results are important in
evaluating trade-offs between improving habitat for butterflies and maximising productive

land for economic benefit.

Compared to the extent of field margins, flower density and population size had smaller
effects on average fecundity and lifespan. For flower density, this suggests that flower
resources are not limiting at moderate densities. It is also possible that for M. jurtina, whose
larvae feed on grass, flower densities are generally less important than locating suitable
habitat in which to lay eggs, as even with access to sparse and poor quality resources,
butterflies are able to sustain themselves through increased lipid use over the first few days
(Fig. 3) (Lebeau et al., 2016b) coinciding with periods of maximum fecundity (Berger et al.,
2008; Gibbs et al., 2010a, 2010b). Consequently, with access to grassy habitats, they should
remain fecund even in low resource environments. The small effect of initial population sizes
below 100/ha suggests that competition is then of minor importance. It is, however, possible
that competition effects not included in the model such as male territorial behaviour (Shreeve,
1984) or female harassment (Odendaal et al., 1989) may increase the effect of population

densities on life-history outcomes.

The model has further limitations worth addressing. Our activity budgets and movement rates
were habitat-dependent, as is found across multiple butterfly species (Brown and Crone,
2016b; Delattre et al., 2010a; Fownes and Roland, 2002; Ovaskainen et al., 2008a; J. Roland
et al., 2000; Schtickzelle et al., 2007). However, the extent to which movement and activity
respond dynamically to habitat quality in terms of the number of resources perceived by
individuals is not well understood for any species (Bartumeus et al., 2016; Nathan et al.,
2008). To build models that can handle these dynamic effects may require developing



frameworks and theory of a higher order that attempt to understand how animals adapt
movements to both their local conditions and current motivations, and so better represent
behaviour in novel conditions (Nathan et al., 2008). Despite these caveats, the model was
able to well match empirical patterns across a range of metrics, suggesting that it offers

insight into the response of M. jurtina to the range of scenarios explored here.

The sensitivity analysis demonstrated that lipid reserve use, and therefore longevity was
sensitive to both the quantity of sugar in the nectar and the rate of replenishment of nectar in
flowers (Lebeau et al., 2016b). There is therefore potential for the model to be used to
explore more broadly the relationship between nectar quality and life-history outcomes in
agri-environment schemes. The CSS (Defra, 2019) recommends flower species for use in
nectar plots and margins, and numerous commercial seed mixes are also available for this
task, with the sugar content of many of these resources quantified (Hicks et al., 2016). This
information and the IBM provide the potential to quantify in more detail the effect of specific
management scenarios on M. jurtina. Finally, although the model here is parameterised for
M. jurtina there is potential for the model to be applied to other butterfly species by scaling
movement, activity and metabolism to body size and modifying host plants and nectar
resources appropriately. Viewing the differences between butterfly species in terms of
parameters that influence the movement, activity and response to habitat structure and
composition could provide a useful conceptual framework for understanding the differences

in the response of different species to changing habitats and landscapes.

5 Conclusion

IBMs have the potential to address management issues which are challenging to study
experimentally or to model without the inclusion of the detailed processes which ultimately
drive outcomes (Evans, 2012). Here we have developed a process rich model IBM to attempt
to address the question of how the quantity and quality of field margins influence life-history
outcomes for butterflies. We hope this builds on the large successes in butterfly movement
modelling and provides a platform for further investigation of applied conservation questions,

providing insight much required in a rapidly changing world.
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