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Abstract

The chequered skipper butterfly Carterocephalus palaemon was reintroduced to Fineshade
Wood, England in 2018 as part of a Butterfly Conservation-led project following several
years of planning. From 2019-2022, the population was sampled each May—June by the
lead author, timed count volunteers, Butterfly Conservation staff, and casual observers.
A novel photographic mark-recapture (PMR) technique was trialled as an alternative to
mark-release-recapture (MRR). In conjunction with timed counts, PMR was used to photo-
identify individual C. palaemon through each butterfly’s upperside (ups) wing markings,
estimate daily and gross population size, detect movements, and determine lifespan. As
capture and recapture can be achieved non-invasively using PMR, habitat disturbance, the
potential to influence butterfly behaviour, accelerate wing wear, affect mate selection and
predation, and heighten mortality risk through handling are eliminated. We found PMR
to be a viable alternative to MRR for a sensitive reintroduction of a low-density species
with unique ups markings such as C. palaemon. Using capture histories generated through
PMR, from a known founder population size of 42 butterflies in 2018, we estimated the
population at Fineshade Wood had increased to 618 butterflies (+1371.43%) by 2022.
Movements of up to 2.22 km over a time period of 17 days were also detected. Lastly, we
discuss the implications of PMR for population sampling of other Lepidopterans, and the
potential to improve cost-efficiency of the technique using machine-based learning tools.
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Introduction

Sampling techniques such as transect counts and mark-release-recapture (MRR) are essen-
tial tools for Lepidoptera conservation (e.g. Pollard 1977, 1982; Taron and Ries 2015; van
Swaay et al. 2020). Butterflies, in particular, are visible indicators of the broader state of
biodiversity, and presently the invertebrate taxon for which population trends can be best
estimated in many parts of the world (e.g. de Heer et al. 2005; Thomas 2005; Hallmann
et al. 2017; Seibold et al. 2019; van Swaay et al. 2019; Wepprich et al. 2019; Wagner et al.
2021; Fox et al. 2023; Ulrich et al. 2023). As butterfly species have annual lifecycles, they
respond rapidly to environmental change, making changes in population health easy to
detect over short periods of time (Thomas 2005; Rékosy and Schmitt 2011; van Swaay
and Warren 2012). Photographic mark-recapture (PMR) is a non-invasive, inexpensive
technique primarily used in marine biology to estimate abundance of Cetacea and Elasmo-
branchii (e.g. Rosel et al. 2011; Fearnbach et al. 2012; Gore et al. 2016; Tubbs et al. 2019).
However, the potential application of photo-identification to butterfly population studies
has not yet been fully explored.

MRR is an established sampling technique that requires a butterfly to be captured in a
net and its wings given a unique mark or number in ink, enabling later identification of the
individual (see Ehrlich and Davidson 1960; Thomas 1983a; Murphy et al. 1986; Warren
1987; Williams 2002; Junker and Schmitt 2010; Pennekamp et al. 2014; Habel et al. 2018;
Williams et al. 2018; Sielezniew et al. 2019; Hinneberg et al. 2023). MRR is invasive, time
and resource-intensive, and unsuitable for endangered or sensitive species due to the uncer-
tain risk of mortality, imperfect handling leading to mutilation, marking affecting mate
selection and predation, and effect of disturbance on behaviour (e.g. Singer and Wedlake
1981; Morton 1982; Gall 1984; Mallet et al. 1987).

An experimental PMR technique was developed to estimate abundance of the chequered
skipper butterfly Carterocephalus palaemon (Pallas 1771). C. palaemon is a univoltine
species with a 29-31 mm wingspan that flies between May—June at lower altitudes, and
July in mountainous areas of southern Europe above 1600 m (Higgins and Riley 1983;
Tolman and Lewington 2008; Haahtela et al. 2011). It is colloquially known as the arctic
skipper in North America (Bird et al. 1995). Male C. palaemon are territorial and take
flight from perches offering good visibility of surrounding vegetation to chase off other
males and invertebrates before circling back to the same perch or one nearby. Here they
await mating opportunities with the more transient female (Ravenscroft 1992; Moore 2004;
Thomas and Lewington 2016; Eeles 2019).

Females are more elusive than males, preferring to flutter amongst denser, scrubbier
vegetation in search of suitable hostplants on which to lay eggs. Females lay singularly on
the underside of grasses such as wood small-reed Calamagrostis epigejos (Warren 1990),
meadow foxtail Alopecurus pratensis (Tolman and Lewington 2008), purple moor-grass
Molinia caerulea (Weidemann 1988), false brome Brachypodium sylvaticum (e.g. Rollason
1908; Wood 1908; Ravenscroft 1991; Ravenscroft and Warren 1992), heath false brome B.
pinnatum (Collier 1966), hairy brome Bromus ramosus (Frohawk 1892), and Yorkshire fog
Holcus lanatus (Moore 2004). Fletcher (1899) found that larvae “fed freely on all grasses
offered to them, but seemed to prefer wide-leaved species” in former English populations,
where B. sylvaticum and B. pinnatum were believed to be the main hostplants (Emmet
and Heath 1989). C. palaemon is known to nectar on 18 species of flowering plant, but
expresses a strong preference for blue, pink, purple, and white flowers such as bugle
Ajuga reptans, bush vetch Vicia sepium, bluebell Hyacinthoides non-scripta, marsh thistle
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Cirsium palustre, and bramble Rubus fruticosus agg. amongst others (Frohawk 1934; Far-
rell 1973; Collier 1978, 1986).

C. palaemon was declared extinct in England in 1976 after a precipitous decline begin-
ning in the late 1940s-early 1950s (Wildman et al. 2022) caused by afforestation, coppic-
ing abandonment, insufficient or inappropriate woodland management, and other environ-
mental and anthropogenic drivers (e.g. Farrell 1973; Lamb 1974; Peterken and Harding
1974; Peterken 1976; Collier 1978, 1986; Warren 1990; Ravenscroft 1992, 1995; Moore
2004; Wildman 2023). In 2018, the species was reintroduced to Fineshade Wood, North-
amptonshire as part of a project led by Butterfly Conservation. Male and female adult but-
terflies were caught in the Fagne-Famenne region of Belgium, transported in cool boxes,
and released at Fineshade Wood within 48 h of capture. Further releases took place at the
same site in 2019 and 2022.

PMR was preferred to MRR at Fineshade Wood to minimise trampling of suitable
habitat (to set a precedent to the large number of volunteers undertaking timed counts on
site), and due to low population density rendering traditional marking methods by a single
person non-viable. Sampling intensity was therefore highly increased through collection
of photographs taken by volunteers and visitors. PMR provided a unique opportunity to
utilise photographs taken by a large number of volunteers, Butterfly Conservation staff, and
casual recorders by adding them to those taken by the lead author during four May—June
flight periods from 2019-22.

In this study, photographs are used to annually estimate the size of the reintroduced
population, and minimum lifespans (duration between initial and last capture) and flight
distances of individual butterflies. We aim to determine the efficacy of PMR as a non-
invasive alternative to MRR population sampling and test our hypothesis that absolute
population size can be estimated using a measure of encounter rate. We discuss our findings
in relation to the ecology of C. palaemon at Fineshade Wood and consider population size,
individual butterfly movements and lifespan derived from this technique in relation to other
studies of C. palaemon. Lastly, we consider the potential for algorithm-based deep-learn-
ing PMR to assist with abundance, lifespan, and movement estimates for rare, endangered,
or reintroduced (and hence likely to be vulnerable as they may not be fully established)
butterfly species.

Methods
Population sampling

A detailed site map of 29 primary, secondary, and tertiary rides at Fineshade Wood was
created, with each ride split into sections and assigned an alphanumeric code. Maps were
given to recorders along with United Kingdom Butterfly Monitoring Scheme (UKBMS)
C. palaemon timed count recording forms. Recorders were allocated walking routes in an
attempt to ensure unbiased spatial and temporal coverage of the site, however primary and
secondary rides still saw greater coverage than tertiary rides. Typically, between 10-26
sections were surveyed per recorder per day, depending on how long they remained on site,
their pace, and work rate. This study was conducted over four consecutive flight periods
to detect interannual fluctuations in population size, mobility, and lifespan rather than a
single season, which would limit insight (e.g. Schtickzelle et al. 2002; Franzén et al. 2013;
Nowicki 2017). The site was surveyed for 75 flight period days for a mean 10.2 h and
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maximum 29.2 h per day, excluding 10 days on which timed counts were cancelled. Rides
were walked at a slow pace singularly or in pairs the centre of the rides to minimise habitat
disturbance. When a native English or marked, translocated Belgian adult C. palaemon
was detected, the time and location was recorded using an eight or 10-figure Ordnance
Survey (OS) grid reference, it was sexed, its wing wear scored from four (perfect) to one
(well-worn) and activity noted, as is typical in MMR studies (Thomas 1983a). Photographs
were often taken during encounters, but not attempted in all cases due to the brevity of
some sightings. Surveys were cancelled in the event of unsuitable weather. At the end of
each flight period, a dataset of C. palaemon sightings was created using data transcribed
from UKBMS forms and casual records submitted through email from trusted surveyors.
Survey effort, C. palaemon encounter rate per ride section, and daily population indices
were then calculated.

Photo-identification

Submitted images and those collated from verified sightings on iRecord (UKCEH 2022a)
were converted to .jpg format when necessary and titles reformatted to contain the fol-
lowing information in this order: species, sex, ride section, dd/mm/yyyy, time, recorder
name, image number (if multiple photos of the same encounter existed). Information for
file names was obtained from image metadata and cross-referenced with recording forms
and email correspondence to ensure accuracy. Occasionally, temporal metadata did not
match times stated on recording forms. Inconsistencies were found to be due to personnel
taking photos before or after recording encounters on monitoring forms, or photographic
equipment being incorrectly configured. Anonymous photos, or photos from unverifiable
sources without complete geospatial and temporal data that did not match any accepted
records were excluded from analysis. Photos were visually assessed in chronological order,
and individual specimens identified through differences in upper-forewing (upf) and upper-
hindwing (unh) markings. Observer bias was not a factor during cataloguing as photo-iden-
tification was carried out by the lead author only.

Photos in which individual C. palaemon could be identified through unique wing pat-
terns were then catalogued. A folder was created for each individual C. palaemon speci-
men and given an alphanumeric code to represent the year (first two digits), specimen num-
ber (third and fourth digits), and sex (letter) (e.g. 1901M). A ‘B’ was added to codes of
translocated 2019 Belgian specimens, which were marked with pen (but not uniquely to
avoid undue disturbance to the butterfly) prior to release to differentiate them from the first
generation of native English C. palaemon. Specimen codes were matched to C. palaemon
records on the original dataset. Image titles were not altered after cataloguing to ensure file
provenance was preserved.

The variability of C. palaemon wing patterns, particularly gold markings in the upf dis-
cal cell and interspaces between subcoastal veins v10 and v4 in discal, postdiscal, and sub-
apical wing areas enabled quick photo-identification of individuals. Three key upf mark-
ing groups were examined for variation (zones marked with 1, 2, and 3 in Fig. 1). Zone
1 (orange box) was interpreted as a solid gold triangle with a gap in its upper centre (if
viewed from the same perspective as the image). This gap was unique to each butterfly and
considered the most useful upperside (ups) marking for identification due to the relative
simplicity of its geometry. However, the geometry of markings in other zones — particularly
zone 3 (blue box) — were often as distinctive.
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Fig. 1 Image of a C. palaemon specimen with distinctive upper-forewing (upf) pattern zones highlighted
(right) and a different C. palaemon specimen (left) to illustrate variance in upf markings between butterflies
(Image credit: David James and Andy Wyldes)

Markings in zones 1, 2, and 3 survived wear, bleaching, and scale loss due to their
high contrast with the brown base colour, size relative to the upf, and more proximal
position than less distinct marginal markings. Using these zones, specimens up to
17 days old with a maximum wing wear of one could still be catalogued. Rather than
making specimens harder to differentiate, wing wear and/or damage was another unique
identifier than could be used to tell specimens apart, even in cases where markings in
one or more of the three key zones were obfuscated. Providing upfs were visible in pho-
tographs of high enough quality, there were no examples where C. palaemon could not
be catalogued, other than when only the right or left upf was visible. For example, a sin-
gle specimen showing only its left upf in a photograph could not be determined to be a
different butterfly from one showing only its right upf in absence of other distinguishing
features such as wing damage. However, in a year where only one specimen was pho-
tographed showing either its right or left upf alone, its markings could not be confused
with another specimen, and it was catalogued as normal.

Some variation also existed on the underside (uns) of both the forewing and hind-
wing, however the uns was less frequently photographed due to the propensity of C. pal-
aemon to rest in a wings-open posture. Unique markings on the uns were often sparser
and less distinct than on the upf, and only keenly studied in the absence of upf markings
or wing wear. Uns markings were much less distinctive for both sexes overall. A high-
resolution PC monitor was used to differentiate markings by eye. Images were compared
side-by-side, reoriented, and manipulated using Luminar 4 (Skylum Software 2020) to
enhance quality when necessary. Uns-only, blurred, or low-resolution images were dis-
carded and interpreted as missed capture events (equivalent to swinging a butterfly net
at a target and failing to capture it) — equal to encounters where photography was not
attempted at all. No photographs were taken of a number of C. palaemon seen on timed
counts during the four flight periods, however it was impossible to say whether those
sightings were of retrospectively known captured or recaptured specimens, or new but-
terflies that were never captured.
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Movements

Geospatial and temporal data from catalogued images were entered on to worksheets
according to sighting year. Observed lifespan was termed ‘minimum’ because the actual
lifespan of recaptured individuals was always greater than duration the time between initial
and last capture. No adult C. palaemon were observed from point of emergence to expira-
tion, or recovered after they had expired. For recaptured specimens, the capture date, time
of day, and GPS columns were repeated. Specimen codes, OS grid references, times and
dates of recaptured specimens were exported to QGIS (QGIS Development Team 2021)
in .csv format. The FSC Biological Records Tool plugin (Field Studies Council 2022) was
used to plot data as circular 10 m points (equivalent to an eight-figure OS grid reference)
on a Google satellite map layer to standardise resolution. Straight line and ride-level meas-
urements were taken between consecutive capture points, which is an established metric
for describing the movements of recaptured butterflies (Fric and Konvicka 2007; Junker
and Schmitt 2010; Weyer and Schmitt 2013; Pennekamp et al. 2014; Ehl et al. 2019). Each
movement was measured from the middle of each ride (centre of the short turf zone), equi-
distant from bordering ditches, scrub zones, and woodland edge to negate inaccuracies in
GPS data.

QGIS’ Measure Line tool was used to measure straight line and ride-level movements.
Straight line measurements were drawn as the crow flies from initial capture point to first
recapture, from first recapture to second recapture, and so forth, irrespective of whether the
line passed over woodland, hardcore tracks, or other linear features. Ride-level measure-
ments were drawn by following the approximate centre of each ride section and turning 90°
at junctions. In all cases, the shortest route that linked two points was chosen. This gener-
ated six variables: observed distance covered between any two points, furthest observed
distance from first capture point, and cumulative observed distance covered between all
points for both straight line and ride-level.

Distances were inputted on an Excel worksheet with the following column headings: ID
(specimen code without sex), sex, total captures, total recaptures, minimal lifespan, first
capture date, first capture time, last capture date, last capture time, and, for both straight
line and ride-level: total distance covered, maximum distance from first capture, and maxi-
mum distance covered between any two captures. Using these data, mean distance between
captures, mean distance covered per hour, and mean distance covered per day were calcu-
lated for each recaptured butterfly. Combined means for all male and females recaptured
between 2019-22 were generated as well as separate means for males and females. A map
of straight line movements between captures was created in QGIS.

Abundance

Once images were processed and catalogued, the specimen codes of individual native Eng-
lish C. palaemon and their corresponding raw PMR data were converted to encounter his-
tories on a worksheet with the following column headings: ID (specimen code minus sex),
sex, and days in chronological order beginning with the date of first capture of first individ-
ual to the date of last capture of last individual. Where a specimen was captured or recap-
tured on a given date, a ‘one’ (captured or recaptured) or a ‘zero’ (not captured or recap-
tured) was entered into the relevant column. Encounter histories were then extracted to a
plain text editor on which duplicate histories were combined and total duplicate histories

@ Springer



Biodiversity and Conservation (2024) 33:2011-2036 2017

entered at the end of each corresponding string followed by a semi-colon. For example,
if four individuals had encounter histories that matched the one printed below, the row
appeared as follows:

00010011000100004;

Encounter histories for 2019-22 were saved as separate .inp plain text files ready for
import to Program MARK (White and Burnham 1999) parameter estimation software.
Data reformatting followed instructions available in Cooch and White (2014). In 2018,
the first reintroduction year, a founder population of 42 Belgian C. palaemon (32 females
and 10 males) were released at Fineshade Wood. In 2019, a further 24 Belgian C. palae-
mon (12 males and 12 females) were released partway through the English flight period on
Julian day 146 to supplement the population. Belgian C. palaemon capture-recapture data
were excluded from all encounter rate calculations and population estimates to give a truer
indication of the size of the native English population year-on-year.

The POPAN formulation — a parameterisation of the Jolly-Seber model (Schwarz and
Arnason 1996) — was used to generate capture probability, apparent survival rate, daily and
super-population estimates. POPAN has been used to assess spatial and temporal dynamics
in butterfly Batesian mimicry systems, study demographic processes in butterfly metapop-
ulations, and estimate population size (Schtickzelle et al. 2002; Haddad et al. 2008; Prusa
and Hill 2021). Open populations of Cetacea and seals have also been monitored using
POPAN (e.g. den Heyer et al. 2013; Galletti Vernazzani et al. 2017; Zeng et al. 2020).
In Program MARK, .inp files for each flight period were selected, a title for the dataset
inputted, and the number of encounter occasions increased to match the number of days
the release site was monitored from first capture to last capture or recapture. Time peri-
ods between each sampling occasion were changed to indicate monitoring intervals not
equal to one day. In all cases, postponement of monitoring activity during flight periods
was caused by unsuitable weather.

Flight period was defined as the time period between first and last adult butterfly
encounters (not captures and recaptures) for all years. The number of covariates was left
at one, and the appropriate data type chosen (e.g. POPAN). For POPAN, a numerical esti-
mation run was executed by naming the run by study year and data type, and the model
as POPAN - p(*), phi(t), pent(t) (where p was capture probability, phi was apparent sur-
vival, and pent was probability of entry). The parameter-specific link function was chosen
for each analysis. Parameter Index Matrices (PIMs) were not respecified apart from pent,
which was indicated to be zero by changing the according MLogit(1) link function val-
ues to MLogit(0) to reflect the fact that the founder population was a closed, single-site
reintroduction with no probability of entry. The N super-population size estimate PIM was
changed to Log. An output of parameter estimates including daily (N-hat) and gross (N*-
hat) population estimates were generated and saved to a .txt file.

Daily POPAN population size estimates were tested against site-wide C. palaemon
encounter rates, a population index (Thomas 1983a), and total records per day using Spear-
man correlation in Statistical Project and Service Solutions (SPSS) (IBM Corp. 2021)
to establish whether statistically significant relationships existed between the variables.
Encounter rates were generated by transcribing handwritten UKBMS timed count data to
a worksheet. Total survey effort was calculated using minutes elapsed between the timed
count start and finish time of each ride section. Total survey effort per day for all ride
sections (in minutes) was divided by the total number of C. palaemon recorded that day
to generate a base encounter rate MinP (number of survey minutes per encounter). The
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encounter rate was derived from all C. palaemon records, not just photo-identified spec-
imens. All plots were created in Microsoft Excel (Microsoft Corporation 2021), bar the
scatterplot, which was generated using ggplot (version 3.5.0) in RStudio (R version 4.3.3,
R Core Team 2024).

Results
Population size

Population size was known in 2018 following the release of 42 adult C. palaemon (32
females and 10 males) at Fineshade Wood. The POPAN model estimated gross population
size N*-hat at 314 native English butterflies in 2019 (SE: 4.32x 10°) (a 647.62% increase
on 2018), 332 in 2020 (SE: 1.09 x 10°), 721 in 2021 (SE: 3.38 x 10°%), and 618 in 2022 (SE:
8.27%x10%), marking a 1371.4% — or near 33-fold — increase in five years (Table 1). In 2019,
the highest daily population estimate was 29.88 (SE: 11.19), 28.39 in 2020 (SE: 15.64),
13.64 in 2021 (SE: 5.74), and 21.36 in 2022 (SE: 7.62). From 2019-21, as expected, cap-
ture-recapture ratios were heavily biased to male C. palaemon (1.8:1 for captures and 3:1
for recaptures), whereas in 2022, a higher ratio of females than males were captured (1:0.7)
and recaptures were split equally between sexes (1:1).

For native English C. palaemon, encounters per minute per day Pmin, total records per
day Rec, and a daily population index Idx (calculated according to Thomas 1983a) were
tested against POPAN daily population size estimates N-hat for each flight period using
Spearman correlation in SPSS (IBM Corp. 2021). Data from each flight period were then
combined to provide an overall measure of association for the 2019-22 study period. A
total of 60 tests of association were carried out between variables and 34 found to be sta-
tistically significant. In 2022 and when data from all years (2019-2022) were combined,
significant p-value correlations were found between N-hat (daily population size estimates
generated through PMR histories) and Rec (total records per day), Idx (daily population
index), and Pmin (C. palaemon encounters per minute per day). Paired sampled t-tests were
performed with combined years N-hat correlated variables (Pmin: t=9.415, p= <0.001;
Rec: t=3.687, p= <0.001; Idx: -8.423, p= <0.001). Our hypothesis — that absolute pop-
ulation number calculated through PMR is correlated with a measure of encounter rate
— was therefore correct.

The POPAN model indicated a sharp increase in abundance within 3—4 days of the
start of each flight period (see Fig. 2). A classic bell-shaped curve was generated by the
model in all years, which was expected given the butterfly’s short flight period. This curve
was less well-defined in both 2020 and 2021, but still comparable to conventional butter-
fly mark-release-recapture and capture-mark-recapture results (e.g. Ehrlich and Davidson
1960; Brussard 1971; Dempster 1971; Thomas 1983b; Warren 1995; Brereton 1997; Lewis
et al. 1997; Roland et al. 2000; Hinneberg et al. 2022). Model estimates lagged behind
actual increases in observations early in 2019 and 2020 but pre-empted increases towards
population peaks in both 2021 and 2022. Elapsed time per C. palaemon encounter was
lower in 2019 and 2020 (a mean of 67 min and 125 min, respectively) than 2021, where
elapsed time per encounter rose to 292 min. In the following year, 2022, the mean halved
to 146 min per sighting. Survey effort declined in 2020 as a consequence of COVID-19
movement restrictions but recovered in 2021. Daily population size estimates did not vary
proportionally with the difference in total survey effort between the two flight periods.
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Fig.2 Daily flight period records (native English C. palaemon only), photographic captures and recaptures,
and POPAN model population size estimates (N-hat) per Julian day for a 2019, b 2020, ¢ 2021, and d 2022
(note differences in horizontal axis scaling)

Daily records, capture, and recapture abundance remained low for all years, with
records only exceeding 20 per day twice. Captures per day reached double figures on
one occasion, and there were never more than six recaptures in a day. Larger totals were
seen in 2019 and 2022 than 2020-21, with capture and/or recapture events occurring on
17 days in both years, compared to 11 in 2020 and 14 in 2021. A mean 2.1 captures and/
or recaptures occurred per day for all years, and 0.9 per day for recaptures alone. These
values were negatively affected by days with no survey effort, such as in 2021, where
monitoring was suspended at the presumed end of the flight period, however a casual
survey three days later resulted in a C. palaemon record that extended it. On occasion,
survey effort was cancelled due to poor weather or when volunteers were unavailable.
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2021

Gross capture-recapture rates

Over the four flight periods (2019-22), 453 C. palaemon records were submitted. Of
these 453 records, 101 individual native English and translocated Belgian C. palaemon
were photo-identified (i.e. captured) (Table 2), meaning that 22.3% of all recorded C. pal-
aemon were captured using PMR. Of these 101 individuals, 44 (39.6%) were recaptured
(i.e. identified using a photograph taken during a previous encounter) and 75 movements
detected (Fig. 3). In total, twenty-three C. palaemon were recaptured once, thirteen were
recaptured twice, six were recaptured three times, and two were recaptured four times.
Only two Belgian C. palaemon — a male and a female — were recaptured one time each

Table 2 Total native English and translocated Belgian C. palaemon records, photographic-mark-recapture

(PMR) captures and recaptures at Fineshade Wood, 2019-22

Year Total Total % captured Female- Total % recap- Female- Total
records captured male recap-  tured male recap-

capture tured recapture  tures
ratio ratio

2019 173 35 20.2 1:1.7 11 31.4 1:2.7 21

2020 60 16 26.7 1:1.7 9 56.6 1:3.0 13

2021 65 21 323 1:2.0 10 47.6 1:3.3 13

2022 155 29 18.7 1:0.7 14 48.3 1:1.0 28

Overall 453 101 22.3 1:14 44 45.9 1:1.8 75

Year

® 2019
® 2020
® 2021

2022

{
¢
/
\

/

100 200 m

Fig.3 Photographic mark-recaptured male and female English and Belgian C. palaemon movements at Fine-
shade Wood, 2019-22 (n=75). Each point represents an eight or ten-figure OS grid reference at which an indi-
vidual was captured or recaptured. Straight lines connect points in order from initial capture to last recapture
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Table 3 2019 native English C. palaemon and translocated Belgian C. palaemon records, photographic-
mark-recapture (PMR) captures and recaptures. This table does not include eight C. palaemon sightings of
unknown sex in 2019 or 2022 data, as only five Belgian C. palaemon were released at Fineshade Wood and
none were recaptured that year

Origin  Total Total % captured Female- Total % recap- Female- Total
records captured male recap-  tured male recap-
capture tured recapture  tures
ratio ratio
Belgium 35 10 28.6 1:2.1 2 20.0 1:1 2
England 130 25 19.2 1:1 9 36.0 1:3.5 19

in 2019 (Table 3). A higher ratio of males than females were captured (1.4:1) and recap-
tured (1.8:1) across the four flight periods. Total records declined markedly in 2020 and
2021 compared to 2019 (-65.3% and -62.4%, respectively), but this was not mirrored by an
equivalent decrease in captured specimens (-54.3% in 2020 and -40.0% in 2021). Records
more than doubled in 2022 to 155 and total captures rose to 29 — only six less than in 2019
(a year in which 24 Belgian C. palaemon were released). Despite fewer butterflies being
captured in 2022 compared to 2019, more were recaptured (14 versus 11) — an increase of
16.9%. Notably, in 2019, 2020, and 2021, female:male capture and recapture ratios were
heavily biased to males, however in 2022, more females were captured than males, and
recaptures were equally split between sexes. Total recaptured specimens remained rela-
tively stable despite the large variance in total records submitted across the four flight peri-
ods. Wing wear data were considered too sparse to be of use in this study due to the small
quantity of recapture data available and good to very good condition of a majority of recap-
tured individuals (Fig. 4).

Twenty-one specimens were recaptured more than once: 13 were recaptured twice, six
recaptured three times, and two recaptured four times. A 2019 female (1901F) and 2022
male (2201M) were recaptured four times over 290-h (12 day) and 406-h (17 day) peri-
ods respectively (Fig. 4). 2201M was only recaptured twice during a 14-day spell, during
which he moved a minimum of 2,055 m from the centre of the release site to its southwest-
ern edge and back again. Another male, 2106M, was only recaptured once, over 100 h after
initial capture. Minimum lifespans of 14 of the 44 recaptured specimens (31.8%) exceeded
96 h or four days, whilst 18 were recaptured <24 h apart (40.9%) — eight on the same day.
Elapsed time between captures was rounded down to the nearest whole hour, therefore the
minimum lifespan of three specimens was stated as zero.

Movements and lifespan of individual butterflies

The mean observed minimum lifespan of all recaptured C. palaemon across the three
flight periods was 77.1 h (72.1 h for males and 76.8 h for females). Lifespan of the three
specimens that exceeded 10 days were 265 h (11 days), 290 h (12 days), and>406 h
(16.9-17 days), respectively (Fig. 5). The exact lifespan of the 406-h specimen, 2206M,
was unknown, as he was last recaptured during a three-hour window on the 17th day fol-
lowing initial capture, so the minimum duration was chosen. Mean lifespan for male and
female C. palaemon decreased from 80.4 h in 2019 to 67.4 h in 2020 and 50.2 h in 2021,
before almost doubling to 99.9 h in 2022. Based on straight line measurement, males flew
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Code Capture Recapture

1902M

2002F

2106M

2201M

Fig.4 An example C. palaemon capture-recapture from each of the four studied flight periods at Fineshade
Wood (2019, 2020, 2021, and 2022) (Image credit: David James, David and Sally Irven, Andy Wyldes,
Nick Freeman, Paul Fisher, Roger and Sarah Orbell)

a mean distance of 390 m in 2019, 288.3 m in 2020, 590.6 m in 2021, and 485 in 2022
(438.5 m for all years combined). Females flew a mean total distance of 200.3 m in 2019,
637.3 m in 2020, 183.7 m in 2021, and 298.3 m in 2022 (329.9 m for all years combined).
A total of three specimens (2106M, 2103M, and 2201M) each flew > 1,000 m (Fig. 6).
Using ride-level measurement, six specimens travelled > 1,000 m. Males flew a mean
distance of 495 m in 2019, 318.5 m in 2020, 768.6 m in 2021, and 631 m in 2022 (553.3 m
for all years combined). Females flew a mean total distance of 231 m in 2019, 802.3 m
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Fig.5 Lifespan of recaptured C. 18
palaemon butterflies at Fineshade
Wood, 2019-22 16
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Fig.6 Total distance covered by recaptured (a) and furthest distance from initial capture (b) C. palaemon
using straight line measurement at Fineshade Wood, 2019-22

in 2020, 159 m in 2021, and 316.1 m in 2022 (377.1 m for all years combined). Means
for both distance metrics were calculated from three recaptured females per year in 2019,
2020, and 2021, and seven in 2022. For males, means were calculated from eight recap-
tured specimens in 2019, six in 2020, and seven in both 2021 and 2022. When data from
both sexes were combined, mean total distance covered was 487.7 m using ride-level meas-
urement, and 398.5 m using straight line measurement (Table 4). The largest distance trav-
elled was 1,630 m using straight line measurement and 2,222 m using ride-level meas-
urement by 2201M. Large total distances were not achieved solely over multiple days:
distances of 664 m, 1,010 m, and 1,341 m were covered by three specimens (2002F, 2003F,
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Table 4 Mean movements using ride-level and straight line measurement for male and female C. palaemon
at Fineshade Wood, 2019-22

Measurement Distance Distance from first Distance between  Distance per Distance
covered (m) capture (m) captures (m) hour (m) per day
(m)
Ride-level 487.7 403.3 305.0 47.9 191.9
Straight line 398.5 330.6 250.9 35.7 161.0

and 2109M) in a mean time of 24 h, as determined by ride-level measurement. One speci-
men, 2104M, was measured to have travelled 888 m in one hour using the same metric.

Discussion
Mobility, dispersal, and population size

We have demonstrated that PMR is an effective way to determine the movements and mini-
mum lifespan of individual butterflies, however some daily population size estimates (par-
ticularly in 2020) have large standard errors (SE) due to low population density and the
small size of the reintroduced C. palaemon population compared to other colonial species.
Sampling in 2020 was reduced due to COVID-19 social distancing and travel restrictions
on non-essential journeys. Although ride sections were still surveyed for up to a combined
16 h per day for over two weeks, density and frequency of coverage per day was compro-
mised by an overall lack of site presence (for comparison, maximum survey effort in one
day in 2022 was 29.2 h). Timed counts were delayed by COVID-19, and the actual start of
the 2020 flight period was missed, as a local resident observed one C. palaemon during a
casual survey before volunteers were on site.

The lack of statistically significant correlations between N-hat and other variables in
2019-20 suggested their daily population size estimates should be treated with caution.
Based on C. palaemon minimum lifespans from 2019-22 (a maximum of 406 h and mean
of 77.1 h), 2020 N-hat population peak declined too rapidly for the estimates to be con-
sidered reliable. N-hat and Pmin were not significantly correlated in 2021, however a very
highly significant p-value and strong positive r-value between N-hat and Rec (number of
records per day) (r=0.730, p= <0.001) indicated a degree of model compatibility with
real-world abundance. The 2021 N-hat population peak lasted for a series of days rather
than increasing and decreasing rapidly as in 2020. A minor depression in N-hat on day six
of the flight period was immediately followed by an increase in abundance that exceeded
the earlier estimated peak. A paucity of capture-recapture data was considered responsible
for unlikely estimates towards the end of the flight period.

Population estimates from the Jolly-Seber method are thought to be reliable if more than
9% of the total population is sampled and the survival rate from one sampling period to
the next is not less than 0.5 (Bishop and Sheppard 1973). If we assume that the consist-
ency of gross 2019-20 POPAN estimates (314 and 332) signal reliability, 28 C. palaemon
would need to have been sampled in 2019 and 30 in 2020 to reach the 9% minima. We
captured 25 native English individuals (8%) in 2019, sampled the site daily (versus a mean
lifespan of three days at Fineshade Wood), and know that C. palaemon can live for up to
17-18 days (Ravenscroft 1992) — proven by the recapture of 2201M 17 days after initial
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capture. Given we know 42 C. palaemon were released in 2018, the 2019 population would
need to have increased to > 382 butterflies for model estimates to become unreliable (<9%
of the total population sampled). Although 16 C. palaemon were captured in 2020 (4.8%
of estimate), 21 in 2021 (2.9%), and 29 in 2022 (4.9%), known population size in the 2018
reintroduction year provided a baseline against which subsequent model estimates could
be tested for accuracy. Given the expected high mortality in each flight period, however,
daily model estimates and captures could be used instead of gross estimates to calculate
mean sampling percentages. Using this metric, 31.0% of the native English population was
sampled in 2019, 18.4% in 2020, 32.5% in 2021, and 27.8% in 2022, meaning all years
exceeded the 9% minima.

Conventional MRR studies have shown populations are much higher than casual obser-
vations demonstrate (e.g. Thomas 1983b; Warren 1987), however intensive sampling has
proved capturing up to 50% of a population present on one day when numbers are low is
possible (Brereton 1997). Sampling was intensive and regularly exceeded 16 h per day dur-
ing the first two weeks of the 2021 flight period, therefore a gross population estimate of 721
appears illogical given the low encounter rate versus previous flight periods despite similari-
ties in recapture rate. However, bearing the high mortality, mobility of the reintroduced pop-
ulation and, therefore, dispersal potential in mind (three butterflies were recaptured>1 km
from initial capture location), a vast majority of butterflies will not have been captured before
they expired, or, in some cases, flew beyond the monitored site boundary. Two 2021 speci-
mens were detected in woodland edge habitat >430 m from regularly sampled ride sections.

Known occupied site area increased from 65 ha in 2019 to 87 ha by 2022. Wider dis-
persal is further evidenced by the increasing number of capture-recapture events on, or
beyond, the periphery of the release site, on secondary or tertiary ride sections. In 2019
and 2020, only two such events occurred on secondary or tertiary ride sections. In 2021,
this number rose to three, then eight in 2022 (Fig. 2). This increase cannot be explained by
a corresponding change in survey effort bias on secondary rides as a proportion of overall
site coverage in metres walked, which was 12.4%, 10.5%, 21.7%, and 13.2% from 2019-22.
2201M dispersed 938 m from the heart of the release site to a tertiary ride in eight days,
only to be recaptured for the fourth and final time a further nine days later, a mere 240 m
from the location he was first sighted at, having travelled a maximum 1,154 m between
recapture events and a total distance of 2,222 m at ride-level. Given 2201M was recaptured
only once over 14 days, it is plausible the butterfly flew further during this time period than
the observed 2,055 m.

During MRR studies of the Scottish population of C. palaemon, Ravenscroft (1992)
observed unmarked individuals “flying through the rides in the plantation [...] out onto
open moorland, a distance of 1 km or more.” He also encountered females “in situations
unsuitable to support populations” several kilometres away from recognised colonies. A
single female was seen flying over 6 km from a known site. Scottish females, more gener-
ally, are thought to fly > 1 km in round trips from pupal eclosion sites to nectaring, mating,
and egg-laying grounds. Similarly, we have found C. palaemon behaves in a manner that
belies its reputation as a low mobility species since its reintroduction to England. Mean dis-
tance between captures and maximum recorded movements of C. palaemon at Fineshade
Wood are greater than at Chambers Farm Wood, Lincolnshire (Moore 2004) and Ariundle,
Scotland (Ravenscroft 1992). Furthest movements recorded over one day or greater at Ari-
undle were 549 m for males and 197 m for females, and 410 m at Chambers Farm Wood
by both sexes. However, at Fineshade Wood, using straight line measurements for accurate
comparison to Scottish movements, one butterfly covered 622 m in 23 h, whilst two others
covered 470 m and 950 m in 25 h.
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As discussed, maximum distances travelled at Fineshade Wood were much larger still
(see Fig. 5). Smaller sample size (Ravenscroft captured 66 individuals with movement data
spanning one day or greater compared to our 29) but larger maximum movements at Fine-
shade Wood (1,630 m) compared to Ariundle (549 m) were almost certainly accounted
for by our larger, but more intensively sampled survey area, as shown by our higher mean
movement between captures over one day or greater (98 m for males and 79 m for females
at Ariundle, and 314 m for males and 172 m for females at Fineshade Wood). Maximum
duration between initial and last capture at Ariundle was 17 days (Ravenscroft 1992) — the
same time period observed at Fineshade Wood during this study. Moore (2004) saw the
number of marked individuals decline rapidly in Chambers Farm Wood after two days
using MRR, shorter than the mean lifespan at Fineshade of three days and five hours using
PMR. Based on our findings, we argue C. palaemon should not generally be described as
sedentary, but a semisedentary species regularly capable of covering larger distances.

Validating conventional sampling methods

Although significant correlations between N-hat and Pmin, Idx, and Rec were not found for
all flight periods, when 2019-22 data were combined, and 2022 analysed individually, sig-
nificant correlations were found between N-hat and all variables (Table 1). Highly significant
(p=<0.01) correlations were found between N-hat and Idx (r=0.559), Pmin (r=0.563), and
Rec (r=0.557) in 2022, whilst very highly significant (p= <0.001) correlations were found
between N-hat and other variables when 2019-22 data were combined (Idx r=0.430; Pmin
r=0.452; Rec r=0.501). Positive r-values were stronger in 2022 than when 2019-22 data
were combined, suggesting that 2022 data in isolation reached a quantitative threshold that
surpassed 2019, 2020, and 2021 data, from which only N-hat was significantly correlated
with Rec in 2021 (r=0.730; p= <0.001). Significant 2019-22 and 2022 dataset correlations
suggest broad agreement between daily encounter rates and daily population size estimates
— a relationship weakened when pre-2022 years are analysed in isolation due to lack of quan-
titative data. The correlation between absolute numbers calculated (N-hat) and observational
indices (encounter rate) therefore reaffirms the reliability of PMR in receipt of sufficient
sample sizes of capture-recapture data, as well as supporting reduced effort timed counts for
monitoring populations. Crucially, it also proves that simple sampling methods such as timed
counts carried out at a known intensity can be used to assess the reintroduced C. palaemon
population when the resources to coordinate PMR do not exist.

In 2022, the 29 individual C. palaemon captured, 14 specimens recaptured, 28 over-
all recaptures, and 12 observed lifespans >24 h exceeded totals from all previous years.
Accordingly, stronger, more significant correlations were found between 2022 variables
than those in other years, as PMR data used to generate daily population estimates through
capture-recapture histories are reliant on total captured and recaptured butterflies and
cumulative recaptures distributed across a flight period. Reliable PMR data is therefore
dependent on high butterfly abundance, intensive population sampling, and good site cov-
erage to increase the number of gross recaptures, as well as the likelihood of individual
butterflies being recaptured over longer time periods.

Due to both encounter rate and population index correlations with N-hat, we have
confidence in the ability of less labour-intensive sampling methods such as timed counts
to generate accurate population size estimates (see Thomas 1983b), but only when suffi-
cient quantitative data are available. When grouping the two strongest years, 2019 and
2022 (see Table 2 and Fig. 2), and excluding 2020-21 data from analysis, Idx and Pmin

@ Springer



2028 Biodiversity and Conservation (2024) 33:2011-2036

Fig.7 Combined 2019-22
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remained correlated with N-hat. However, the coefficient was slightly weakened in both
cases (r=0.461, p<0.01 and r=0.444, p <0.001 for Idx and Pmin, respectively) compared
to 2022 data alone. This would suggest that the threshold for quantitative sufficiency falls
somewhere between 2019 and 2022’s 9-14 recaptured native English individuals and 18-28
total recaptures over a single C. palaemon flight period. However, as 10 individuals were
recaptured in 2020, we can assume the threshold for individuals is at least that. These num-
bers are only likely to be achieved through a combination of good emergence and high sur-
vey effort. Plotting 201922 daily encounter rate against population estimate data generated
a linear trendline and equation of y=0.2324(x)+7.1083 (Fig. 7). This equation can be used
to quickly estimate population size per day (y) in future flight periods by processing survey
effort and C. palaemon sightings (from UKBMS monitoring forms) to generate an encoun-
ter rate (x).

Benefits of photographic mark-recapture

MRR has been used to estimate abundance for a range of Lepidoptera species (e.g. Bourn
and Thomas 1993; Williams 2002; Nowicki et al. 2005; Vlasanek et al. 2013; Williams et al.
2018) since the technique was first developed in 1896 (Southwood and Henderson 2000).
However, opinion on the impact of capture to recapture probability, wing damage caused
by handling, and effect of marking on predation and mating behaviour is varied and uncer-
tain (e.g. Ehrlich and Davidson 1960; Singer and Wedlake 1981; Morton 1982; Gall 1984).
Experimental approaches to monitor populations of rare and endangered butterflies have
been tested, including models of seasonal flight phenologies derived from transect counts
(presence-absence surveys) (Haddad et al. 2008). Although transect counts are cost-effec-
tive and non-invasive, they do not account for individual detection probability and temporal
fragmentation of adult butterfly populations (Nowicki et al. 2008).
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International guidelines for standardised butterfly monitoring recommend transect
counts and fruit baiting (van Swaay et al. 2015), and consider MRR impractical due to
high labour cost and handling requirements. MRR sampling has been optimised to improve
cost-effectiveness of population size estimates (Turlure et al. 2017), however the protocol
is altogether incompatible with a reintroduced butterfly species of characteristically low
density and detectability. An experimental approach to estimate population size is therefore
required for sensitive butterfly reintroduction projects and endangered Lepidoptera species
— one which utilises opportunistic photographic data, conventional MRR methodology, and
the potential of non-specialists to sample butterfly populations in a non-invasive way.

PMR retains the quality of data obtained through MRR whilst digitally preserving speci-
mens for photo-identification — a process equivalent to capture and marking. Although PMR
for Lepidoptera is limited in application to species with unique markings and a propensity
to rest with wings open, wing wear and damage is butterfly and moth-specific, and could be
used to differentiate more uniformly or subtly patterned species. PMR is especially relevant
to rare, endangered, or recently reintroduced butterfly populations given it is non-invasive
and lacks the potential to influence behaviour (e.g. Singer and Wedlake 1981; Morton 1982,
1984; Gall 1984; Mallet et al. 1987) (Table 5).

Table 5 Suggested criteria

for adoption of photographic
mark-recapture (PMR) and
mark-release-recapture (MRR)
population sampling methods

Sampling method Criteria for adoption

Photographic mark-recapture (PMR) Species has unique
upperside wing or
thoracic markings

Habitat damage is likely
using MRR and con-
sidered detrimental

Species population
density is low

Species is rare, endan-
gered, or reintroduced

Capture and handling of
specimens is consid-
ered an unacceptable
risk

A large number of vol-
unteers with cameras
are present

Mark-release-recapture (MRR) Species has indistinct
upperside wing or
thoracic markings

Habitat damage is
unlikely or not consid-
ered detrimental

Species population
density is high

Species is common or
abundant where found

Capture and handling
of specimens is not
considered an unac-
ceptable risk

A small number of
volunteers or no vol-
unteers are present
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In the case of C. palaemon, it may be important that specimens are captured shortly
after emergence. Mallet (1986) has shown the majority of movements of red postman
Heliconius erato occurred before first capture, leading to gross underestimates of mobil-
ity. Some butterfly studies (e.g. Warren 1987) highlight differences in mobility between
sexes. Ravenscroft (1992) states Scottish populations of C. palaemon may be dynamic,
with females being ‘mobile and spread over the countryside’ and both sexes emerging
‘well away from recognised flight area[s].” His observations indicate ‘butterflies will move
several hundred metres after emergence before settling’ and that those emerging away from
core habitat will fly to the nearest suitable area. If this is also true for native English C. pal-
aemon, specimens captured in suboptimal condition — implying greater age — may already
have moved large distances undetected, leading to mobility underestimates. For instance,
if the capture of 2106M in pristine condition was missed, its sole observed movement to a
location 1,473 m away four days later would be unknown. Capturing fresh specimens may,
therefore, lead to higher and/or more reliable mobility estimates. Related to this, identify-
ing larval sites and ride sections which ovipositing females move through more slowly due
to high resource density may increase the likelihood of fresh C. palaemon captures during
the following flight period (e.g. Kareiva and Odell 1987; Morris and Kareiva 1991; Dover
1997, Schultz and Crone 2001; Klaassen et al. 2006; Kuefler et al. 2010).

We trialled an experimental PMR sampling technique for estimating abundance, mobil-
ity, and minimum lifespan of a reintroduced population of butterfly species found in low
densities. This non-invasive approach enabled us to determine the movements and mini-
mum lifespan of individual C. palaemon through photo-identification. The potential of
PMR as a technique for generating data for daily abundance and gross population estimates
using capture-recapture models has also been demonstrated. Modern biological recording
already encourages citizen scientists to submit casual sightings of Lepidoptera to databases
using smartphone apps such as iRecord (UKCEH 2022a) and iRecord Butterflies (UKCEH
2022b) and attach photographs of encounters for verification by experts such as County
Recorders. Algorithm-based deep-learning technologies have improved in the past decade
(LeCun et al. 2015). Tools such as Obsldentify (Observation International 2022), Google
Lens (Google LLC 2022), and Seek (California Academy of Sciences and National Geo-
graphic Society 2022) use artificial intelligence (Al) to analyse digital images for auto-
matic species photo-identification in the field, however determination accuracy is limited
by image quality, rarity, and mutilation of specimens (Molls 2021).

Researchers have developed a computer vision timeline known as Mothra that is able
to detect species, set scale, determine specimen orientation, measure wing features, and
identify the sex of > 180,000 digitised butterfly museum specimens in a controlled envi-
ronment (Wilson et al. 2022). A photo-identification study of captured African death’s-
head hawkmoth Acherontia atropos that uses Automatic Photo Identification Suite
(APHIS) software to detect differences in thoracic colour patterns has also been suc-
cessful (Ruiz de la Hermosa et al. 2022). High-resolution photography has been used to
identify microhabitats for grassland butterfly species in agricultural landscapes (Habel
et al. 2018), whilst Interactive Individual Identification System (I3S) Pattern photo-iden-
tification software (den Hartog and Reijns 2014) has been used to study movement pat-
terns and dispersal barriers in Danish marsh fritillary Euphydryas aurinia populations.
I’S has also been used to identify two terrestrial vertebrates (Treilibs et al. 2016). The
dorsal fins, facial features, and symmetry of common bottlenose dolphins Delphinus
truncates have been used for photo-identification and computer-assisted methods devel-
oped for the species (Mazzoil et al. 2004; Genov et al. 2018; Thompson et al. 2019).

@ Springer



Biodiversity and Conservation (2024) 33:2011-2036 2031

Software such as DISCOVERY (Gailey and Karczmarski 2012) can assist with manage-
ment and cataloguing of photographs, but not automatic identification.

Given the rate of progress in the field of algorithm-based photo-identification, devel-
opment of Al capable of identifying individual butterflies through photographs will
improve cost-efficiency of PMR sampling of C. palaemon and other rare and endan-
gered Lepidoptera with unique wing markings, and enable this approach to be adopted
more widely in butterfly population studies the future. Large quantities of photographic
data will result in detailed capture-recapture histories which can be used by formula-
tions such as POPAN to generate reliable population size estimates and related param-
eters. This will enhance non-invasive insight into the ecology of C. palaemon — particu-
larly mobility, lifespan, and habitat preference of individual butterflies, and the status of
new colonies in England.
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