
INTRODUCTION

Historical data can provide valuable evidence on the
effects of temperature and other climate variables on the
phenology of species, both plant and animal. For some
species that have no current phenological monitoring,
examination of past data is the only way we can under-
stand the likely effects of climate change on the timing of
their life cycles. Furthermore, historic data were collected
at an enormous cost in time and money and it is highly
desirable that these data are fully exploited.

Data on the phenology of Lepidoptera is largely
restricted to butterflies (e.g. Roy & Sparks, 2000; Forister
& Shapiro, 2003; Stefanescu et al., 2003; Dell et al.,
2005) whilst that for moths is sparser (e.g. Kuchlein &
Ellis, 1997; Burton & Sparks, 2003). These papers
broadly suggest a recent advance in the appearance of
adult Lepidoptera in conjunction with increased tempera-
tures, and typically a greater advance in species appearing
early in the year (e.g. Burton & Sparks, 2003). Kuchlein
& Ellis (1997) reported on the changing phenology of
104 micromoths in the Netherlands and Burton & Sparks
(2003) on 18 macromoths in southern Germany. Other
studies have focussed on the phenology of single pest
species such as gypsy moth Lymantria dispar (e.g. Reg-
niere & Nealis, 2002) or codling moth Cydia pomonella
(e.g. Boivin et al., 2005). Only one study has examined
the phenological response of a large number of macro-
moths to temperature and other climatic variables.
Woiwod (1997) studied 94 flight periods covering 58
moth species recorded by Rothamsted Insect Survey light
traps having more than 20 individuals per year. Phe-
nology was measured by calculating the date for five per-
centiles of individuals caught (5th, 25th, 50th, 75th, 95th); 93
were significant, 88 negative (earlier) and 5 positive

(later). All percentiles showed a significant tendency,
based on the sign test, for advanced emergences. This
result confirmed earlier work by Zhou et al. (1996) on
aphid phenology using a similar technique. These data
relate to the systematic current worldwide period of
warming temperatures (Dennis, 1993; IPCC, 2001), expe-
rienced regionally in Britain as at Rothamsted (Woiwod,
1997); there are no observations, as far as we are aware,
of climate signals in Lepidoptera phenology from large
numbers of historic moth and butterfly data.

In this paper, we focus on the susceptibility of British
moths and butterflies to climate change in an historical
dataset preceding currently recognised warming trends. It
is expected that conditions prior to emergence of adults
will affect their timing of emergence. For instance, it is
expected that higher temperatures and increased sunshine
will advance emergence dates but that increased rainfall
and cloud may retard emergence dates. An important
issue is how far in advance of emergence dates are sig-
nificant influences recorded; do climate influences impact
on the period immediately prior to emergence, a month
beforehand when Lepidoptera are passing through the
final (pupal) stage, or are influences recorded for earlier
periods, and therefore stages, as is the case with popula-
tion numbers (Pollard & Yates, 1993)? Any responsive-
ness of phenology to climate is expected to be
complicated by Lepidoptera biology: by the typical period
of emergence (i.e. spring to autumn), voltinism or brood
number each year, body size, hibernation stage and
micro-environment, larval feeding environment (i.e.
whether on low growing herbs or higher up on shrubs and
trees) internally or externally on substrates. Susceptibility
may also be related to edge of range, conservation status,
migration capacity and ease of recording or recording
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methodology, i.e. whether day flying or night flying. In
addition, indirect effects via host plant phenology may be
important, such as plant development following previous
year’s rainfall, although beyond the scope of the current
work.

Work on competitive, stress-tolerant and ruderal (CSR)
strategies of larval host plants among British butterflies
would suggest that responsiveness to climate changes is
not unexpected (Dennis et al., 2004). As such, it is clearly
of value to determine whether susceptibility to climate
change links to biological attributes in moths and butter-
flies. The present dataset allows some links to be directly
tested.

In this paper we examine the phenology of a large
number of Lepidoptera species recorded in the second
half of the nineteenth century, examine their responsive-
ness to temperature, and seek to answer the following
questions:

– How far in advance of emergence do climate influ-
ences affect emergence dates?

– What aspects of a species’ ecology influences its
responsiveness to temperature [for example, later flying
species may actually emerge later with increasing tem-
peratures (Buse & Good, 1996; Woiwod, 1997)]?

MATERIAL AND METHODS

The Marlborough College Natural History Society (MCNHS)
(51°25´N, 1°44´W) collected a vast amount of phenological data
in the mid-nineteenth century and in 1885 privately published
the first 19 years of its results. In this paper we focus on the first
observations of appearance in 1866–1884 of Lepidoptera (moths
and butterflies) because the phenology of moths, in particular, is
rarely studied. Over 500 species of Lepidoptera are included in
the MCNHS report. However, we have focussed on the 155 spe-
cies (121 moths and 34 butterflies; Table 1) for which at least 10
years of data were present. We do not know exactly how these
records were obtained but assume they were collected by mem-

bers of the MCNHS with verification by TA Preston, founder of
the MCNHS.

In the same report are summarised weather measurements
taken at Marlborough. From these records we have abstracted
monthly averages of mean air temperature and total rainfall and
have converted these to metric scales.

In determining the impact of climate, we examined which
months’ temperatures and rainfall totals were most influential
on first appearance patterns. We had anticipated that conditions
during the latter stages of larval growth and pupal development
would most likely affect development rates and timing of adult
stages (Dell et al., 2005). For each species, we examined the
correlation with the weather in the month in which its mean first
appearance date occurred, and in the preceding months back to
January of the previous year. Correlations were summarised in
two ways, by calendar month and by month prior to the mean
date of each species. The pattern of significant correlations with
calendar monthly temperatures (Fig. 1) was similar to that of
mean correlation coefficients. Significant correlations in the cur-
rent year were predominantly negative (warmer = earlier) while
those of the previous year, particularly October, were predomi-
nantly positive. The pattern of correlations with prior months
was much clearer (Fig. 2); those with recent months were nega-
tive but were positive further back in time. Significant correla-
tions with monthly rainfalls (Fig. 3) were rarely above the level
expected by chance alone, but tended to be positive (higher rain-
fall = later). The pattern with prior months’ rainfall was broadly
similar (not shown). Because significant rainfall correlations
were rarely more than the expected background levels, rainfall
was subsequently disregarded in favour of temperature. Figs 1,
2 and 4 show that two periods of temperature appear to be
important in determining first appearance date: October of the
previous year and the three prior months to mean date. Subse-
quently a multiple regression for each species of first appear-
ance date on October temperature and on the mean of the
previous three monthly mean air temperatures was undertaken
to predict the likely effect of a 1°C increase in temperature in
these two periods. The regression coefficients from these two
variables (temperature responses) for the 155 species were
examined in relation to different aspects of species ecology
using either weighted regression, weighted ANOVA or
weighted ANCOVA as appropriate with weights equal to the
numbers of years of records for each species. Thus, greater
emphasis was given to species whose temperature response was
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Fig. 1. Percentage of significant positive (solid bars) and
negative (hatched bars) correlations between first appearance
date of lepidopteran species and calendar monthly mean tem-
peratures. The dotted line represents the 5% level of significant
results expected by chance.

Fig. 2. As Fig. 1 except summarised by month prior to the
mean date of each species.
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1512.601 Jun151.7Common SwiftKorscheltellus lupulina
1213.431 May150.7Cream WaveScopula floslactata
1320.530 May150.2Angle ShadesPhlogophora meticulosa
1613.930 May150.1The CinnabarTyria jacobaeae
1316.230 May149.8Small Purple-barredPhytometra viridaria
1813.130 May149.7Clouded BorderLomaspilis marginata
1512.230 May149.7Broken-barred Carpet Electrophaes corylata
1012.729 May149.2Scalloped HazelOdontopera bidentata
179.829 May149.1Buff ErmineSpilosoma lutea
1513.129 May149.0Mother ShiptonCallistege mi
1731.627 May146.9Latticed Heath Chiasmia clathrata
1314.826 May145.8Muslin MothDiaphora mendica
1237.026 May145.8Nettle-tap MothAnthophila fabriciana
1116.225 May144.9Grey PugEupithecia subfuscata
1118.124 May143.7Clouded SilverLomographa temerata
168.923 May142.7Common White WaveCabera pusaria
158.723 May142.5Silver-ground Carpet Xanthorhoe montanata
177.722 May142.4Little EmeraldJodis lactearia
1116.822 May142.3White-pinion SpottedLomographa bimaculata
149.721 May141.4Small White WaveAsthena albulata
1613.321 May141.1Brown Silver-linePetrophora chlorosata
1030.120 May140.5Ruby TigerPhragmatobia fuliginosa
1710.220 May140.1White ErmineSpilosoma lubricipeda
1227.319 May138.6Lime Hawk-mothMimas tiliae
1126.718 May138.4Barred Hook-tipWatsonella cultraria
1518.814 May133.7Balsam CarpetXanthorhoe biriviata
1711.213 May133.2Brimstone MothOpisthograptis luteolata
146.810 May130.3Red Twin-spot CarpetXanthorhoe spadicearia
1310.910 May130.2Waved Umber Menophra abruptaria
1229.110 May130.0Common PugEupithecia vulgata
1011.305 May125.1The StreamerAnticlea derivata
1713.926 Apr116.4Garden Carpet Xanthorhoe fluctuata
1218.707 Apr96.8Lunar ThornSelenia lunularia
106.931 Mar90.2Orange UnderwingArchiearis parthenias
1423.729 Mar87.8Hebrew CharacterOrthosia gothica
1011.728 Mar86.9Clouded DrabOrthosia incerta
1213.922 Mar80.6Common QuakerOrthosia cerasi
1141.519 Mar78.1The HeraldScoliopteryx libatrix
1012.916 Mar75.0March Moth Alsophila aescularia
1514.407 Mar65.6Dotted BorderAgriopis marginaria
1515.617 Feb48.1Early MothTheria rupicapraria

MOTHS

1218.028 Jul209.3Purple HairstreakNeozephyrus quercus
1016.022 Jul203.2Chalkhill BluePolyommatus coridon
1414.117 Jul198.3Silver-washed FritillaryArgynnis paphia
1413.714 Jul194.7Marbled WhiteMelanargia galathea
1416.711 Jul192.1High Brown FritillaryArgynnis adippe
1510.410 Jul191.4Small SkipperThymelicus sylvestris
1020.907 Jul187.7GatekeeperPyronia tithonus
1519.603 Jul184.2Dark Green Fritillary Argynnis aglaja
136.101 Jul182.5RingletAphantopus hyperantus
1719.417 Jun168.1Meadow BrownManiola jurtina
1619.312 Jun163.1Small BlueCupido minimus
1711.506 Jun157.0Large SkipperOchlodes venata
1313.504 Jun154.8Brown ArgusAricia agestis
1712.903 Jun154.3Small Pearl-bordered Fritillary Boloria selene
179.330 May150.0Duke of Burgundy FritillaryHamearis lucina
1920.930 May149.5Common BluePolyommatus icarus
1623.526 May146.0Painted LadyVanessa cardui
1413.025 May145.1Green HairstreakCallophrys rubi
1810.421 May140.9Pearl-bordered Fritillary Boloria euphrosyne
189.420 May140.2Small HeathCoenonympha pamphilus
1710.519 May139.1Wall BrownLasiommata megera
1722.919 May138.8Speckled WoodPararge aegeria
188.016 May136.4Dingy SkipperErynnis tages
1711.516 May136.2Small CopperLycaena phlaeas
188.715 May134.6Grizzled SkipperPyrgus malvae
1811.608 May127.6Orange TipAnthocharis cardamines
1235.930 Apr120.4Red AdmiralVanessa atalanta
1823.926 Apr116.2Large WhitePieris brassicae
1819.022 Apr111.9Green-veined WhitePieris napi
1817.510 Apr99.9Small WhitePieris rapae
1217.109 Apr98.7Large TortoiseshellNymphalis polychloros
1637.826 Mar84.9PeacockInachis io
1713.803 Mar62.0BrimstoneGonepteryx rhamni
1618.727 Feb58.3Small TortoiseshellAglais urticae

BUTTERFLIES

nsdmean datemean dayEnglish nameScientific name

TABLE 1. Summary information on the 34 butterfly and 121 moth species for which at least ten years of data are available. Species are arranged in
increasing date of mean first appearance in each group.
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1138.508 Sep251.4Figure of EightDiloba caeruleocephala
1322.225 Aug237.3The VapourerOrgyia antiqua
1120.025 Aug236.5Canary-shouldered ThornEnnomos alniaria
1027.213 Aug225.3Feathered GothicTholera decimalis
1317.029 Jul210.4July HighflyerHydriomena furcata
127.819 Jul200.1Shaded Broad-barScotopteryx chenopodiata
1428.619 Jul200.0Swallow-tailed MothOurapteryx sambucaria
1224.818 Jul199.0Pale Mottled WillowParadrina clavipalpis
1233.518 Jul198.7The V-MothMacaria wauaria
1424.316 Jul196.7Marbled BeautyCryphia domestica
106.615 Jul196.1Willow Beauty Peribatodes rhomboidaria
1035.613 Jul194.5Orange SwiftTriodia sylvina
1416.613 Jul194.4Garden TigerArctia caja
1029.613 Jul194.0Setaceous Hebrew Character Xestia c-nigrum
1210.313 Jul193.8Barred Straw Eulithis pyraliata
1012.313 Jul193.8Brown Scallop Philereme vetulata
1320.211 Jul192.2Dark Marbled CarpetChloroclysta citrata
1020.711 Jul192.2Common WainscotMythimna pallens
1110.110 Jul191.4The MagpieAbraxas grossulariata
1222.910 Jul191.1Ear Moth Amphipoea oculea
1124.809 Jul190.0Bee MothAphomia sociella
1426.908 Jul189.2Burnished BrassDiachrysia chrysitis
1314.507 Jul188.3Twin-spot Carpet Perizoma didymata
138.906 Jul187.5Barred YellowCidaria fulvata
118.106 Jul186.6Light Emerald Campaea margaritata
1412.704 Jul184.6The DrinkerEuthrix potatoria
1020.703 Jul184.5Green Pug Rhinoprora rectangulata
1119.103 Jul183.9Small Rivulet Perizoma alchemillata
1019.502 Jul183.4NONEUdea prunalis
1020.430 Jun180.8Ingrailed ClayDiarsia mendica
1018.829 Jun179.8Sharp-angled Carpet Euphyia unangulata
1411.729 Jun179.7Dark ArchesApamea monoglypha
1619.128 Jun179.3Six-spot BurnetZygaena filipendulae
1026.326 Jun177.4Brown RusticRusina ferruginea
1016.526 Jun176.8Small Dusty WaveIdaea seriata
1514.326 Jun176.7The SnoutHypena proboscidalis
1021.726 Jun176.7July BelleScotopteryx luridata
1416.425 Jun176.2Ghost MothHepialus humuli
1226.025 Jun175.9Elephant Hawk-mothDeilephila elpenor
1211.824 Jun175.1Riband Wave Idaea aversata
139.423 Jun174.1Marbled Minor Oligia strigilis
1112.921 Jun172.5Small Yellow WaveHydrelia flammeolaria
1225.719 Jun170.2Bright-line Brown-eye Lacanobia oleracea
1733.119 Jun170.0Common Marbled CarpetChloroclysta truncata
1210.819 Jun170.0The ShearsHada plebeja
1612.219 Jun169.6Heart and DartAgrotis exclamationis
1023.018 Jun169.2Wood Carpet Epirrhoe rivata
1412.517 Jun168.4NONEUdea olivalis
1318.616 Jun166.8Small MagpieEurrhypara hortulata
1525.416 Jun166.5Poplar Hawk-mothLaothoe populi
1313.815 Jun166.2Rustic Shoulder-knotApamea sordens
1014.415 Jun165.9Small Elephant Hawk-mothDeilephila porcellus
1217.015 Jun165.8Privet Hawk-mothSphinx ligustri
1718.815 Jun165.6Large Yellow UnderwingNoctua pronuba
1710.214 Jun164.6Yellow ShellCamptogramma bilineata
1119.813 Jun164.5Eyed Hawk-mothSmerinthus ocellata
139.613 Jun163.9Red-necked FootmanAtolmis rubricollis
1210.512 Jun163.3Common Heath Ematurga atomaria
1410.412 Jun163.0Treble LinesCharanyca trigrammica
1211.811 Jun162.4NONEOpsibotys fuscalis
1615.710 Jun161.4Cistus ForesterAdscita geryon
1033.910 Jun160.9Coxcomb ProminentPtilodon capucina
1225.509 Jun160.4Common WaveCabera exanthemata
1416.809 Jun160.3Grey DaggerAcronicta psi
1022.908 Jun159.1Maiden's BlushCyclophora punctaria
1123.408 Jun159.0Chinese CharacterCilix glaucata
1615.707 Jun158.3Chimney SweeperOdezia atrata
1224.807 Jun157.9Purple BarCosmorhoe ocellata
1311.206 Jun157.2Drab LooperMinoa murinata
139.206 Jun156.7Wood TigerParasemia plantaginis
1013.005 Jun156.2Pale TussockCalliteara pudibunda
1724.005 Jun155.8Silver YAutographa gamma
1517.704 Jun155.1Scorched CarpetLigdia adustata
1117.104 Jun155.0NONECrambus pratella
1815.504 Jun154.8Cabbage Moth Mamestra brassicae
1111.103 Jun154.2Common Fan-footPechipogo strigilata
1220.103 Jun154.1Pebble Hook-tipDrepana falcataria
1750.402 Jun152.9Humming-bird Hawk-mothMacroglossum stellatarum
1021.301 Jun152.1Clay Triple-linesCyclophora linearia
1715.401 Jun151.8Red-green CarpetChloroclysta siterata



derived from more years of data. Mean values are presented ±
se, regression, ANOVA and ANCOVA results are summarised
by F ratio and probability value.

Information on the different aspects of the species ecology
were abstracted and converted to scales and categories as shown
in Table 2.

RESULTS

Table 1 lists the species, the mean and standard devia-
tion of first appearance date and the numbers of years of
data available. Two species had mean first appearance
date in February, nine in March, seven in April, 42 in
May, 57 in June, 34 in July, three in August and one in
September. Butterfly species were significantly earlier, on
average, than moth species (May 26 and June 10 respec-
tively, F1,153 = 6.62 P = 0.011) and significantly better
recorded, respectively an average of 15.6 years of data
compared to 12.9 years (F1,153 = 37.75 P < 0.001). The
standard deviation of butterflies was slightly but not sig-
nificantly smaller than that of moths (16.3 days and 18.1
days respectively, F1,153 = 1.43 P = 0.23). Neither the
slightly negative relationship (F1,32 = 2.32, P = 0.14)
between standard deviation and mean date for butterflies

or the slightly positive relationship (F1,119 = 2.45, P =
0.089) for moths was significant.

There were no significant trends in temperature during
the study period (each month, P > 0.10). The response to
October temperature averaged 3.63 ± 0.38 days/ºC i.e.
warmer Octobers tended to delay first appearance date in
the following year. The response to three prior months’
temperature, in contrast, averaged –3.05 ± 0.54 days/°C
indicating earlier first appearance with warmer tempera-
tures preceding first appearance. Fig. 5 presents histo-
grams of the two responses clearly indicating the
contrasting effects. An attempt has been made to ascertain
whether the response to climate of the species falls into
any natural or logical groupings.
Conservation status

The responsiveness of species to October and three
prior months temperatures did not differ significantly
between species of conservation interest (n = 126) and
other species (n = 29; Table 3). Whilst species of conser-
vation status did not differ significantly from other spe-
cies in mean date of appearance, they were significantly
larger (40.0±1.3 mm and 33.0 ± 1.9 mm respectively,
F1,153 = 5.45 P = 0.021).
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Fig. 3. Percentage of significant positive (solid bars) and
negative (hatched bars) correlations between first appearance
date and calendar monthly rainfall. The dotted line represents
the 5% level of significant results expected by chance.

Fig. 4. Mean correlation coefficients with monthly mean tem-
peratures grouped by four first appearance periods
(February–April, May, June, July–September).

3 point ordinal scale: not, moderately or fully exposedEmmet & Heath (1991)Pupal exposure
3 point ordinal scale: not, moderately or fully exposedEmmet & Heath (1991)Larval exposure
5 point ordinal scale 1 = exposed, 5 = undergroundEmmet & Heath (1991), Waring et al. (2003)Hibernation environment
Binary: partly/wholly migratory or residentEmmet & Heath (1991)Migratory status
Binary: Grasses/herbs or shrubs/treesEmmet & Heath (1991)Feeding preferences
Average of extremes.Emmet & Heath (1991), Waring et al. (2003)Wing expanse
Binary: predominantly day or night flyingEmmet & Heath (1991)Day or night flying
Binary: mainly univoltine or more generationsEmmet & Heath (1991)Voltinism
Binary: England & Wales or including ScotlandEmmet & Heath (1991)Distributional range
Binary: conservation interest or notWaring et al. (2003)Conservation status
Reduced toSourceVariable

TABLE 2. A summary of the investigated variables.



Distributional range
The responsiveness of species with ranges including

Scotland was not significantly different from those
restricted to England and Wales (Table 3).
Voltinism

The responsiveness of univoltine species for three prior
months (–3.74 ± 0.58 days/°C, n = 116) was greater, but
not significantly greater (Table 3) than multivoltine spe-
cies (–1.22 ± 1.23 days/°C, n = 36).
Mean date of appearance

A significant linear relationship existed between
October response and mean first appearance date but not
for the three prior months (Table 3). For October tem-
peratures, the delayed first appearance with warmer tem-
peratures was more pronounced for species first observed
later in the year. When examined between four month
groups (February–April, May, June, July–September) sig-
nificant differences between month groups were apparent
for both temperature responses (Table 3, Fig. 6). In Fig. 6
the clear trend for a greater positive response to October
temperatures and lower response to three prior months’
temperature is apparent.
Butterfly or moth

No significant differences were found in responsive-
ness of butterflies and moths (Table 3).
Day or night flying

Day flying Lepidoptera (mean 2.57 ± 0.56 days/°C, n =
44) were almost significantly less responsive to October

temperature than night flying Lepidoptera (4.06 ± 0.48
days/°C, n = 111, Table 3). Day flying Lepidoptera were
on average earlier (May 29 ± 6 and June 10 ± 3, respec-
tively, F1,153 = 4.36 P = 0.038) and larger than night flying
Lepidoptera (43.2 ± 2.3 mm and 36.9 ± 1.3 mm respec-
tively, F1,153 = 7.01 P = 0.009). However, after elimination
of mean date and size in an ANCOVA, the difference in
October response was further from significance (F1,151 =
1.59, P = 0.21).
Wing size

There was no significant relationship between wing
expanse and responsiveness (Table 3).
Family

Table 4 summarises the mean responses of the eight
families for which at least five members were
represented. Despite the large differences, there was no
significant difference in responsiveness between families
(Table 3) as a consequence of the large variability within
families.
Feeding preferences

Species feeding on grasses and herbs had a mean tem-
perature response to three prior months temperature of
–3.62 ± 0.71 days/°C (n = 89) compared to shrub and tree
feeders whose mean response was –1.56 ± 0.90 days/°C
(n = 53). The difference was not quite significant (Table
3).
Migrants

The few migrant or partially migrant species were sig-
nificantly less temperature responsive to October tem-
peratures (1.17 ± 1.19 days/°C, n = 14) than residents
(3.88 ± 0.40 days/°C, n = 141) (Table 3). However
migrants were significantly earlier (May 8 ± 10 cf. June 9
± 3, F1,153 = 13.59 P < 0.001) and larger (53.4 ± 3.4 mm
cf. 37.2 ± 1.2, F1,153 = 21.33 P < 0.001). After eliminating
the effects of mean date and size in ANCOVA, there was
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Fig. 5. Histograms of responses to a 1°C increase in October
and three prior months temperature. Hatched bars negative
response, solid bars positive response.

Fig. 6. Mean regression coefficients of first appearance date
on October temperature (solid bars) and three prior months tem-
peratures (hatched bars), grouped by four first appearance
periods (February–April, May, June, July–September). Vertical
lines represent one standard error of the mean.



still a difference in temperature responsiveness (F1,151 =
5.40 P = 0.021).
Hibernation environment

Nine species that overwinter as adults were eliminated
from this test. A significant relationship existed between
three prior month temperature response and hibernation
environment (Table 3). Species whose hibernation stages
were less exposed had a greater negative response to tem-
perature.
Larval and pupal exposure

No significant differences in responsiveness were
detected (Table 3).

DISCUSSION

Since the phenology of moths has been rarely reported,
and then only for the period affected by systematic
changes in temperatures over the past half century (Woi-
wod, 1997), this use of historical data is valuable in
increasing our understanding of the effects of climate on
life cycle timings. During the period of study, annual

mean temperatures were c. 0.9°C cooler than currently.
The Lepidoptera include species of high conservation
status and high pest status, and species of both low and
high (migratory) mobility. As such they are an interesting
group with which to further the study of climate impacts.
What is very obvious is that, taken as a whole, these spe-
cies are generally responsive to a warming environment.
In general, species appeared much more responsive to
temperature than rainfall, although this may not be true in
other countries where water is deficient or in Britain
during periods with a wider range of rainfall conditions.
Other factors, such as host abundance or population
dynamics may play a role in first detection date (for an
example with birds see Tryjanowski et al., 2005) but we
do not have contemporary data on these for our Lepidop-
tera. Temperatures of three months prior to appearance
seemed to affect appearance in a negative way; higher
temperatures advancing appearance dates. It was some-
what of a surprise that temperatures of the previous
autumn, and in particular October, were having such a
positive effect on appearance date. There was no signifi-
cant correlation between temperature in the previous
October and those in the current year (each month, P >
0.13) to explain this result. Since the magnitude of change
arising from October and three prior months temperatures
approximately cancel one another out the relative changes
in temperature in these two periods will have a major
influence on the changing pattern of phenology.

Some of the responses in individual species may be
aberrant because of small sample size, but we used
weighted regression to give greater emphasis to results
based on more years.

In the examination of a large number of species attrib-
utes, we were surprised that we did not detect more pat-
terns in the temperature responses of these Lepidoptera.
Migratory species did not appear very responsive to pre-
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0.91F1,136 = 0.010.42F1,136 = 0.66RegPupal exposure
0.45F1,136 = 0.580.38F1,136 = 0.76RegLarval exposure
0.028F1,153 = 4.950.27F1,153 = 1.22RegHibernation environment
0.13F1,153 = 2.350.017F1,153 = 5.82ANOVAMigratory status
0.076F1,140 = 3.200.33F1,140 = 0.97ANOVAFeeding preferences
0.55F7,131 = 0.840.50F7,131 = 0.91ANOVAFamily
0.51F1,153 = 0.430.13F1,153 = 2.37RegWing expanse
0.44F1,153 = 0.590.054F1,153 = 3.76ANOVADay vs night flying
0.39F1,153 = 0.750.12F1,153 = 2.41ANOVAButterfly vs Moth
0.003F3,151 = 4.830.024F3,151 = 3.25ANOVAAppearance month group
0.52F1,153 = 0.420.005F1,153 = 8.30RegMean appearance date
0.089F1,150 = 2.940.22F1,150 = 1.51ANOVAVoltinism
0.75F1,153 = 0.100.61F1,153 = 0.26ANOVADistributional range
0.70F1,153 = 0.150.50F1,153 = 0.46ANOVAConservation status

PTest statisticsPTest statistic
Three prior months coefficientOct coefficient

TestVariable

TABLE 3. Statistical tests of differential responses to October and mean of three prior month temperatures on a range of Lepidop-
tera attributes. Reg = regression, significant (P < 0.05) results in bold.

2.44–2.792.612.167Sphingidae
1.33–4.281.055.637Pyralidae
1.57–1.081.630.505Pieridae
1.67–4.891.073.0917  Nymphalidae
1.38–3.261.004.5830  Noctuidae
2.06–4.261.002.958Lycaenidae
0.80–3.270.643.4557  Geometridae
2.861.651.604.608Arctiidae
SEMeanSEMean

Three prior
months coefficientOct coefficient

n

TABLE 4. Mean ± se for response of Lepidoptera families re-
presented by at least five species.



vious October temperature; an intuitive result since they
are not in Britain at that time to experience that weather.
Climate effects on migrants are likely to be very complex
as they experience a range of climates at different parts of
their life cycle (Sparks et al., 2005). Overall, however,
migrants are likely to be more flexible in response to a
changing climate than their sedentary cousins (Dennis,
1993).

The greatest difference appeared to result from the
timing of the species; late flying species are particularly
sensitive to previous October temperature and much less
so to three prior months’ temperature whilst the response
of June species to the latter was particularly strong. If cli-
mate warming happens evenly through the year, these
results suggest that late flying species will get progres-
sively later whilst June species will get earlier. If change
does not occur in synchrony with host or predator phe-
nology then serious consequences may become apparent
(for discussion, see Root et al., 2003).

Do recent advances in spring phenology of moths and
butterflies point to a differential warming, with greater
temperature increase at the beginning of the year and less
in autumn? Could recent advances in phenology be
retarded as autumn temperatures start to increase? An
obvious caveat is that our data are from a relatively small
number of years from a single location. Our inability to
detect many patterns in examining temperature response
to species attributes may be because they are difficult to
detect statistically in our relatively short data set or that
we did not have available other appropriate species attrib-
utes. A more worrying alternative is that temperature
responses in Lepidoptera species appear random or cha-
otic. If so, our ability to predict the consequences of a
changing climate on Lepidoptera communities may be
seriously challenged.

We hope that the findings in the Marlborough data will
encourage other holders of long term data sets to examine
them for features of species’ ecology that may influence
temperature response, in order that the consequences of a
changing climate on Lepidoptera can be more fully
understood. Influences that emerge in the current dataset
(i.e. related to hibernal environment and mean emergence
date) suggest complicated scenarios with climate change
and this, together with the absence of definitive explana-
tions for these relationships, points to fruitful areas for
future research.

ACKNOWLEDGEMENTS. We thank two anonymous referees
for their comments on an earlier version of this paper.

REFERENCES

BOIVIN T., CHADOEUF J., BOUVIER J.C., BESLAY D. & SAUPHANOR

B. 2005: Modelling the interactions between phenology and
insecticide resistance genes in the codling moth Cydia pomo-
nella. Pest Manag. Sci. 61: 53–67.

BURTON J.F. & SPARKS T.H. 2003: The flight phenological
responses of Lepidoptera to climate change in Britain and
Germany. Atalanta 34: 3–16.

BUSE A. & GOOD J.E.G. 1996: Synchronization of larval emer-
gence in winter moth (Operophtera brumata L.) and budburst
in pedunculate oak (Quercus robur L.) under simulated cli-
mate change. Ecol. Entomol. 21: 335–343.

DELL D., SPARKS T.H. & DENNIS R.L.H. 2005: Climate change
and the effect of increasing spring temperatures on emergence
dates of the flagship butterfly Apatura iris (Lepidoptera:
Nymphalidae). Eur. J. Entomol. 102: 161–167.

DENNIS R.L.H. 1993: Butterflies and Climate Change. Man-
chester University Press, Manchester, 302 pp.

DENNIS R.L.H., HODGSON J.G., GRENYER R., SHREEVE T.G. & ROY

D.B. 2004: Host plants and butterfly biology. Do host plant
strategies drive butterfly status? Ecol. Entomol. 29: 12–26.

EMMET A.M. & HEATH J. (eds) 1991: The Moths and Butterflies
of Great Britain and Ireland. Vol. 7, Part 2. Harley Books,
Colchester, 400 pp.

FORISTER M.L. & SHAPIRO A.M. 2003: Climatic trends and
advancing spring flight of butterflies in lowland California.
Global Change Biol. 9: 1130–1135.

IPCC 2001: Climate Change 2001: The Scientific Basis. Contri-
bution of Working Group I to the Third Assessment Report of
the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge.

KUCHLEIN J.H. & ELLIS W.N. 1997: Climate-induced changes in
the Microlepidoptera fauna of the Netherlands and the impli-
cations for nature conservation. J. Insect Conserv. 1: 73–80.

POLLARD E. & YATES T.J. 1993: Monitoring Butterflies for
Ecology and Conservation. Chapman & Hall, London, 274
pp.

REGNIERE J. & NEALIS V. 2002: Modelling seasonality of gypsy
moth, Lymantria dispar (Lepidoptera: Lymantriidae), to
evaluate probability of its persistence in novel environments.
Can. Entomol. 134: 805–824.

ROOT T.L., PRICE J.T., HALL K.R., SCHNEIDER S.H., ROSENZWEIG

C. & POUNDS J.A. 2003: Fingerprints of global warming on
wild animals and plants. Nature 421: 57–60.

ROY D.B. & SPARKS T.H. 2000: Phenology of British butterflies
and climate change. Global Change Biol. 6: 407–416.

SPARKS T.H., ROY D.B. & DENNIS R.L.H. 2005: The influence of
temperature on migration of Lepidoptera into Britain. Global
Change Biol. 11: 507–514.

STEFANESCU C., PEÑUELAS J. & FILELLA I. 2003: Effects of cli-
matic change on the phenology of butterflies in the northwest
Mediterranean Basin. Global Change Biology 9: 1494–1506.

TRYJANOWSKI P., KUźNIAK S. & SPARKS T.H. 2005: What affects
the magnitude of change in first arrival dates of migrant
birds? J. Ornithol. 146: 200–205.

WARING P., TOWNSEND M. & LEWINGTON R. 2003: Field Guide to
the Moths of Great Britain and Ireland. British Wildlife Pub-
lishing, Dorset, 432 pp.

WOIWOD I.P. 1997: Detecting the effects of climate change on
Lepidoptera. J. Insect Conserv. 1: 149–158.

ZHOU X., HARRINGTON R., WOIWOD I.P., PERRY J.N., CLARK S.J.
& BALE J.S. 1996: Impact of climate change on aphid flight
phenology. Aspects Appl. Biol. 45: 299–305.

Received September 29, 2005; revised and accepted December 2, 2005

386



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /UseDeviceIndependentColorForImages
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.16667
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [595.276 841.890]
>> setpagedevice


