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Abstract Records of 232 moth species spanning 26 years

(total catch of ca. 230,000 specimens), obtained by con-

tinuous light-trapping in Kevo, northernmost subarctic

Finland, were used to examine the hypothesis that life-

history traits and taxonomic position contribute to both

relative abundance and temporal variability of Lepidoptera.

Species with detritophagous or moss-feeding larvae, spe-

cies hibernating in the larval stage, and species pupating

during the first half of the growing season were over-rep-

resented among 42 species classified as abundant during

the entire sampling period. The coefficients of variation in

annual catches of species hibernating as eggs averaged 1.7

times higher than those of species hibernating as larvae or

pupae. Time-series analysis demonstrated that periodicity

in fluctuations of annual catches is generally independent

of life-history traits and taxonomic affinities of the species.

Moreover, closely related species with similar life-history

traits often show different population dynamics, under-

mining the phylogenetic constraints hypothesis. Species

with the shortest (1 year) time lag in the action of negative

feedback processes on population growth exhibit the larg-

est magnitude of fluctuations. Our analyses revealed that

only a few consistent patterns in the population dynamics

of herbivorous moths can be deduced from life-history

characteristics of the species. Moreover, the diversity of

population behaviour in one moth assemblage challenges

any conventional wisdom suggesting predictable patterns.

Our results raise several questions about perceptions and

paradigms in insect population dynamics and stress the

need for research on detritivorous insect population

dynamics, as well as the need for more assemblage-wide

studies using common trapping methods to provide com-

parative data on related and unrelated species with different

life-history traits.

Keywords Lepidoptera � Life histories �
Population cycles � Rarity � Temporal variability

Introduction

Fluctuations in the densities or relative abundances of

Lepidoptera are well known, and have received widespread

attention in studies of insect population dynamics (Myers

1988; Hunter 1995a; Price 1997, 2003). However, in spite

of several attempts to understand why some 1–2% of

species (Faeth 1987; Mason 1987) undergo outbreaks
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whereas the vast majority of Lepidoptera possess latent

population dynamics (Myers 1988; Redfearn and Pimm

1988; Price 1990; Hunter 1991, 1995a; Ginzburg and

Taneyhill 1994; Tammaru et al. 1995; Tammaru and

Haukioja 1996; Ruohomäki et al. 2000; Haukioja 2005), no

definitive links between life-history traits and eruptive

population dynamics have yet been identified.

Several methodological issues may have contributed to

the failure to detect life-history correlates of outbreaks, or

to the inconsistency of results obtained in different studies.

(1) The sample of ‘outbreaking’ species is biased towards

species that compete with humans for food or fibre

resources; this would generally exclude, for example,

species feeding on forest herbs. (2) Although a change in

abundance from 0.01 to 1 larvae per tree is an equivalent

level of fluctuation to a change from 1,000 to 100,000

larvae per tree (Gaston and McArdle 1994), only the latter

case is likely to be classified or reported as an outbreak. (3)

The classification of species as ‘outbreaking’ or ‘non-out-

breaking’ does not generally presume any ecologically

sound criteria such as magnitude of density fluctuations.

Only subjective characters are noted like ‘‘noticeable

defoliation on a large scale, i.e., at least tens of square

kilometres’’ (Hunter 1991, p. 276). (4) Raw density records

are only rarely published, and therefore researchers trying

to use data from different sources are faced with very

different statistical approaches, with at least 23 published

sampling estimators of variability (Gaston and McArdle

1994). Furthermore, surprisingly little is known about the

periodicity of fluctuations in most insect populations (but

see Turchin 1990), and the amount of reliable data on the

characteristics of time series, such as the time lag in the

action of density-dependent processes, or the degree of

periodicity/stochasticity in density fluctuations (Hunter and

Price 1998; Price and Hunter 2005; Redfern and Hunter

2005), remains too low for comparative study.

Time series of at least 30–40 steps are considered ideal

for analyzing ecological factors that influence insect popu-

lations (Royama 1992), but shorter time series are com-

monly used (compare Turchin 1990; Berryman 1994)

because longer-term data are rare (Hunter and Price 1998).

The data that we use here, 26 years of continuous light-

trapping in the Kevo Subarctic Research Station of the

University of Turku, represent a valuable resource in terms

of both the longevity of the time series and its community-

wide extent. Although light-trapping, like any other sam-

pling method, does not represent equally the entire lepi-

dopteran community, and counts can be affected by

environmental conditions during the trapping period, it still

has high comparative power for the analysis of many species

simultaneously at a given location (Wolda et al. 1994).

Furthermore, light-trapping allows monitoring of detriti-

vores and moss-feeding species, for which fluctuations in

relative abundance over long time periods have not been

reported previously. Finally, the vital importance of com-

munity-wide data in studies of environmental change is

appreciated by many researchers (Kremen 1992; New

1997), and we hope that moth trapping in Kevowill continue

to yield long-term data. Here, we use original data from

26 years of light-trapping1 to examine the hypothesis that

life-history traits and taxonomic position contribute to both

relative abundance and temporal variability of Lepidoptera.

Materials and methods

Study site and sampling protocol

Moths were collected near the Kevo Subarctic Research

Station in Lapland, northernmost Finland (69�450N, 27�E).

The station is situated in the subarctic vegetation zone close

to the border with the northern boreal zone. The charac-

teristic vegetation types are forests dominated by mountain

birch, Betula pubescens subsp. czerepanovii (Orlova)

Hämet-Ahti, or Scots pine, Pinus sylvestris L., and exten-

sive mires (for more details, see Kallio et al. 1969; Kallio

1975; Seppälä and Rastas 1980). Light traps were placed

within an area of approximately 200 9 300 m2 in the most

common habitats surrounding the station: mixed pine-birch

forest, birch and willow shrub, dwarf birch and sedge mire,

and lake shore with birches (Linnaluoto and Koponen

1980). The elevation of trapping sites varied between 80

and 120 m a.s.l. Barren fells and birch woodlands, although

frequent in the study area, were not sampled.

Light traps with blended-light lamps (500 W) were

based on the type developed by Jalas (1960), and the moth

container was equivalent to the type described by Karvo-

nen et al. (1979). Traps were operated annually from 1972

during the entire plant growth season, generally from the

last week of May to the last week of September. Note that

between May 17 and July 24 the light period is continuous

in Kevo (‘white nights’). We used one trap in 1972, two

traps in 1977, three traps in 1973, 1974, 1975, 1978, and

1979, and four traps in 1976 and from 1980 to 1997. Traps

were generally switched on at 21:00 and off at 06:00, and

containers were emptied once a week.

In order to identify species that were not easy to dis-

tinguish on the basis of external characters (most of the

Nepticulidae and Coleophoridae), we attempted to pin all

specimens and used genitalia preparations to confirm our

determinations. A gap in the records for some of these

species from 1980 to 1982 resulted from the partial loss of

samples.

1 Although light-trapping has continued until recently, delays in

specimen identification have restricted the current analysis to data

from the first 26 years.
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Database

The total catch amounted to ca. 230,000 individuals of 232

species (ca. 95% of all species reported in the study site, cf.

Linnaluoto and Koponen 1980). Taxonomy of moths fol-

lows Kullberg et al. (2002). Basic clades/grades of Lepi-

doptera (Fig. 1) are accepted according to Kristensen and

Skalski (1998). Life-history characteristics (listed in

Tables 1 and 2) were obtained from numerous specialist

publications on Lepidoptera, including high-standard

determination guides and comprehensive revisions of sep-

arate taxa, and from consultations with specialists (see

‘‘Acknowledgments’’).

Two points in our classification of life-history traits

deserve special attention. First, only the species whose

larvae started feeding in autumn and then continued feed-

ing next spring were considered as hibernating at the larval

stage. Second, the conventional borderline between early

and late plant growing seasons is linked with leaf expan-

sion and ageing. In the majority of woody plants and shrubs

in our study area, leaf expansion starts in the last days of

May to early June and generally ceases by late June to early

July (Haukioja et al. 1978). Only species that completed

larval development by this date were considered as pu-

pating early in the season.

Data processing and analysis of relative abundance

Weekly species records from each trap were summed for

the annual value, and then records of all traps were aver-

aged for the annual mean. Hence, data reported here are

mean numbers of individuals per species per year per trap.

Note that we fully appreciate that our data reflect relative

abundance of collected species, rather than population

density in the strict sense. However, for the sake of brevity,

we sometimes use the term ‘density’ in the following text

(e.g., in the term ‘density-dependent’).

To identify biennial species within our samples, records

from odd and even years were compared for each species

separately with the non-parametric Kruskal–Wallis test

(SAS NPAR1WAY procedure; SAS Institute 2009). For 15

species demonstrating biennial flight periodicity (differ-

ences between catches in even and odd years significant at

probability level P = 0.01) records of two consecutive

years starting from 1972 were summed for further analysis,

which resulted in 13 data points for these species compared

with 26 data points for other (annual) species. This

approach was preferred to separate analysis of catches in

even and odd years, because in most of the biennial spe-

cies, a 2-year life cycle is not inevitable, and populations

flying in even and odd years are not completely separated.

For species flying exclusively in even years, such as Xestia

spp., the analysis of summed records produced the same

result as the analysis of even-year data.

Various arbitrary criteria have been used to differentiate

between ‘rare’ and ‘abundant’ species. For our purposes,

we needed to distinguish between species that were trapped

during a sufficient number of sampling years for analysis,

even if in relatively low numbers each year, and species

whose occurrence was a rare event, even if their numbers

were occasionally quite high (for example, the arrival of

large numbers of migrants during an exceptional year).

Therefore, we classified as ‘abundant’ those species whose

annual catches significantly exceeded 0.5 specimens/

trap 9 year (i.e., more than two specimens collected

annually by four operating light traps) using a Kruskal–

Wallis test (SAS NPAR1WAY procedure). Those species

whose catches did not exceed (at the significance level

P B 0.05) this arbitrary threshold value are hereafter called

‘rare’ species. Proportions of rare and abundant species

classified according to their life-history characteristics

(Table 1) or taxonomic position (Fig. 1) were compared by

using the FREQ procedure in SAS (SAS Institute 2009).

The diamond back moth, Plutella xylostella (L.), which

is known to migrate occasionally for very long distances

(Lokki et al. 1978), was classified as a rare species in our

analysis; it was abundant only during specific years (i.e., it

had a highly skewed distribution of annual records), sug-

gesting a migratory rather than a local origin of specimens.

For the abundant species, the magnitude of fluctuations

was quantified by calculating the coefficient of variation

(CV) of untransformed records which, according to Gaston

and McArdle (1994), is the most appropriate statistic for

this purpose.

Time-series analysis

Time-series models for each moth species were developed

using the time-series forecasting procedure in SAS 9.2

(SAS Institute 2009), which generates maximum-likelihood

Fig. 1 Distribution of 42 abundant and 190 rare species collected at

the Kevo Subarctic Research Institute, northern Finland, between

1972 and 1997, among the basic lineages of Lepidoptera. Phyloge-

netic arrangements are after Kristensen and Skalski (1998)
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Table 1 Summary of life-history traits and characteristics of density fluctuations of ‘abundant’ moths trapped at the Kevo Subarctic Research

Institute, northern Finland, between 1972 and 1997

Family Species Life-history characters Wing
span

(mm)

Annual catches,
individuals/trap

CV
(%)

Linear
trend

Time
lag

(years)

Model R2

FP PT HI LF FG HP SP Mean Min Max

Nepticulidae Stigmella lapponica a l p p m w 1 6 2.00 0.0 10.0 128 NS No NA

Ectoedemia weaveri b e l p m w 1 7 10.85 0.0 41.2 69 – – –

Incurvariidae Incurvaria vetulella a ? ? ? ? ? ? 15 1.20 0.0 6.8 125 NS 1 0.134

Incurvaria circulella a ? ? ? ? ? ? 15 3.46 0.0 29.5 175 NS No NA

Tineidae Monopis weaverella a e l o – – – 12 5.62 0.8 24.0 113 N No NA

Monopis spilotella a e l o – – – 14 7.06 1.0 33.7 115 N 3 0.191

Psychidae Taleporia borealis a e l o – – – 18 3.43 0.0 20.7 143 NS 2 0.213

Gracillariidae Parornix betulae a l p p m w 1 7 0.78 0.0 3.7 113 N 2 0.329

Yponomeutidae Paraswammerdamia

conspersella

b e l p c w 1 12 77.99 7.0 280.3 54 NS 3 0.492

Argyresthia pygmaella a e l p b w 1 12 8.02 0.0 23.0 99 P No NA

Oecophoridae Denisia similella a e l o – – – 13 2.97 0.0 7.7 72 N 3 0.517

Denisia stipella a e l o – – – 17 31.78 9.0 76.0 60 NS No NA

Pleurota bicostella a e l p c w 2 21 11.27 2.0 31.3 83 NS No NA

Momphidae Mompha idaei a e l p b h 1 20 0.88 0.0 3.2 106 NS No NA

Coleophoridae Coleophora idaeella a e l p m b 2 13 0.86 0.0 4.0 108 P 2 0.234

Coleophora vacciniella a e l p m w 1 10 1.17 0.0 4.0 91 NS No NA

Coleophora glitzella a e l p m w 1 12 14.57 0.3 68.0 107 P 3 0.445

Coleophora murinella a e l p m w 1 13 6.47 0.2 41.0 128 P 2 0.320

Gelechiidae Bryotropha galbanella a e l o – – – 15 8.13 1.5 24.7 82 NS No NA

Chionodes lugubrella a e l p r h 2 16 11.63 3.0 34.7 69 N 2 0.115

Chionodes continuella a e l o – – – 16 5.96 0.8 29.7 105 N No NA

Neofaculta infernella a e l p r w 3 18 1.42 0.0 11.0 151 NS No NA

Tortricidae Eana osseana a e l p b h 3 22 10.20 0.5 69.0 147 NS 3 0.475

Lozotaenia forsterana a e ? p r b 3 23 1.24 0.0 6.0 125 NS 1 0.168

Eulia ministrana a e l p r w 3 23 1.69 0.0 7.5 118 NS 3 0.181

Sparganotis rubicundana a e l p r w 3 17 9.99 1.5 31.0 65 NS No NA

Apotomis boreana b e l p r w 1 17 1.85 0.0 14.0 108 NS 2 0.431

Phiaris heinrichana b e l p r w 1 18 30.51 1.7 128.0 62 NS 2 0.197

Phiaris obsoletana a e l p r w 1 17 21.81 1.7 58.7 70 NS No NA

Phiaris schulzianus a e l p r w 3 22 19.85 0.5 275.0 267 NS 2 NA

Ancylis myrtillana a e l p r w 3 14 40.18 1.2 179.0 103 NS 2 0.280

Epinotia solandriana a e ? p r w 2 21 1.73 0.0 10.7 144 P No NA

Gypsonoma nitidulana b l l p r w 1 16 1.80 0.0 16.5 132 NS No NA

Pyralidae Eudonia murana a e l o – – – 16 3.34 0.0 28.7 166 NS No NA

Lasiocampidae Poecilocampa populi a e e p c b 2 35 2.91 0.0 16.7 150 NS No NA

Geometridae Scopula ternata a e l p c w 2 23 10.79 0.5 25.7 75 NS No NA

Xanthorhoe decoloraria a e l p c h 2 25 2.12 0.0 6.0 83 NS 2 0.263

Entephria caesiata a e l p c w 3 28 103.87 5.2 490.0 126 NS 2 0.552

Eulithis populata a e e p c b 2 29 26.66 0.8 129.0 101 P 2 0.359

Epirrita autumnata a e e p c b 2 43 1716.45 22.0 29450.0 334 NS 1 0.261

Noctuidae Xestia tecta b e l p c w 2 36 1.11 0.0 4.8 93 NS No NA

Xestia alpicola b e l p c w 3 35 5.85 0.0 76.0 173 NS 2 0.564

Life-cycle characters: FP flight periodicity (a annual, b biennial), PT timing of pupation (e early in the season, l late in the season), HI overwintering stage

(e egg, l larva, p pupa), LF larval food (p alive vascular plants, o other), FG larval feeding guild (c chewer, m leaf miner, r leaf roller, b shoot/root borer),
HP host-plant life form (h herbaceous, w woody plants, b both forms), SP larval specialisation (1, feeding in one plant genus; 2, in 2 genera; 3, in 3 or more
genera). Question marks indicate insufficient knowledge on life-history characteristic. Catches of species with biennial flight periodicity are summarised

for two consecutive years; magnitudes of fluctuation were measured by the coefficient of variation (CV). Any linear trend was detected by time-series
analyses: P positive (i.e., increase in catches during the sampling period), N negative, NS non-significant. The time lag in years refers to the maximum time

lag represented in time-series models (e.g., a model with time lag = 3 also includes terms for time lags of 1 and 2 years)
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estimates for autoregressive models (Price and Hunter

2005; Redfern and Hunter 2005). With the standard

assumption of log-linear relationships in the data (Stenseth

et al. 1996), we used the model structure and methods

described by Royama (1992) and Forchhammer et al.

(1998) to develop time-delayed models for each moth

population. Models were of the form:

xt ¼ ð1þ a1Þxt�1 þ a2xt�2 þ � � � þ aDxt�D;

where x = loge(1 ? moth abundance) at a given time t,

and the a are the strength of density-dependent effects on

various time lags (D). We used the corrected Akaike’s

information criterion (AICc) to select among competing

models (Forchhammer et al. 1998). The AICc values pro-

vide a measure of parsimony by which to choose models

with the maximum information gain for the minimum

number of model variables. In all cases, the maximum time

lag investigated in our models was 3 years, the maximum

lag for which ecological meaning can be easily inferred

(Royama 1992). AICc values compare among models of

increasing complexity. Specifically, a model with time lags

of both 1 and 2 years is compared with a model with only a

1-year time lag. Likewise, a model with time lags of 1, 2

and 3 years is compared with models with fewer lags. The

most parsimonious models are those with the lowest AICc

values (Forchhammer et al. 1998).

Data were missing from 1980 to 1982 for nine moth

species. For these species, models were developed using

population counts from 1983 to 1997 only. Counts for all

other univoltine species were developed using data from

1972 to 1997. Population counts for 12 species that dem-

onstrated significant linear trends were detrended using a

linear model before model fitting (Hunter et al. 1997).

Seven moth species (Table 1) were hemivoltine,

exhibiting 2-year life cycles. Hemivoltinism was confirmed

in these species, either because they were caught almost

exclusively in alternate years (i.e., a single hemivoltine

population. as in Xestia tecta, X. alpicola and Gypsonoma

nitidulana) or because they exhibited highly significant

positive correlations between population counts that were

separated by 2 years (species with both odd-year and even-

year hemivoltine populations, as in Paraswammerdamia

conspersella and Phiaris heinrichana). Time-series models

for the hemivoltine moth species were therefore developed

using data from alternate years (e.g., Redfern and Hunter

2005). Models developed for even- and odd-year hemi-

voltine populations did not differ qualitatively and so even-

year models are reported here (i.e., for P. conspersella and

Ph. heinrichana). Population counts for the final hemi-

voltine species, Ectoedemia weaveri, were missing from

1980 to 1982—we concluded that the available time series

was too short for valid analysis.

Data exploration

The results of autocorrelation analyses were used as

classificatory variables in both analyses of variance

(ANOVAs) (type III sum of squares; SAS GLM proce-

dure) for continuous data (mean annual catches, CV in

annual catches, and moth wing span) and frequency

analyses (SAS FREQ procedure) for other data (moth

phylogenetic position and life-history traits). First, we

contrasted species with and without negative feedbacks;

second, we compared species showing different time lags

in negative feedback; and finally, we compared four

classes altogether (no apparent negative feedback, and

time lags of 1, 2 and 3 years). We also searched for

relationships among continuous variables by calculation of

correlation coefficients (SAS CORR procedure; SAS

Institute 2009).

Results

Differences between rare and abundant species

Average annual catches of 42 species classified as abun-

dant ranged from 0.78 to 1716 specimens per trap

(Table 1). Log-transformed values of annual catches of

these species were normally distributed (P[ 0.05).

Abundant species accounted for 97% of collected indi-

viduals, among which the autumnal moth, Epirrita au-

tumnata (Bkh.), was the most frequent species (77% of

total catch).

Most of the 190 species classified as ‘rare’ were infre-

quent during the entire study period: maximum annual

catches in 132 species never exceeded 1 specimen/trap.

Distributions of annual/biennial mean catches of these

species were generally skewed due to overrepresentation of

zero values, and log transformation did not remove this

skewness.

Species hibernating in the larval stage (and whose larvae

pupate during the first half of the season) and species

whose larvae fed on substrates other than chlorophyll-

containing organs of vascular plants were 1.5–2.5 times

more frequent among abundant species than among rare

species (Table 2). Herbivorous species with different larval

feeding strategies (feeding habit, feeding guild, speciali-

sation, host life form) were proportionally distributed

among rare and abundant species (Table 2). Rare and

abundant species had similar mean wing lengths [mean ±

standard error (SE): 18.2 ± 0.7 and 18.6 ± 1.2 mm,

respectively; F1,230 = 0.57, P = 0.45] and were propor-

tionally represented among the major phylogenetic lin-

eages of Lepidoptera (v5
2
= 6.06, P = 0.30) (Fig. 1).
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Directional changes in abundance

In preliminary time-series analyses (SAS 9.2 time-series

forecasting procedure), we found significant linear trends

in population counts (on a log scale) in 12 of the moth

species (Table 1; Fig. 2a–e). However, only 3 of 42

abundant species demonstrated directional changes in

annual catches that were significant at the table-wide

probability level P = 0.05. The abundance of Chionodes

continuellus (Z.) declined (Fig. 2c) whereas catches of

Argyresthia pygmaeella (Den. et Schiff.) (Fig. 2b) and

Eulithis populata (L.) (Fig. 2e) increased over the obser-

vation period (1972–1997).

Coefficient of variation in annual catches of abundant

species

The CV in annual catches of species hibernating as eggs

was 1.8 times larger than that of species hibernating as

larvae or pupae (F1,36 = 8.52, P = 0.006). Among species

feeding on the green parts of vascular plants, the CV in

annual catches generally increased with the degree of

polyphagy (F1,40 = 4.75, P = 0.04). Species feeding on

both woody and herbaceous plants exhibited much larger

CV than species feeding on either woody or herbaceous

plants alone (mean ± SE: 164 ± 43% vs. 111 ± 7%), and

the CV in annual catches increased from species feeding in

one plant genus (97 ± 7%) to species feeding in two

(124 ± 25%) and more plant genera (142 ± 19%).

None of the other tests in which we correlated annual

variability in population counts with life-history traits

(listed in Table 2), taxonomic position of species (classi-

fied as in Fig. 1), moth family or moth size yielded sig-

nificant results (P values in separate tests ranged from 0.22

to 0.98) with one exception: larger species of Lepidoptera

exhibited higher CV in annual catches (r = 0.47, n = 42,

P = 0.0015).

Time lags in negative feedback in annual catches

of abundant species

Statistically significant time lags in negative feedback were

found in 22 of 41 abundant species (Table 1). The planned

contrast between abundant species showing and not

showing statistically significant time lags revealed no dif-

ferences in any of the continuous variables examined, such

as mean annual catches, CV in annual catches, and wing

span. Likewise, frequency analysis performed with all of

the categorical life-history traits listed in Table 2 yielded

no significant results. Similarly, we found no variation in

Table 2 Comparison of life-history characteristics between rare (RA) and abundant (AB) moth species collected at the Kevo Subarctic Research

Institute, northern Finland, between 1972 and 1997

Species considered Life history characters Species numbers Statistics

Type Category RA AB v
2 P

All Overwintering stage Egg 18 3 11.83 0.008

Larva 71 33

Pupa 27 2

Imago 8 0

Pupation period Early 119 37 9.08 0.003

Late 53 3

Larval food Green plants 176 31 5.16 0.02

Other 16 8

Herbivorous Larval feeding habit Exophagous 108 22 0.52 0.47

Endophagous 66 10

Larval feeding guild Chewers 60 10 3.94 0.27

Rollers 38 12

Borers 25 2

Miners 41 8

Host-plant life form Herbaceous 40 6 2.90 0.24

Woody 105 19

Both 24 7

Feeding specialisation Monophagous 74 11 2.27 0.32

Oligophagous 46 13

Polyphagous 47 8
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any character analysed among species demonstrating time

lags of 1, 2 or 3 years. However, when all four classes of

species (showing no time lag, and showing time lags of 1, 2

and 3 years) were analysed together, variation in the CV in

annual catches approached the significance level

(F3,37 = 2.70, P = 0.06). The post hoc Duncan test dem-

onstrated that this variation is mostly due to a significantly

higher CV in species exhibiting 1-year time lags

(mean ± SE: 194 ± 70%) compared with species exhib-

iting no time lags (118 ± 11%) or longer time lags

(2 years: 110 ± 9%; 3 years: 102 ± 14%).

We detected significant variation among moth families

in a1 coefficients (F10,10 = 2.89, P = 0.05), suggesting at

least a weak phylogenetic signal in density dependence at

the family level. In spite of that, species within the same

genus generally showed different patterns of density

dependence. This is especially intriguing for species pairs

such as Incurvaria, Monopis, and Denisia, which are very

closely related and have similar life-history traits

(Table 2).

Discussion

Rarity and abundance

Our data, like multiyear observations on herbivorous

insects on bracken in England (Lawton and Gaston 1989),

demonstrate that rare species have generally remained rare

over the 26-year study period, and that rare species differ in

life-history traits from those that are more abundant (as

suggested by Kunin and Gaston 1993). Intriguingly, spe-

cies whose larvae feed on substrates other than living

vascular plants (generally detritus, sometimes mosses) are

over-represented among abundant species (20.5% com-

pared with 8.3% among rare species). This finding fits the

general concept of environmental predictability (South-

wood 1977; Ariño and Pimm 1995), since variations in

both amount and quality of food are presumably lower for

larvae feeding on detritus or mosses than on green parts of

vascular plants.

Hibernation at the larval stage (associated with pupation

during the first half of the plant-growing season, Table 2)

allows exploitation of early summer (flushing) foliage,

which is generally better quality food for herbivores

(Slansky and Rodriguez 1987; Martel and Kause 2002;

Murakami et al. 2005). This can be seen as one of the

reasons behind higher overall abundance of this species

group in our catches. However, we cannot completely

exclude the hypothesis that this pattern emerged due to

sampling bias: the species that pupate during the first half

Fig. 2 Density fluctuations (expressed as themean number per trap per

year) in moth species with different life-history traits collected at the

Kevo Subarctic Research Institute, northern Finland, between 1972 and

1997. Time lag refers to the maximum order of time lag represented in

time-series models. a Monopis spilotella (Spearman rank correlation

between annual catch and study year: rS = -0.31, P = 0.12; time lag

3 years). b Argyresthia pygmaella (rS = 0.81, P = 0.0001; no time

lag). c Chionodes continuellus (rS = -0.77, P = 0.0001; no time lag).

d Ancylis myrtillana (rS = 0.14,P = 0.50; time lag 2 years). eEulithis

populata (rS = 0.63, P = 0.0005; time lag 2 years)
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of the growing season fly from mid-summer to early

autumn when the efficiency of light traps is presumably

higher than during the light nights of the first half of the

summer.

Magnitude of fluctuations in abundance

Several ecological and life-history factors may be linked

with the magnitude of temporal variability in population

size (reviewed by Gaston and McArdle 1994). Density

fluctuations have been associated with monophagy (Mac-

Arthur 1955; Redfearn and Pimm 1988), high fecundity

(Spitzer et al. 1984), feeding in early spring, gregarious

feeding habit, eggs placed in clusters, larval defences other

than crypsis (Hunter 1991, 1995a), wing reduction in

females (Hunter 1995b), feeding on annual rather than

perennial plants (van Emden and Way 1972), female

selectivity in respect of oviposition substrate (Price 1990,

1994, 2003; Price et al. 1990; Tammaru et al. 1995) or

oviposition behaviour (Eber et al. 2001), presence/absence

of imaginal feeding (Tammaru and Haukioja 1996) and the

strength of bottom-up regulation (Eber et al. 2001). Fur-

thermore, moth size may contribute to population vari-

ability either directly (Gaston 1988) or via some of the

characteristics listed above (Wasserman and Mitter 1978;

Niemelä et al. 1981; Gaston 1988; Inkinen 1994; Lind-

ström et al. 1994). The problem, of course, is that these

patterns were extracted from different data sets and by

using different approaches, and only some of these patterns

could be verified by using our data set. Last but not least,

outbreaks of some species (such as autumnal moth Epirrita

autumnata) occur only in some parts of the distributional

range (Tenow 1972; Ruohomäki et al. 2000), emphasising

the importance of environmental factors in shaping out-

breaking population dynamics.

Hibernation at the egg stage and pupation during the

second half of the plant-growing season in our analyses

were strongly associated with high CV in annual catches.

This result is consistent with earlier observations that,

along with the autumnal moth Epirrita autumnata, a

notorious outbreaking species with the highest CV in

annual catches in our data set, many outbreaking species

such as green tortrix, Tortrix viridana (L.), winter moth,

Operophtera brumata (L.), and gypsy moth, Lymantria

dispar (L.), overwinter as eggs (Price 1997). More gener-

ally, outbreaking species of Canadian macrolepidopterans

have also been reported to be synchronised with flushing

foliage (Hunter 1991, 1995a).

Early season foliage appears to be a less predictable

resource than late season foliage, and this may explain why

pupation early in the season, associated with feeding on

flushing foliage, is related to a higher CV in annual catches

compared with species feeding on late season (mature)

foliage. However, the same theory predicts that polypha-

gous species should be less variable than host specialists,

the pattern confirmed by Redfearn and Pimm (1988) but

not found in our data set. Instead, our results (higher var-

iability of polyphagous species, especially of those feeding

on both woody and herbaceous plants) are in agreement

with the concept by Watt (1964) and empirical results by

Rejmanek and Spitzer (1982). This controversy may hint

that the detected patterns are driven by life-history traits

other than the level of host-plant specialization, but these

traits still remain to be discovered.

Periodicity in fluctuations of species’ abundance

Cyclic population dynamics have been reported (Myers

1988) and statistically analysed (Turchin 1990) in several

outbreaking temperate forest moths, whereas periodicity in

fluctuations of non-outbreaking moth species has not, to

our knowledge, been reported previously. Systems tend to

oscillate if there are delayed negative feedbacks (Berryman

1987), and second-order (=delayed) processes were found

in over 50% of cases analysed and interpreted by Turchin

(1990). Similarly, we found that about half of the abundant

species investigated here exhibited delayed density

dependence (Table 1).

The prevalence and detection of density dependence

have been the subject of considerable debate for many

years (Andrewarth and Birch 1954; Lack 1954; Pollard

et al. 1987; Stiling 1988; Dennis and Taper 1994; Williams

and Liebhold 1995; Hunter and Price 1998). A lack of

strong negative feedback may reflect the dominance of

local stochastic factors (e.g., weather) or density-indepen-

dent movement (e.g., dispersal) in driving population

dynamics (Hunter 2001). Additionally, light-trap data may

be particularly susceptible to environmental influence

(temperature, moonlight etc.), thus decreasing our ability to

detect a signal of density dependence. Whatever the cause,

the abundances of nearly half of the moth species that we

investigated appear to fluctuate without the action of strong

local negative feedback.

Models of population cycles generally invoke either

higher (natural enemies) or lower (host quality) trophic

levels, or relate the quality of individuals themselves to

patterns of abundance (Voipio 1950; Chitty 1960; Ginz-

burg and Taneyhill 1994; Rossiter 1994; Zvereva et al.

2002). Although cycles generated by these mechanisms are

often indistinguishable from each other (Ginzburg and

Taneyhill 1994), our data indirectly indicate that host-plant

quality or quantity may regulate populations of some of the

herbivorous moths. For example, the higher CV in annual

catches of larger moths may be explained by the higher

levels of damage that larger species may cause to their

hosts. If severe defoliation induces rapid increases in
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defence, then periodic dynamics can result (Hunter 2001).

Similarly, moth species with the shortest time lags in

negative feedback (1 year) had the largest magnitude of

fluctuations in our study; first-order feedback processes are

often associated with competition for limited resources or

rapid defence induction (Hunter 1998). However, defence

induction is definitely not the only mechanism causing

density oscillations in the Kevo moth community, because

delayed density dependence was also found in three species

whose larvae feed on plant detritus or on mosses (Table 1).

Fluctuations in species’ abundance and phylogeny of

Lepidoptera

Our findings support the conclusion reached by Hunter

(1991, 1995a) on the absence of strict phylogenetic con-

straints underlying moth population dynamics. In particu-

lar, different population dynamics found in closely related

moth species with similar life-history traits undermines the

phylogenetic constraints hypothesis. This result is also in

line with studies of plant extinction, which reveal that

extinction risk cannot be reliably predicted from species’

traits alone (Freville et al. 2007). However, as long as

population dynamics is properly documented in only a few

species, with no representatives from the most archaic

lineages of Lepidoptera (except for periodic fluctuations

reported for Eriocrania spp.: Bylund and Tenow 1994;

Zvereva and Kozlov 2006), this conclusion should be

regarded as tentative.

Conclusions

Our analyses reveal that only a few consistent patterns in

the population dynamics of herbivorous moths can be

deduced from life-history characteristics of the species,

and the diversity of population behaviour in one moth

assemblage challenges any conventional wisdom sug-

gesting predictable patterns. The population variability of

the moths forms a continuum from latent to eruptive

species, rather than a simple dichotomy of ‘outbreaking’

and ‘other’ species. The continuum approach should be

preferred in studies emphasising an evolutionary per-

spective and will likely provide better opportunities to

understand the mechanisms driving such an array of

dynamics. Our results raise several questions about per-

ceptions and paradigms in insect population dynamics and

stress the need for research on detritivorous insect popu-

lation dynamics, as well as the need for more assemblage-

wide studies using common trapping methods to provide

comparative data on related and unrelated species with

different life-history traits. And finally, there is an urgent

need for reliable multiyear data on fluctuations in

abundance of rare species, which are under-represented in

all data sets published so far.
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Ruohomäki K, Tanhuanpää M, Ayres MP, Kaitaniemi P, Tammaru T,

Haukioja E (2000) Causes of cyclicity of Epirrita autumnata

(Lepidoptera, Geometridae): grandiose theory and tedious

practice. Popul Ecol 42:211–223

SAS Institute (2009) SAS version 9.2 for Windows. SAS Institute,

Cary
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