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Abstract
1. Insect phenology consists of the timing of life events, as well as the number of generations (voltinism). While several studies have focused on the impact of climate on
the timing of seasonal events, or the voltinism of single species, we have few
insights into the factors that shape patterns of voltinism within ecological communities. Importantly, voltinism can have a major impact on population growth, species
interactions, and rate of evolution.
2. We investigated the relative importance of spatial variation in temperature and species traits in shaping patterns of voltinism within an herbivore community feeding
on deciduous oaks across a temperature gradient in Europe.

Funding information
Bolin Centre for Climate Research - Research
Area 8

3. Voltinism increased with temperature, where the probability for a species to be
univoltine decreased with temperature, whereas the probability for a species to be
strictly multivoltine increased with temperature. The relative abundance of the first

Associate Editor: Toomas Tammaru

and subsequent generations of multivoltine species did not significantly change
along the temperature gradient. Resource specialisation affected voltinism, where
oligophagous and polyphagous species were more likely to be strictly multivoltine
than narrow oligophagous species. Overwintering stage and body size did not affect
voltinism, and there was no evidence that species traits influenced the relationship
between temperature and voltinism.
4. Our findings highlight that temperature and species traits shape variation in voltinism within an herbivore community associated with oak trees. These
temperature-induced shifts in voltinism within the oak-associated herbivore community may have profound effects on the synchrony within and between trophic
levels, and consequently for food web structure and outbreak dynamics.
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I N T R O D U CT I O N

temperate regions, temperature influences when plants and insects
start growing or emerge in spring, when they reproduce, and when

Spatial and temporal variation in climate can have a major impact on

the activity ends in autumn (Bale et al., 2002). However, more radical

the phenology of organisms (Menzel et al., 2006; Parmesan, 2007). In

changes than shifts in timing can happen with higher temperatures
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and longer growing seasons: insect species may increase the number

as they are specialised on developing leaves (Tammaru et al., 2001;

of

Tikkanen & Paivi, 2002).

generations

per

year

(voltinism)

(Altermatt,

2010a;

Parmesan, 2007). Changes in voltinism in response to spatial and tem-

Species that share the same habitat (i.e., a community;

poral variation in climate may differ between species within ecological

Emlen, 1977) may respond differently to changes in temperature,

communities, for example, due to differences in species traits related

which can have pronounced consequences at the community level,

to resource specialisation, overwintering stage or body size

for example due to changes in plant-mediated (Denno et al., 1995;

(Altermatt, 2010b; Hodkinson et al., 1998; Teder, 2020; Zeuss

Kaplan & Denno, 2007) and natural enemy-mediated species interac-

et al., 2017). Such variation among species in their relationship

tions (Morris et al., 2004, 2014). Despite this, studies have either

between temperature and voltinism may shift the synchrony within

focused on the impact of spatial and temporal variation in tempera-

and between different trophic levels (Thackeray et al., 2016) and

ture and photoperiod on the voltinism of individual species (e.g., Ahn

increase the frequency of outbreak dynamics (Isaev et al., 2018).

et al., 2016; Lindestad et al., 2019; Stoeckli et al., 2012) or examined

Nonetheless, studies to date have mostly focused on the voltinism of

changes in voltinism across a broad range of insects originating from a

single species (Lindestad et al., 2019; Stoeckli et al., 2012) or a broad

wide variety of ecosystems (e.g., Altermatt, 2010a; Pöyry et al., 2011;

range of insects originating from a wide variety of ecosystems

Teder, 2020). While this has unambiguously demonstrated that spe-

(e.g., Altermatt, 2010a; O’Neill et al., 2012; Pöyry et al., 2011;

cies vary in how rapidly they change in voltinism in response to

Teder, 2020). Hence, we lack insights into the relative importance of

changes in climate, we lack insights into the consequences of changes

climate and species traits on voltinism at the community level.

in voltinism for species interactions within ecological communities.

Voltinism of insects depends on environmental conditions (Bale

One area of particular interest is the northern range of the distribution

al.,

traits

of the community, where changes in voltinism in response to climate

(Altermatt, 2010b; Hodkinson et al., 1998; Teder, 2020; Zeuss

may be particularly pronounced due to low temperatures and a short

et al., 2017), and might differ across the phylogenetic tree as based

growing season. Taken together, we need studies focusing on spatial

on the underlying genetic background (Ahn et al., 2016; Lindestad

variation in voltinism at the community level, by focusing on a set of

et al., 2019; Marcon et al., 2003; Pruisscher et al., 2018; Stoeckli

species sharing the same habitat.

et

2002;

Lindestad

et

al.,

2019)

and

species

et al., 2012). Among the environmental conditions, photoperiod is

We investigated the impact of temperature (growing degree days

known to affect insect emergence and diapause induction (Lindestad

above 5 C, GDD5) and species traits (resource specialisation, over-

et al., 2019; Stoeckli et al., 2012). The developmental rate of lepi-

wintering stage and body size) on patterns of voltinism in an herbivore

dopterans depends on temperature (Bale et al., 1997, 2002;

community associated with a focal host plant. For this, we used citizen

Hodkinson et al., 1998). Generally, insects develop faster with higher

science data on the seasonal flight times of specialist and generalist

temperature, and are thus more likely to develop multiple genera-

lepidopterans feeding on deciduous oak across Europe. More specifi-

tions in the parts of their range with higher mean temperatures and

cally, we addressed three questions:

longer growing seasons (Bale et al., 1997, 2002; Hodkinson

1. How does voltinism change with temperature across Europe? Are

et al., 1998). Species that have a single generation in years with an

changes particularly pronounced at the northern limit of distribu-

average temperature may still develop an additional generation in
years with higher temperature, a phenomenon often referred to as
partial bivoltinism or partial multivoltinism (Porter et al., 1991; Pöyry
et al., 2011; Van Dyck & Wiklund, 2002). Some species may develop

tion of oak?
2. For multivoltine species, does the relative abundance of individuals
in

the

first

versus

subsequent

generations

change

with

temperature?

more than one generation per year throughout their entire

3. What is the relationship between species traits (resource speciali-

(or studied) range, often referred to as strictly multivoltine, while

sation, overwintering stage and body size) and voltinism? Do spe-

some other species develop only one annual generation throughout

cies with different species traits vary in their response to spatial

their range (strictly univoltine). Partially and strictly multivoltine spe-

variation in temperature?

cies may show variation in the relative abundance between generations in response to climate. For example, Altermatt et al (2010a)
showed that for 190 of 263 lepidopteran species in central Europe

METHODS

the abundance in the second and subsequent generations increased
as compared to the first generation in response to increasing tem-

Study system

peratures. Besides temperature and season length, variation in voltinism is also likely to depend on species traits like resource

We focused on the lepidopterans on deciduous oaks for three rea-

specialisation, overwintering stage or body size. For example, gener-

sons: (i) deciduous oaks are widespread across Europe, (ii) the lepidop-

alists can extend their growing season by feeding on alternative

teran community associated with oak is highly diverse, and (iii) the

hosts in spring or autumn (Altermatt, 2010b), species that overwinter

oak-associated community has been extensively studied. The hybrid

as an egg often start feeding earlier in spring (Svensson, 1993), and

complex formed by deciduous oaks (i.e., Quercus petraea (Matt.) Liebl.,

smaller species usually have shorter life cycles (Danks, 2006). None-

Q. pyrenaica Willd. and Q. robur L.) is widely spread across Europe,

theless, some spring feeding species might remain strictly univoltine,

with the southern limit of its distribution in the northern half of the
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Iberian Peninsula and its northern limit in Norway, Sweden and

temperature for months with mean temperature greater than 5 C

Finland (Petit et al., 2002). These oak species grow in a wide range of

multiplied by the number of days in each month (Title &

climatic conditions, and harbour a rich community of leaf herbivores,

Bemmels, 2018). We subdivided GDD5 into multiple classes to allow

including a large diversity of lepidopterans (Petit et al., 2002;

for the calculation of flight curves, which can only be constructed

Southwood, 1961). The lepidopterans associated with oak are well

based on multiple observations. To allow robust statistical inference

studied by both professional entomologists and amateur collectors,

among classes, we subdivided GDD5 into four classes, with >100

including

periods

species per class: (i) <20,000, (ii) from 20,000 to 25,000, (iii) from

(e.g., Sihvonen & Skou, 2015; Svensson, 1993; Wrzesinska, 2017).

25,000 to 30,000 and (iv) >30,000, where we selected the midpoint

Lepidopterans feeding on the same plant individual are well-known to

of each class to create the continuous response variable GDD5. To

interact directly, or indirectly through plant-mediated (Faeth, 1992;

investigate the impact of spatial variation in temperature on vol-

Kaplan & Denno, 2007; Tack et al., 2009) and natural enemy-

tinism at the northern range limit of the oak community, we used the

mediated competition or facilitation (Morris et al., 2004, 2014; Tack

following GDD5 classes: (i) <19,000, (ii) from 19,001 to 20,000, and

et al., 2011; Thierry et al., 2019).

(iii) from 20,001 to 22,000.

their

geographical

distribution

and

flight

For each species, we defined the level of resource specialisation
as based on the host plants used within Europe: (i) narrow oligopha-

Species selection and grouping

gous, if the species only feeds on plants within the Quercus genus,
(ii) oligophagous, if the species only feeds on species within the

In this paper, we focused on lepidopteran species feeding on decidu-

Fagaceae, and (iii) polyphagous, if the species feeds on more than two

ous oak across a latitudinal gradient in Europe. For this, we used citi-

plant families. We further recorded the overwintering stage (egg, larva

zen science data taken from the GBIF repository (GBIF.org, 2018). To

or pupa) and body size (using male wingspan as a proxy; Jonko, 2019).

construct our database, we included species that had at least 10 observations in one of six countries (Spain, France, Germany, The
Netherlands, Denmark and Sweden) (cf. Altermatt, 2010a) during the

Assessing univoltinism and multivoltinism

period from 2003 to 2018. From this list (n = 260), we excluded species that overwinter as adults (n = 33) or are migratory (n = 2),

To calculate voltinism for each combination of species and GDD5

because the last annual generation can be confounded with the first

class, we adapted the methodology from Altermatt (2010a), using ker-

generation of the following year. The data set consisted of 184,882

nel density estimates of dates of the records within each GDD5 class

records of the adult stage. Each individual record consisted of a spe-

with the default function densityplot in R v. 3.5.0 (R Development

cies name, date (transformed to the Julian date) and coordinates.

Core Team, 2020). Kernel density estimation is a non-parametric way

To examine the relationship between voltinism and growing

to estimate the probability density function of a variable (occurrence

degree days above 5 C (GDD5), we took a three-step approach (for

over time in our case) that can be seen as a smoothed line of a histo-

details on each step, see paragraphs below). First, as flight curves can

gram, with the advantage that it is not necessary to define an arbitrary

only be calculated from a set of multiple observations for a given spe-

bin width. We used the default kernel-bandwidth, which is estimated

cies, we subdivided the variable GDD5 into multiple classes. Second,

from the data and is scale invariant (Altermatt, 2010a). Given a sample

we estimated the level of voltinism (univoltine, partially multivoltine,

of individual flight records of a species, kernel density estimation

strictly multivoltine) from the flight curves using kernel density esti-

extrapolates the individual data and predicts the flight period and rela-

mation, separately for each combination of species and GDD5 class.

tive occurrence of individuals of the entire population over the sum-

Third, we used the variable voltinism (as estimated separately for each

mer. We used the set of species that had a minimum of 10 individuals

combination of species and GDD5 class) within ordinal models that

in at least two GDD5 classes. This cut-off level allowed us to compute

included the predictor GDD5, as well as three life-history traits. This

a reasonable kernel-density estimate and at the same time avoided

approach was previously used to analyse changes in voltinism along a

the exclusion of many species that are rare. Univoltine species will

latitudinal gradient (Pöyry et al., 2011; Teder, 2020; Zeuss

have a unimodal kernel-density distribution, while bivoltine species

et al., 2017) and through time (Altermatt, 2010). To validate the

will have a bimodal distribution, etc. The species whose flight curve

robustness of the approach, we repeated the steps above for the pre-

did not present local minimum values were classified as univoltine,

dictor variable ‘latitude’ (see Data S1).

while the rest were classified as multivoltine. To distinguish between

We extracted data on temperature from the ENVIREM database,

strictly multivoltine and partially multivoltine species, we visually

which provides a set of climatic variables relevant for ecological and

inspected each flight curve. Following Altermatt (2010a), we consid-

physiological processes (Title & Bemmels, 2018). To analyse the

ered as strictly multivoltine species those that consistently present a

impact of spatial variation in temperature on voltinism, we extracted

clear bimodal distribution, while partially multivoltine species present

growing degree days above 5 C (GDD5) for the coordinates of each

small peaks in their flight period curves separated from the main one

observation from the ENVIREM database (Title & Bemmels, 2018)

only in specific years (see Pöyry et al., 2011). As such, we obtained an

for the period from 1960 to 1990, with a resolution of 20 km.

estimate of voltinism for each combination of species and GDD5

ENVIREM calculates GDD5 values as the sum of mean monthly

class.
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Assessing the relative population sizes in the first and
subsequent generations of multivoltine species

voltinism with GDD5, negative slopes represented species that
decrease their voltinism with GDD5, and slopes with a zero value represented species that were not affected by GDD5.

For the multivoltine species, we estimated the magnitude of the sec-

To investigate the impact of temperature on voltinism at the

ond and subsequent generations relative to the first generation, sepa-

northern range edge of the distribution of oak in Sweden, we mod-

rately for each combination of species and GDD5 class. Following

elled the impact of GDD5 on voltinism, and – as we did at the

Altermatt (2010a), we pooled the second and potential subsequent

European scale – assessed if individual species increase, decrease or

generations for the analysis. We defined the change between the first

do not change their voltinism with GDD5 (see Table S1 for a summary

and the subsequent generations as the date at which the slope

of models).

between the first two peaks of the kernel density curve was minimal.

Finally, we investigated whether the relative proportion of indi-

We calculated the area under the curve both to the left and to the

viduals in the first and subsequent generations for a given species

right of the minimal value obtained for the x-axis, and calculated the

changed with GDD5 class. As the relative size of the different genera-

relative proportion of the second and subsequent generations relative

tions varies strongly among species, we used a paired Wilcoxon

to the first generation. When this value is smaller than 1, the first gen-

signed-rank test, where individual species were the unit of replication.

eration is more abundant than subsequent generations, and a value

In other words, we tested whether (across all species) the relative size

larger than 1 indicates that the second and subsequent generations

of the different generations of each species was higher in one GDD5

are larger than the first generation.

class as compared with another GDD5 class. We conducted the
Wilcoxon signed-rank test separately for each pairwise combination
of GDD5 classes.

Statistical analyses
At the European scale, we used ordinal models to assess the impact of

RE SU LT S

GDD5, resource specialisation, overwintering stage and body size on
voltinism. For this, we modelled the voltinism of each species in each
GDD5 class (1 = univoltine, 2 = partially multivoltine and 3 = strictly

The impact of GDD5 on voltinism at the community
level

multivoltine) as a function of the fixed effects GDD5 (continuous),
resource specialisation (categorical), overwintering stage (categorical)

The level of voltinism increased with temperature (Table 1 and

and body size (continuous). Note that the response variable voltinism

Table S2, Figure 1), where the proportion of univoltine species

has a single value for each combination of species and GDD5 class, as

decreased with GDD5 both in Europe and at the oak’s northern range

estimated from the flight curves. To examine whether species with

edge in Sweden, while the proportion of strictly multivoltine species

different species traits varied in their response to GGD5, we included

followed the opposite pattern (Figure S1). The proportion of partially

two-way interactions between species traits and GGD5. To account

multivoltine species did not change with temperature in either Europe

for phylogenetic relationships among species, we included family and

or the oak’s northern range edge in Sweden (Figure S1). The relation-

genus as random effects. To account for species-level effects, we

ships between the level of voltinism and latitude (as a proxy for GDD5)

included species as a random effect. The continuous predictors GDD5

were similar to those for GDD5 (for details, see Data S1, Figure S2, and

and body size were scaled to zero mean and unit variance. To assess

Tables S3 and S4). A large fraction of species within the lepidopteran

whether latitude can be used as a proxy for GDD5, we also conducted

community associated with oak increased their voltinism with GDD5,

a similar set of analyses where we included latitude instead of GDD5

both in Europe and at the oak’s northern range edge in Sweden

(see Data S1 for a detailed explanation). We fitted the model using

(χ 21 = 27.4, p < 0.001 and χ 21 = 35.2, p < 0.001; Figure 2).

the function clmm in the R-package ordinal (Christensen, 2019; R Core
Team, 2020), and tested for significance using the function Anova in
the package car (Weisberg, 2019). We ran post-hoc analyses for significant categorical predictors by using the function lsmeans

The relative population sizes in the first and
subsequent generations of multivoltine species

implemented in the R-package lsmeans (Lenth, 2016). For a detailed
overview of the statistical models conducted, including questions,

The relative size of the first and subsequent generations of multivol-

response variables, predictors and R-functions used, see Table S1.

tine species was not significantly affected by GDD5 (for all pairwise

To assess to what extent individual species increase, decrease or

comparisons, p > 0.05; Table S5).

do not change their voltinism with GDD5, we modelled voltinism of
each species in each GDD5 class (1 = univoltine, 2 = partially multivoltine and 3 = strictly multivoltine) as a function of GDD5. We ran

The impact of species traits on voltinism

the model using the function clm in the R-package ordinal
(Christensen, 2019). We extracted regression slopes for each species,

Voltinism was related to resource specialisation, with a higher level of

where positive slopes represented species that increased their

voltinism for oligophagous and polyphagous species than for narrow
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T A B L E 1 The impact of growing degree days above 5 C (GDD5), resource specialisation (narrow oligophagous, oligophagous or
polyphagous), overwintering stage (egg, larva or pupa), body size and their interactions on the voltinism of lepidopterans feeding on deciduous
oak in Europe
Predictor

Estimate

SE

GDD5

0.44

0.09

Resource specialisation
• oligophagous

1.50

0.59

• polyphagous

0.71

0.42

Overwintering stage
• larva

0.31

• pupa

0.13

0.34

0.07

0.14

GDD5  Resource specialisation
• polyphagous

0.05
0.20

20.69

1

<0.001

6.34

2

0.01

3.49

2

0.17

0.91

1

0.34

1.11

2

0.57

5.83

2

0.054

3.81

1

0.05

0.27

• larva

0.60

0.27

• pupa

0.37

0.20

0.18

p

0.36

GDD5  Overwintering stage

GDD5  Body size

df

0.39

Body size

• oligophagous

χ2

0.09

Variance components
Family = 0.03
Genus = 0.21
Species = 1.51
Note: The response variable voltinism consisted of a single value for each combination of species and GDD5 class, as estimated from the flight curves.
Shown are the results of ordinal models, including parameter estimates and their associated standard errors (SE), χ2 values, degrees of freedom and
p-values. Significant p-values (p < 0.05) are shown in bold. Qualitative conclusions did not change when the model was simplified.

F I G U R E 1 The relationship among temperature (GDD5) and the level of voltinism (a) in Europe and (b) at the oak’s northern range edge in
Sweden. Shown are linear trend lines with their associated standard error (shaded area) from the ordinal models
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F I G U R E 2 Histogram of the slopes between voltinism and GDD5 for individual species (a) in Europe and (b) at the oak’s northern range edge
in Sweden. Black bars indicate species that increased in voltinism with GDD5, grey bars indicate species that did not change voltinism with GDD5
and white bars indicate species that decreased voltinism with GDD5. Numbers between brackets indicate the number of species studied at each
scale

F I G U R E 3 The relationship between (a) resource specialisation, (b) overwintering stage and (c) body size (male wingspan in mm) and
voltinism. Panel a presents model-estimated means (squares) and standard errors (bars) in each resource specialisation category (narrow
oligophagous, oligophagous and polyphagous species). Significant differences between levels of resource specialisation are indicated by capital
letters (see table S6 for post-hoc analyses). Panel b presents model-estimated means (squares) and standard errors (bars) for species
overwintering as egg, larva and pupa). Panel c presents a linear trend line with its associated standard error for the relationship between male
wingspan (in millimetres) and voltinism

oligophagous species (Figure 3a, Table 1 and Table S6). Body size and

lepidopterans sharing a single resource, the deciduous oaks. Voltinism

overwintering stage were unrelated to voltinism (Figure 3b,c, Table 1).

increased with temperature across Europe and at the northern edge

Species with different life-history traits did not differ in their relation-

of the oak distribution in Sweden, where the proportion of univoltine

ship between voltinism and GDD5 (Table 1).

species decreased with GDD5, while the proportion of strictly multivoltine species followed the opposite pattern. Yet, the relative abundance between the first and subsequent generations did not change

DISCUSSION

across the temperature gradient. Among the species traits, only
resource specialisation was related to voltinism, whereas over-

We used citizen science data to disentangle the effects of tempera-

wintering stage and body size had no relationship with voltinism. The

ture and species traits on patterns of voltinism within a community of

strong effect of spatial variation in temperature on the voltinism
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within the lepidopteran community associated with deciduous oaks

voltinism and the rearing of a broad set of species under a set of

indicates that—with ongoing climate warming—the number of genera-

experimental temperature regimes (Coelho Jr & Parra, 2013;

tions of many, but not all, species will increase. Still, the speed of such

Lindestad et al., 2019; Pöyry et al., 2011; Tamiru et al., 2011;

changes will depend on whether the underlying mechanism is pheno-

Teder, 2020).

typic plasticity, or requires local adaptation, which might differ among

While voltinism increased with temperature, we did not find a

species. Such changes in voltinism will have major consequences for

change in the relative abundance of the first versus subsequent gen-

levels of herbivory, the synchrony between host plants, herbivores

erations for the multivoltine species within the lepidopteran commu-

and their natural enemies, and food web structure.

nity on oak. This contrasts with the only previous study that

Voltinism increased with temperature across a latitudinal gradient

investigated changes in the relative abundance between the first and

within Europe and at the northern range edge of oak in Sweden. Our

subsequent generations (Altermatt, 2010a). Altermatt (2010a) found

finding of an increase in voltinism across a temperature gradient in

that the relative abundance of the second and subsequent genera-

Europe matches two previous studies on patterns of voltinism at large

tions increased (as compared to the first generation) after 1980, which

spatial scales (Teder, 2020; Zeuss et al., 2017). Zeuss et al. (2017)

was attributed to climate change. One explanation for an increase in

demonstrated that lepidopterans and odonates increased their vol-

the relative abundance of the second and subsequent generations

tinism across a latitudinal gradient from 35 N to 70 N, and

through time, but not in space, may be that natural enemies of the

Teder (2020) reported that >50% of 731 investigated lepidopterans

lepidopterans do not show the same rapid temporal response to cli-

increased in voltinism along a 1.5 C temperature gradient. Species

mate change, whereas they have caught up in space. One methodo-

that remain univoltine are frequently strongly synchronised with their

logical issue might also obscure some of the spatial patterns in the

host plant and are potentially vulnerable to phenological mismatch

relative abundance of the first and subsequent generations: if light

with their host plants (Teder, 2020). These changes in voltinism are

trapping is used to catch some of the lepidopterans, the capture effi-

most likely linked to resources and time limitations, especially in

ciency decreases during the short nights in early summer, and particu-

northern areas, where the average temperatures are lower and the

larly so in northern Europe. Overall, we hope that future studies will

growing season is shorter (Altermatt, 2010a; Zeuss et al., 2017). Our

assess the generality of the role of temperature on the relative abun-

finding of a clear relationship between voltinism and temperature at

dance of the first vs. subsequent generations across multiple geo-

the northern range of the distribution matches a study by Pöyry

graphical areas, and include multiple trophic levels to test for the role

et al. (2011), who found a positive relationship between voltinism and

of synchrony between herbivores and their natural enemies in shaping

temperature for 178 lepidopterans along a latitudinal gradient of

these patterns.

1000 km in Finland (Pöyry et al., 2011). We observed similar changes

Among the species traits, only resource specialisation showed a

in voltinism when using latitude as a proxy for temperature in the ana-

direct relationship with voltinism, and there was no evidence that spe-

lyses, which matches with two previous studies that found similar pat-

cies traits influenced the responses of species to temperature. For

terns for temperature and latitude (Pöyry et al., 2011; Zeuss

resource specialisation, oligophagous and polyphagous species were

et al., 2017). Thus, we observed that patterns of voltinism are robust

more likely to be multivoltine than narrow oligophagous species. Our

to the exact predictor variable chosen (GDD5 and latitude), and fur-

findings match with Altermatt (2010b), who found that species with a

ther validates the use of latitude as a proxy for temperature. From a

broader host range are more likely to be multivoltine. Species that

methodological perspective, we note that the construction of flight

feed on multiple plants are not restricted to the availability of leaves

curves from data accumulated across multiple years in this and previ-

of a single species, and can thus take advantage of a larger part of the

ous studies (Altermatt, 2010a; Altermatt, 2010b; O’Neill et al., 2012;

growing season. The absence of a relationship between voltinism and

Pöyry et al., 2011; Teder, 2020; Zeuss et al., 2017) could, in some

overwintering stage or body size contrasts with previous studies

cases, cause misinterpretations. For example, large temperature varia-

which found that species that overwinter as pupa are more likely to

tions across years could obscure multivoltine patterns by the appear-

develop multiple generations (Teder, 2020) and that voltinism

ance of a single flight peak, and, conversely, create multiple peaks for

decreased with body size (Teder, 2020; Zeuss et al., 2017). These dis-

univoltine species. Our database was constructed based on citizen sci-

crepancies suggest that the relationships between species traits and

ence data, which has its own limitations (no systematic sampling

voltinism might not be consistent among different ecological commu-

through space and time), which might explain the considerable num-

nities. Importantly, we found that species with different levels of

ber of species that had negative slopes for the relationship between

resource specialisation, overwintering stage or body size did not differ

voltinism and GDD5 (Figure 2). For example, species with little inter-

in their relationship between voltinism and temperature. While there

est for amateur entomologists might be underrepresented. We hope

are no comparable studies, we tentatively conclude that the impact of

that future studies, that for example use a massive sampling of a

temperature on voltinism is independent of these three species traits.

targeted community for multiple years, could directly address the

Future studies might also investigate whether other traits influence

nature and extent of such misinterpretations. One interesting avenue

the relationship between voltinism and temperature. For example,

of study is also to examine whether the observed shifts in voltinism

some species on oak, such as Epirrita autumnata and Operophtera

are the product of local adaptation or phenotypic plasticity, for exam-

brumata, are highly specialised on young expanding leaves in the early

ple through a combination of observational studies on patterns of

season (Tammaru et al., 2001; Tikkanen & Paivi, 2002), and the

VOLTINISM OF OAK-ASSOCIATED INSECTS

occurrence of multiple generations in response to higher temperatures might thus be strongly selected against.
Overall, our findings demonstrate that temperature and resource
specialisation have a strong impact on patterns of voltinism within a
community of herbivores sharing a single resource, the deciduous
oaks. Still, there is much variation among individual species, and we
could predict the responses of individual species to temperature
based on the life-history traits studied (i.e., resource specialisation,
overwintering stage and body size). The overall pattern of increased
voltinism with increasing temperature might result in higher levels of
herbivory, increased population growth, and more rapid evolutionary
responses, even though an increase in voltinism can also result in
higher mortality rates if the final generation cannot successfully
develop (i.e., the ‘developmental trap’; Pöyry et al., 2011, Van Dyck
et al., 2015, Teder, 2020). The large variation among individual species
within the same community indicates that species will respond at different rates (or not at all) to climate change, which may shift the synchrony within and between trophic levels, and thereby change food
web structure and increase the likelihood of outbreak dynamics.
ACKNOWLEDGEMEN TS
We acknowledge the Bolin Centre for Climate Research (RA8) for
supporting this project. We are thankful for advice from Florian
Altermatt, Erik Öckinger and Johan Ehrlén during the initial design of
this work. We thank three anonymous reviewers for provide helpful
comments on earlier drafts of the manuscript. The authors declare
that there is no conflict of interest.
DATA AVAI LAB ILITY S TATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
ORCID

Alvaro
Gaytán

https://orcid.org/0000-0001-9827-4664

RE FE R ENC E S
Ahn, J.J., Son, Y., He, Y., Lee, E. & Park, Y.L. (2016) Effects of temperature
on development and voltinism of Chaetodactylus krombeini (Acari:
Chaetodactylidae): implications for climate change impacts. PLoS
One, 11, e0161319. https://doi.org/10.1371/journal.pone.0161319
Altermatt, F. (2010a) Climatic warming increases voltinism in European
butterflies and moths. Proceedings of the Biological Sciences, 1685,
1281–1287. https://doi.org/10.1098/rspb.2009.1910
Altermatt, F. (2010b) Tell me what you eat and I’ll tell you when you fly:
diet can predict phenological changes in response to climate change.
Ecology Letters, 13, 1475–1484. https://doi.org/10.1111/j.14610248.2010.01534.x
Bale, J.S., Hodkinson, I.D., Block, W., Webb, N.R., Coulson, S.J. &
Strathdee, A.T. (1997) Life strategies of Arctic terrestrial arthropods.
In: Woodin, S.J. & Marguiss, M. (Eds.) The ecology of Arctic environments. Oxford: Blackwell Science, pp. 137–165.
Bale, J.S., Masters, G.J., Hodkinson, I.D., Awmack, C., Bezemer, T.M.,
Brown, V.K. et al. (2002) Herbivory in global climate change research:
direct effects of rising temperature on insect herbivores. Global
Change Biology, 8, 1–16. https://doi.org/10.1046/j.1365-2486.2002.
00451.x

551

Christensen, R.H.B. (2019) Ordinal – regression models for ordinal data. R
Package Version, 2019, 12–10 https://CRAN.R-project.org/package=
ordinal
Coelho, A., Jr. & Parra, J.R.P. (2013) The effect of rearing in different temperature regimens on the reproduction of Anagasta kuehniella
(Lepidoptera: Pyralidae). Environmental Entolmology, 42, 799–804.
https://doi.org/10.1603/EN12106
Danks, H.V. (2006) Short life cycles in insects and mites. Canadian Entomologist, 138(4), 407–463. https://doi.org/10.4039/n06-803
Denno, R.F., McClure, M.S. & Ott, J.R. (1995) Interspecific interactions in
phytophagous insects: competition re-examined and resurrected.
Annual Review of Entomology, 40, 297–331.
Emlen, J.M. (1977) Ecology: an evolutionary approach, 2nd edition. Boston,
USA: Addison-Wesley.
Faeth, S.H. (1992) Do defoliation and subsequent phytochemical
responses reduce future herbivory on oak trees? Journal of Chemical
Ecology, 18, 915–925.
GBIF.org (2018) GBIF Occurrence Download. https://doi.org/10.15468/
dl.w7332
Hodkinson, I.D., Webb, N.R., Bale, J.S., Block, W., Coulson, J.S. &
Strathdee, A.T. (1998) Global change and Arctic ecosystems: conclusions and predictions from experiments with terrestrial invertebrates
on Spitsbergen. Arctic, Antarctic, and Alpine Research, 30, 306–313.
https://doi.org/10.2307/1551978
Isaev, A.S., Soukhovolsky, V.G., Tarasova, O.V., Palnikova, E.N. &
Kovalev, A.V. (2018) Forest insect population dynamics, outbreaks and
global warming effects. Wiley: Scrivener Publishing, p. 384.
Jonko, C. (2019) Lepidoptera mundi, online guide to de world butterflies
and moths. URL: https://lepidoptera.eu/start
Kaplan, I. & Denno, R.F. (2007) Interspecific interactions in phytophagous
insects revisited: a quantitative assessment of competition theory.
Ecology Letters, 10, 977–994. https://doi.org/10.1111/j.1461-0248.
2007.01093.x
Lenth, R.V. (2016) Least-squares means: the R package lsmeans. Journal of
Statistical Software, 69, 1–33. https://doi.org/10.18637/jss.v069.i01
Lindestad, O., Wheat, C., Nylin, S. & Gotthard, K. (2019) Local adaptation
of photoperiodic plasticity maintains life cycle variation within latitudes in a butterfly. Ecology, 100(1), E02550. https://doi.org/10.
1002/ecy.2550
Marcon, P. C. R. G., Taylor, B. D., Mason, C. E., Hellmich, R. L. & Blair, S.
(2003) Genetic similarity among pheromone and voltinism races of
Ostrinial nubilalis (Hubner) (Lepidoptera: Crambidae). Faculty publications Departament of Entomology. 149 pp. https://doi.org/10.1046/
j.1365-2583.1999.820213.x.
Menzel, A., Sparks, T.H., Estrella, N., Koch, E., Aasa, A., Ahas, R. et al.
(2006) European phenological response to climate change matches
the warming pattern. Global Change Biology, 12, 1969–1976. https://
doi.org/10.1111/j.1365-2486.2006.01193.x
Morris, R.J., Gripenberg, S., Lewis, O.T. & Roslin, T. (2014) Antagonistic
interaction networks are structured independently of latitude and
host guild. Ecology Letters, 17, 340–349. https://doi.org/10.1111/
ele.12235
Morris, R.J., Lewis, O.T. & Godfray, H.C.J. (2004) Experimental evidence
for apparent competition in a tropical forest food web. Nature, 428,
310–213. https://doi.org/10.1038/nature02394
O’Neill, B.F., Bond, K., Tyner, A., Sheppard, R., Bryant, T., Chapman, J. et al.
(2012) Climatic change is advancing the phenology of moth species
in Ireland. Entomologia Experimentalis et Applicata, 143, 74–88.
https://doi.org/10.1111/j.1570-7458.2012.01234.x
Parmesan, C. (2007) Influences of species, latitudes and methodologies on
estimates of phenological response to global warming. Global Change
Biology, 13, 1860–1862.
Petit, R.J., Csaikl, U.M., Bordacs, S., Burg, K., Coart, E., Cottrell, J. et al.
(2002) Chloroplast DNA variation in European white oaks Phylogeography and patterns of biodiversity based on data from over

 ET AL.
GAYTAN

552

2600 populations. Forest Ecology and Management, 156, 5–26.
https://doi.org/10.1016/S0378-1127(01)00645-4
Porter, J.H., Parry, M.L. & Carter, T.R. (1991) The potential effects of climatic change on agricultural insect pests. Agricultural and Forest
Meteorology, 57, 221–240. https://doi.org/10.1111/j.1365-2486.
2007.01404.x
Pöyry, J., Leinonen, R., Söderman, G., Nieminen, M., Heikkinen, R.K. &
Carter, T.R. (2011) Climate-induced increase of moth multivoltinism
in boreal regions. Global Ecology and Biogeography, 20, 289–298.
https://doi.org/10.1111/j.1466-8238.2010.00597.x
Pruisscher, P., Nylin, S., Gotthard, K. & Wheat, C.W. (2018) Genetic variation underlying local adaptation of diapause introduction along a
cline in a butterfly. Molecular Ecology, 27, 3613–3626. https://doi.
org/10.1111/mec.14829
R Development Core Team. (2020) R: a language and environment for statistical computing. Vienna, Austria: R foundation for Statistical computing. http://www.r-project.org
Sihvonen, P. & Skou, P. (2015) The geometrid moths of Europe: Volume
5. Subfamily Ennominae I, Brill, Leiden. 657 pp.
Southwood, T.R.E. (1961) The number of species of insect associated with
various trees. The Journal of Animal Ecology, 30, 1–8. https://doi.org/
10.2307/2109
Stoeckli, S., Hirschi, M., Spirig, C., Calanca, P., Rotach, M.W. & Samietz, J.
(2012) Impact of climate change on voltinism and prospective diapause introduction of a global pest insect – Cydia pomonella (L.). PLoS
One, 7, e35723. https://doi.org/10.1371/journal.pone.0035723
Svensson, I. (1993) Fjärilskalender. Kista: Förlag Hans Hellberg, p. 124.
Tack, A.J.M., Gripenberg, S. & Roslin, T. (2011) Can we predict indirect
interactions from quantitative food webs? – an experimental
approach. Journal of Animal Ecology, 80, 108–118. https://doi.org/
10.1111/j.1365-2656.2010.01744.x
Tack, A.J.M., Ovaskainen, O., Harrison, P.J. & Roslin, T. (2009) Competition
as a structuring force in leaf miner communities. Oikos, 118, 809–
818. https://doi.org/10.1111/j.1600-0706.2008.17397.x
Tamiru, A., Getu, E., Iembere, B. & Bruce, T. (2011) Effect of temperature
and relative humidity on the development and fecundity of Chilo
partellus (Swinhoe) (Lepidoptera: Crambidae). Bulletin in Entomological, 201, 9–15. https://doi.org/10.1017/S0007485311000307
Tammaru, T., Tanhuanpää, M., Ruohomäki, K. & Vanatoa, A. (2001) Autumnal moth – why autumnal? Ecological Entomology, 26, 646–654.
https://doi.org/10.1046/j.1365-2311.2001.00363.x
Teder, T. (2020) Phenological responses to climate warming in temperature moths and butterflies: species traits predict future changes in
voltinism. Oikos, 129, 1051–1060. https://doi.org/10.1111/oik.
07119
Thackeray, S.J., Henrys, P.A., Hemming, D., Bell, J.R., Botham, M.S.,
Burthe, S. et al. (2016) Phenological sensitivity to climate across taxa

and trophic levels. Nature, 535, 241–245. https://doi.org/10.1038/
nature18608
Thierry, M., Hrcekj, J. & Lewis, O.T. (2019) Mechanisms structuring hostparasitoid networks in a global warming context: a review. Ecological
Entomology, 44, 581–592. https://doi.org/10.1111/een.12750
Tikkanen, O.P. & Paivi, L.S. (2002) Adaptation of a generalist moth,
Operophtera brumata, to variable budburst phenology of host plants.
Entomologia experimentalis et Applicata., 103, 123–133. https://doi.
org/10.1023/A:1020302006274
Title, P.O. & Bemmels, J.B. (2018) ENVIREM: an expanded set of bioclimatic and topographic variables increases flexibility and improves
performance of ecological niche modeling. Ecography, 41, 291–307.
https://doi.org/10.1111/ecog.02880
Van Dyck, H., Bonte, D., Puls, R., Gotthard, K. & Maes, D. (2015) The lost
generation hypothesis: could climate change drive ectotherms into a
developmental trap? Oikos, 124, 54–61. https://doi.org/10.1111/
oik.02066
Van Dyck, H. & Wiklund, C. (2002) Seasonal butterfly design: morphological plasticity among three developmental pathways relative to sex,
flight and thermoregulation: seasonal butterfly design. Journal of Evolutionary Biology, 15, 216–225. https://doi.org/10.1046/j.14209101.2002.00384.x
Weisberg, F. (2019) An R companion to applied regression. Sage Thousand
Oaks CA Third edition.
Wrzesinska, D. (2017) Insects mining leaves of English oak Quercus robur
L. in Bydgoszcz and its vicinity. Forest Research Papers, 78, 337–345.
Zeuss, D., Brunzel, S. & Brandl, R. (2017) Environmental drivers of voltinism and body size in insect assemblages across Europe. Global
Ecology and Biogeography, 26, 154–165. https://doi.org/10.1111/
geb.12525

SUPPORTING INF ORMATION
Additional supporting information may be found in the online version
of the article at the publisher’s website.
Data S1 Supporting information.

 Gotthard, K. & Tack, A.J.
How to cite this article: Gaytán, A.,
M. (2022) Strong impact of temperature and resource
specialisation on patterns of voltinism within an
oak-associated insect community. Ecological Entomology, 47(4),
544–552. Available from: https://doi.org/10.1111/een.13139

