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ABSTRACT

Aim Nitrogen deposition is a major global driver of change in plant

communities, but its impacts on higher trophic levels are insufficiently

understood. Here, we introduce and test a novel conceptual trait-based model

describing how the effects of soil eutrophication cascade to higher trophic

levels across differential plant–herbivore interactions.

Location Northern Europe.

Methods We synthesize previous literature on the effects of nitrogen on

plants and herbivorous insects as well as relevant multispecies patterns of

insect communities concerning species dietary breadth, body size, dispersal

propensity and voltinism in order to derive the model. We empirically evaluate

the proposed, hitherto untested, four main model pathways using statistical

modelling and data on 1064 northern European butterfly and moth species,

their life-history traits, phylogeny and population trends.

Results We show that across all species: (1) larval dietary breadth and host

plant foliar nitrogen content are positively and equally strongly related to

insect body size, and that (2) multivoltinism, host plant preferences for soil

nitrogen, body size and larval dietary breadth are positively related to

population trends of butterflies and moths as predicted by the model. Positive

relationships between plant foliar nitrogen content and body size as well as

multivoltinism and population trends are the first multispecies demonstrations

for these patterns.

Main conclusions Soil nitrogen enrichment amplifies the diverging trends of

herbivorous insects feeding on nitrophilous versus nitrophobous plants

through differential plant–herbivore interactions, causing predictable changes

in community composition at higher trophic levels. A positive foliar nitrogen–

insect body size relationship, now empirically supported, is the integrating link

within this cascade. As nitrogen deposition is a global driver, our model

suggests that a major future trend may be an increased dominance of insects

that are large, dispersive, multivoltine, dietary generalists or specialized on

nitrophilous plant species at the expense of species preferring oligotrophic

environments.
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INTRODUCTION

Several studies have documented an ongoing transformation

of natural communities across the world (Dornelas et al.,

2014; Pimm et al., 2014), with herbivorous insects being one

of the groups showing major changes in diversity (Biesmeijer

et al., 2006; Carvalheiro et al., 2013). A number of large-scale

drivers have been connected with these observed trends,

including habitat loss, climatic change and invasive species

(see Thomas et al., 2004; Winter et al., 2009; Pereira et al.,

2010). In general, species with broad habitat requirements

and strong dispersal abilities are expected to be better adapted

to face the challenges caused by such globally acting drivers

(Warren et al., 2001; P€oyry et al., 2009; Angert et al., 2011).

Another large-scale driver is nitrogen deposition, which

affects many ecosystems across the world (Galloway et al.,

2008; Dise et al., 2011). The resulting soil eutrophication

induces widespread changes in plant community composi-

tion, benefitting plant species that are adapted to high soil

nutrient levels (Ceulemans et al., 2013; Dirnb€ock et al.,

2013). While such primary trophic level changes are well

documented (Bobbink et al., 2010), impacts on higher

trophic levels, for example herbivorous insects, are less well

understood (but see Throop & Lerdau, 2004; WallisDeVries,

2014). In addition to inducing changes in plant community

composition, soil nutrient enrichment may selectively affect

population trends of herbivorous insects through dietary

nitrogen availability (Awmack & Leather, 2002) and through

changes in vegetation structure. Nutrient enrichment

increases plant growth rates, causing microclimatic cooling

that may limit niche availability of insect species inhabiting

warm habitat patches (WallisDeVries & van Swaay, 2006).

A number of large-scale correlative patterns among the

traits of insect species have been reported. These include pos-

itive relationships between dietary breadth and insect size

(e.g. Lindstr€om et al., 1994; Davis et al., 2013), insect size

and dispersal ability (e.g. Nieminen et al., 1999; Sekar, 2012;

Stevens et al., 2012) and between dispersal ability and the

recent population trends of insects (Warren et al., 2001;

P€oyry et al., 2009). However, it is insufficiently known how

these relationships are affected by eutrophication and how

the responses of herbivorous insects to eutrophication are

modified by species traits. Moreover, it is possible that eutro-

phication is further linked with species abilities to produce

multiple generations per season, but this has so far only been

sporadically studied (WallisDeVries, 2014). To fill these gaps,

we propose here a novel conceptual trait-based model. This

model provides a framework to explore how soil eutrophica-

tion affects the observed opposing trends of herbivorous

insects feeding on either ‘nitrophilous’ or ‘nitrophobous’ host

plants, i.e. plant species that are adapted to high and low

nitrogen levels, respectively (Fig. 1). To achieve this, we com-

bine known multispecies relationships with a novel integral

link: the positive plant foliar nitrogen–insect size relationship.

We argue that the relationships discussed above are modified

by soil eutrophication, resulting in cascading impacts that

strengthen the population trends of herbivorous insects. We

evaluate the model using correlative statistical modelling and

reinforce the appropriateness of our model predictions

through a comprehensive empirical study of the multiple

causal links within one study system, northern European

Lepidoptera, i.e. butterflies and moths.

Description of the conceptual trait-based model

The model is based on the confirmed impacts of soil eutro-

phication by nitrogen deposition on the nitrogen content of

individual plants and on plant community composition and

vegetation structure (Fig. 1). Individual plants growing in

eutrophic soils have been shown to contain higher concentra-

tions of nitrogen than conspecific individuals growing in oli-

gotrophic soils (arrow 1 in Fig. 1; Pitcairn et al., 2003; Fujita

et al., 2013). Community-level impacts of nitrogen enrich-

ment on plants include decreasing population trends of

nitrophobous plant species as well as increased height and

dominance of vegetation by nitrophilous plant species

(arrows 2a and 2b in Fig. 1; Ceulemans et al., 2013;

Dirnb€ock et al., 2013).

Several studies, focusing mostly on single species, have

shown that availability of dietary nitrogen is positively corre-

lated with growth rate and individual body size in insects (for

reviews see Mattson, 1980; White, 1993; Awmack & Leather,

2002; Throop & Lerdau, 2004). The importance of foliar

nitrogen content for insect herbivores may be explained by

the stoichiometric theory of element availability. This theory

postulates a strong asymmetry in nitrogen content between

plants (low content) and their herbivores (high content) (Elser

et al., 2000; Fagan et al., 2002), due to which foliar nitrogen

content is a limiting factor for the growth of insect herbivores

(Mattson, 1980; Fagan et al., 2002). Consequently, variation in

nitrogen content among individual host plants is likely to

result in a positive within-species relationship between the

nitrogen content of host plants and the body size of insect

herbivores. We extend this relationship to the between-species

level and hypothesize that insect species adapted to feed on

plants with a high nitrogen content should be larger than

insects feeding on plants with a low nitrogen content (arrow 3

in Fig. 1). An important additional link is that the increased

growth rate emerging from a higher availability of dietary

nitrogen, may also increase the incidence of multivoltinism,

i.e. the occurrence of more than one generation during a

summer season (arrow 4 in Fig. 1) (WallisDeVries, 2014).

The prediction that insect species feeding on nitrogen-rich

host plant species will have a larger body size is combined

with the observation of increasing population trends of

nitrophilous plant species (arrow 2a in Fig. 1). Given the

increasing proportion of nitrophilous species in plant com-

munities, we can also expect that larger insect species will

become increasingly dominant in communities of herbivo-

rous insects in response to soil nitrogen enrichment (arrow 5

in Fig. 1). As the next part of the model we assume a posi-

tive relationship between dietary breadth and insect body size

Effects of soil eutrophication on herbivores
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(arrow 6 in Fig. 1), a pattern empirically shown for many

insect groups (e.g. Lindstr€om et al., 1994; Davis et al., 2013).

An obvious outcome of a wider dietary niche is increased

probability of finding host plants needed for larval develop-

ment. Thus species with broad dietary niches are expected to

have more suitable habitats available in the landscape than

species with narrower niches (arrow 7 in Fig. 1; e.g. Dennis

et al., 2005). Moreover, previous empirical studies have

shown that the size of butterflies and moths is positively

related to their dispersal ability (arrow 8 in Fig. 1; Nieminen

et al., 1999; Sekar, 2012; Stevens et al., 2012; Slade et al.,

2013). Therefore, larger species will not only have more

suitable habitats but are also able to locate them with an

increased probability and over longer distances due to their

higher dispersal ability.

Dispersal ability may also be linked to habitat availability,

but this relationship is more complex than the previous ones

(arrow 9 in Fig. 1). Models of the evolution of dispersal in

fragmented landscapes have produced conflicting predictions

about the impact of habitat availability on dispersal ability

(e.g. Hanski, 2011). Similarly, empirical support has been

presented for both decreasing (Schtickzelle et al., 2006) and

increasing (Duplouy et al., 2013) dispersal propensity in

response to habitat loss. However, it has recently been pro-

posed that these empirical examples represent different parts

of the habitat availability gradient so that the relationship

between dispersal and habitat availability would be nonlinear,

reaching a minimum at some ‘intermediate’ level of habitat

availability (Hanski, 2011).

Previous studies on population changes of butterflies and

moths have shown that generalist species with broad habitat

requirements (arrow 10 in Fig. 1) and strong dispersal ability

(arrow 11 in Fig. 1) show increasing population trends and

range expansions, whereas specialist species with strict habitat

requirements and poor dispersal ability show negative trends

and range contractions in response to environmental changes

Figure 1 A conceptual model describing how the impacts of nitrogen deposition are mediated through changes in host plant nitrogen

content, insect body size and vegetation composition and structure, strengthening the observed opposing population changes of

herbivorous insects according to the nitrogen preferences of their larval host plant species. Factors connected with traits of insect

herbivores are marked with rectangles on the left and centre, and factors describing vegetation composition and structure are marked

with rectangles on the right. All other arrows indicate positive relationships whereas the arrow 9 indicates a nonlinear relationship.

Directions of the relationships in the model are combined from previous empirical studies and observations of the current study. Key: 1,

increasing foliar nitrogen due to soil eutrophication; 2a, 2b, increasing dominance of nitrophilous plant species in ecosystems; 3, insect

body size is positively related to foliar nitrogen; 4, increased foliar nitrogen increases development rate and likelihood of multivoltinism;

5, insect species with large body size increase in abundance; 6, insect body size is positively related to dietary breadth; 7, dietary breadth

is positively related to habitat availability; 8, insect body size is positively related to dispersal ability; 9, habitat availability and dispersal

ability are interrelated; 10, habitat availability and trends of insect species are positively related; 11, dispersal ability and trends of insect

species are positively related; 12, multivoltine species show positive and univoltine species negative population trends; 13, insects feeding

on nitrophilous plants species show positive and insects feeding on nitrophobous plants show negative population trends. For details of

the model see ‘Description of the conceptual model’.

J. P€oyry et al.
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(Warren et al., 2001; P€oyry et al., 2009; Angert et al., 2011).

It has also been suggested that an increased propensity to

multivoltinism may be linked to positive population trends

(arrow 12 in Fig. 1; WallisDeVries, 2014). Finally, recent

studies have documented positive trends for insect species

feeding on nitrophilous plant species and negative trends for

insects feeding on nitrophobous plant species (arrow 13 in

Fig. 1; €Ockinger et al., 2006; Betzholtz et al., 2013; Hendriks

et al., 2013).

To summarize, various links of the model, with the novel

foliar nitrogen–insect body size relationship at an integral

position, mediate the cascading impacts of nitrogen deposi-

tion and soil eutrophication and ultimately reinforce the

diverging trends of insect herbivores according to the foliar

nitrogen content and soil nitrogen preferences of their host

plants. Communities of herbivorous insects are thus pre-

dicted to become increasingly dominated by species that are

large, dispersive, multivoltine, dietary generalists or special-

ized on nitrophilous plant species, and these traits are

expected to co-occur.

Empirical test of the model

We empirically evaluate our model using statistical modelling

methods and northern European butterflies and moths as the

focal group. Firstly, we test whether the body size of butter-

flies and moths is related to larval dietary breadth (arrow 6

in Fig. 1) and foliar nitrogen content of the larval host plant

(arrow 3 in Fig. 1), and assess the relative importance of

these variables. Secondly, we test whether the foliar nitrogen

content of the larval host plants of butterflies and moths is

related to their type of voltinism. Thirdly, we test whether

the recent (1993–2012) population trends of butterflies and

moths are related to the four main pathways outlined in the

conceptual model: (1) dietary breadth of their use of host

plants, reflecting habitat availability (arrows 7 and 10 in Fig.

1); (2) body size, partly mediating the impact of foliar nitro-

gen content of the host plant and reflecting dispersal ability

(arrows 8 and 11 in Fig. 1); (3) voltinism, partly mediating

the impact of foliar nitrogen content of the host plant and

reflecting individual growth rate (arrows 4 and 12 in Fig. 1);

and (4) the mean Ellenberg nitrogen (N) indicator value of

host plants as an integrated measure reflecting prevailing soil

fertility conditions and plant nitrogen preferences (cf. Fujita

et al., 2013), including the impacts of soil eutrophication

thereon (arrows 2b and 13 in Fig. 1). We also use Ellenberg

N indicator values as a proxy for foliar nitrogen content, and

thus the variance explained by this variable is divided

between the two different pathways (arrows 1 and 2a) in the

model.

METHODS

Selection of study species

In this study we use a unique dataset of 1064 butterfly and

moth species, occurring either as residents or regular

migrants in northern Europe (in Sweden and Finland), that

feed on vascular plants during the larval stage. Species feed-

ing on lichens, mosses and dead plant material were

excluded. For each species we gathered information on adult

sizes, host plant Ellenberg N indicator values, voltinism and

dietary breadth. The selected species are placed in 23 families

and 11 superfamilies according to current Lepidopteran sys-

tematics (Fig. S1 in Appendix S1 in the Supporting Informa-

tion). We chose to focus on butterflies and moths because

they are well known compared with most other groups of

herbivorous insects, and reliable data exist on their life-

history characteristics and population trends.

Butterfly and moth species and their host plant use

We first gathered information on larval host plant use pub-

lished in the northern European literature on butterflies and

moths (Appendix S2). Based on this information and the

Ellenberg N indicator values, describing the soil fertility

conditions and nitrogen preferences of larval host plants

(Ellenberg et al., 1991; Schaffers & Sykora, 2000; Fujita et al.,

2013), we calculated an average Ellenberg N indicator value

of host plants used by each butterfly and moth species (see

Table S1 in Appendix S2 for representative species examples).

Previous studies have demonstrated that Ellenberg N indica-

tor values are correlated with plant foliar nitrogen content,

thus providing a proxy of host plant nitrogen availability for

herbivorous insects (Duru et al., 2010; Hodgson et al., 2011).

To validate this relationship in our set of larval host plant

species, we prepared a list of all plant species used as hosts

(n 5 1239), and accessed the TRY plant trait database for

data on plant foliar nitrogen content calculated per dry

weight (Kattge et al., 2011; Yguel et al., 2011). This informa-

tion was available for 30% of the species included in our

study (n 5 375), and for this subset of species we calculated

the Pearson correlation between the Ellenberg N indicator

values and foliar nitrogen content and found a statistically

significant (although rather weak) positive correlation

(r 5 0.25, P< 0.001; Fig. S15 in Appendix S2).

Secondly, butterfly and moth species were classified into

three groups according to their dietary breadth: (1) mono-

phagous species which feed strictly on one plant species in

the study region (n 5 145), (2) oligophagous species which

feed on fewer than six (two to five) plant species or are

restricted to a single plant genus (n 5 416), and (3) polypha-

gous species which feed on several (six or more) plant species

or genera (n 5 503) (see Appendix S2).

Thirdly, butterfly and moth species were classified into

four groups according to their developmental rate and type

of voltinism: (1) semi-voltine, i.e. species whose development

time is 2 years or longer (n 5 42), (2) univoltine, i.e. species

that exclusively have one generation per year (n 5 594), (3)

facultatively bivoltine, i.e. species that can produce a partial

second generation predominantly during warm summers

(n 5 149), and (4) multivoltine, i.e. species regularly produc-

ing at least two generations per year (n 5 47). Classification

Effects of soil eutrophication on herbivores
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of voltinism was based on flight period observations in the

same atlas data that were used to derive the population

trends (Finnish Museum of Natural History, 2013; see

below).

Finally, information on the average body size (measured as

wing span in mm) of males reported for each butterfly and

moth species was extracted from the same sources (Appendix

S2). Males were chosen because size estimates of males were

available for all species and comparable size estimates would

have been difficult to obtain for species with wingless

females.

Calculation of butterfly and moth population trends

We used distribution atlas data on Finnish butterflies and

moths gathered by voluntary observers (Finnish Museum of

Natural History, 2013) to calculate recent population trends

for individual species. We focused on observations made dur-

ing the most recent 20-year period (1993–2012), because

nitrogen deposition has remained above the critical load in

many parts of Finland during this period (Nordin et al.,

2005; Ruoho-Airola et al., 2014) with reported large-scale

impacts on vegetation (Dirnb€ock et al., 2013). From the total

of 1064 species, we were able to extract population trend

data for those 832 species that had a minimum of 50 obser-

vations in the database during the 20-year period. The popu-

lation trend data were based on c. 1.46 million observations

of one or more individuals. In order to account for the

annually varying observational efficiency (variation in the

total number observations from c. 26,300 in 1996 to c.

118,500 in 2012), for each of the 832 species, we calculated

an annual index of relative commonness by dividing the

annual number of observations of that species by the annual

total number of observations of all species. To make the

species-specific annual indices of relative commonness inde-

pendent of absolute numbers of observations, and thus com-

parable among the species, we let them vary from zero to

one by dividing the annual index values by the maximum

values observed during the 20-year period. Finally, we fitted

linear regressions between the annual index values and obser-

vation year for each species. The resulting coefficient esti-

mates of the regression slopes were then considered as

estimates of the population trends and their standard errors

(SE) were used as a measure of their uncertainty.

Although the annual index values varied from 0 to 1, we

chose to use linear regression instead of binomial regression

for the following reasons: (1) binomial regression would not

allow lower or higher values of the abundance index than

those observed in our data for the years 1996–2012 to be

predicted, which is an illogical restriction for species showing

a constantly increasing range expansion trend; (2) the coeffi-

cient estimates of the regression slopes for the species are

highly similar (r 5 0.929) between binomial and linear

regression; and (3) applying binomial regression would result

in a smaller species sample (623 instead of 832) and a clear

loss in statistical power.

The applied methodology of deriving annual indices for

the studied species resembles methods that are frequently

used to analyse population changes based on atlas data (see,

e.g., Warren et al., 2001; Thomas et al., 2004). In such stud-

ies changes in the number of observations of a species are

compared between two or more time periods, and possible

variation in observational activity is typically controlled for

by, for example, resampling or relating observations of a spe-

cies to total observations (see Botts et al., 2012). The main

difference between our work and these earlier studies is in

the temporal resolution, i.e. we focused on a possible trend

in annual observations during a 20-year period, whereas pre-

vious studies focused on changes between two or more dis-

tinct periods.

Statistical analyses

We performed three different sets of analyses with our data.

We first evaluated if dietary breadth (treated as an ordered

factor), the Ellenberg N indicator value of larval host plants

and their interaction term were related to the body size of

butterfly and moth species. Secondly, we tested if the mean

Ellenberg N indicator value of larval host plants was related

to the type of voltinism of butterflies and moths. In the third

set of analyses, dietary breadth, mean Ellenberg N indicator

value of larval host plants, voltinism, body size of butterflies

and moths and their interaction terms were related to the

recent population trends of butterfly and moths species.

Here, a covariate (1/SE of the regression slope) was entered

prior to explanatory variables to control for the reliability of

the trend.

To disentangle which combinations of explanatory varia-

bles show the most parsimonious fit to the data and to

explore the overall relative importance of explanatory varia-

bles, we applied the approach of multimodel inference

(Burnham & Anderson, 2002), except in the second analysis

which included just one explanatory variable. Thus, in the

first set of analyses we fitted four models including all possi-

ble combinations of the two explanatory variables and their

interaction term. In the third set of analyses, we fitted 66

models including all possible combinations of the four

explanatory variables and their two-way interaction terms.

The relative importance of each explanatory term was calcu-

lated by summing the weights of the quasi-likelihood infor-

mation criterion (QIC; Pan, 2001) across those models where

the respective term was present (Johnson & Omland, 2004).

We used model averaging to calculate the parameter esti-

mates with their confidence intervals for the second set of

analyses focusing on population trends, where none of the

models were outstandingly supported by the data (QIC

weight of the best model< 0.9; Johnson & Omland, 2004).

To account for potentially confounding effects of phyloge-

netic relatedness among the study species, we derived a phy-

logenetic hypothesis for the 1064 focal species (see Appendix

S1) and included this information in the two sets of analyses

by fitting generalized estimation equations (GEE) using the

J. P€oyry et al.
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ape library, version 3.0.11 (Paradis, 2006) within the R statis-

tical environment (R Core Team, 2013). As the response vari-

ables were normally distributed, we used a ‘Gaussian’ error

structure and identity link functions in all models. Values of

the four main explanatory variables, body size (wing span),

mean Ellenberg N indicator values of larval host plants, die-

tary breadth and voltinism, were significantly affected by

phylogenetic relatedness among species as indicated by

Moran’s I autocorrelation indices (Paradis, 2006). The

observed and expected Moran’s I values with accompanying

significances were as follows: dietary breadth (observed 0.166,

expected 20.001, P< 0.001), voltinism (observed 0.125,

expected 20.001, P< 0.001), mean Ellenberg N indicator val-

ues (observed 0.070, expected 20.001, P< 0.001) and body

size (observed 0.384, expected 20.001, P< 0.001). This

indicates that the use of phylogenetically corrected regression

models is warranted.

RESULTS

Body size of butterflies and moths

The variation in body size of butterflies and moths was

strongly related to dietary breadth and the mean nitrogen

preferences of larval host plants, as indicated by their

Ellenberg N values (QIC weight 5 0.998; Table 1, Fig. 2).

This suggests that body size of butterflies and moths

increases with increasing dietary breadth and when feeding

on nitrogen-rich plants associated with eutrophic environ-

ments (Table 1, Fig. 2). The interaction between dietary

Table 1 Results of multimodel inference for the body size of butterflies and moths, with different combinations of dietary breadth,

mean host plant Ellenberg N indicator value and their interaction term as explanatory variables.

Dietary breadth Ellenberg N value Dietary breadth 3 Ellenberg N value QIC DQIC Likelihood QIC weight (wi)

1.381 6 0.060 0.461 6 0.016 158 989.1 0.0 1.0000 0.9998

1.177 6 0.151 0.450 6 0.120 0.042 6 0.030 159 006.2 17.1 0.0002 0.0002

1.494 6 0.016 161 670.1 2681.0 0.0000 0.0000

0.495 6 0.016 161 925.8 2936.7 0.0000 0.0000

1.000 1.000 0 Sum of QIC weights

QIC, quasi-likelihood information criterion.

The model with the overwhelming likelihood of being the best model for the observed data according to QIC weight (wi) is marked in bold.

Coefficient values with standard errors are given for all model terms.

Figure 2 Variation of butterfly and moth sizes (a) across the classes of dietary breadth (in increasing order monophagous, oligophagous

and polyphagous) and (b) in relation to the Ellenberg nitrogen (N) indicator values of larval host plants. The boxes represent 25% and

75% percentiles and medians of the data, and error bars represent 5% and 95% percentiles. Small quadrats within the boxes represent

mean values. Note that the figure is based on the original values where phylogenetic relatedness is not accounted for.

Effects of soil eutrophication on herbivores

Global Ecology and Biogeography, 26, 18–30, VC 2016 John Wiley & Sons Ltd 23



breadth and host plant nitrogen preferences did not improve

the model fit in addition to the main effects (Table 1).

Foliar nitrogen content and voltinism

We observed a positive relationship between the mean Ellen-

berg N values of larval host plants and voltinism type

(F 5 522.49, d.f. 5 1, P< 0.001), so that the number of gen-

erations per season increased with the foliar nitrogen con-

tent. This result indicates a positive impact of dietary

nitrogen availability on growth rates.

Population trends of butterflies and moths

None of the fitted models on the recent population trends of

butterflies and moths was distinctly the best, with QIC weights

of the six top models varying between 0.06 and 0.11 (Table 2).

According to the sums of QIC weights, voltinism of butterfly

and moth species showed the highest relative importance

(0.93), followed closely by mean nitrogen preferences of larval

host plants (0.87), dietary breadth (0.59) and body size of but-

terflies and moths (0.48). All these four explanatory variables

were positively related to the observed trends of butterflies and

moths (Table 2, Fig. 3). The two-way interaction between vol-

tinism and Ellenberg N indicator value showed a moderately

high contribution according to QIC weights (0.50) (Fig. S16 in

Appendix S4). The other interactions produced only modest

improvements to the model fit (sum of QIC weights in all

cases< 0.16), although a negative coefficient of the diet

breadth–Ellenberg N indicator value interaction suggests a

stronger impact of nitrogen preferences on trends in butterflies

and moths with a more specialized diet (Table 2, Fig. S17 in

Appendix S4). The impacts of each of the four main effects

were maintained even after accounting for the other three vari-

ables, respectively (Appendix S4 Fig. S18).

DISCUSSION

In this paper we present a novel trait-based conceptual

model that combines several simultaneously acting mecha-

nisms and explains how their cascading impacts can produce

opposite population trends of insect herbivores feeding on

plants with different nitrogen preferences and corresponding

foliar nitrogen contents. The conceptual model, which might

also be classified as a phenomenological model, was tested

here by using empirical statistical methods to verify whether

the included processes are likely to cause the observed pat-

terns (see Guisan & Zimmermann, 2000 for a discussion on

the classification of ecological models and statistical testing

of them). According to this model, population trends of her-

bivorous insects are affected via four separate pathways,

mediated firstly via habitat availability, secondly via dispersal

ability of insect species, thirdly via development rate and vol-

tinism, and fourthly via vegetation changes. All four path-

ways are affected by soil nitrogen enrichment.

By using a large dataset of butterfly and moth traits, popu-

lation trends and statistical modelling methods where phyloge-

netic relatedness is accounted for, we found empirical support

for six relationships included in the model. Firstly, we showed

that herbivorous insect species, here exemplified by butterflies

and moths in northern Europe, are larger when: (1) they have

a wide dietary breadth and (2) they utilize larval host plants

preferring nitrogen-rich soils and with a corresponding higher

foliar nitrogen content, the latter being to our knowledge the

first statistically well-supported comparative multispecies

report of this pattern. Secondly, we showed that butterflies

and moths were more likely to show positive population

trends when they have: (1) multiple generations during a

summer season, reflecting increased development rate, (2)

higher larval host plant nitrogen requirements, reflecting the

independent impact of soil nitrogen enrichment on vegetation,

(3) large body size, mediating the positive impact of foliar

nitrogen content on size, and reflecting a higher dispersal abil-

ity and probability of finding suitable breeding habitats, and

(4) wide dietary breadth, reflecting higher habitat availability.

When combined with previous studies covering the other

seven relationships included in the model, our findings pro-

vide empirical support for all interactions in the model. The

positive foliar nitrogen–insect body size relationship represents

a novel integrating link that mediates the impact of nitrogen

addition via two of the proposed pathways. An important next

step in verifying the generality of the model is to gather

empirical data on connections included in the model within

other study systems, and to evaluate the strength of the con-

nections found in other herbaceous insect food webs. Such

future steps could also pave the way for developing the con-

ceptual model presented by us towards a mechanistic model.

We concentrated on bottom-up effects when deriving the

model. The main reason for this decision is that we expect

top-down impacts to be less important under most situations

because interspecific competition among insect herbivores is

seldom so strong that it could modify community structure

(Kaplan & Denno, 2007) and density-dependent regulation

of herbivore insect populations by their natural enemies

appears rather rare (e.g. Stiling, 1987).

As we lacked detailed data on habitat availability and dis-

persal ability for a large proportion of the focal butterfly and

moth species, we used dietary breadth (Dennis et al., 2005)

and butterfly and moth body size (Nieminen et al., 1999;

Sekar, 2012; Stevens et al., 2012; Slade et al., 2013), respec-

tively, to test the importance of these variables indirectly. The

impact of the third explanatory variable, nitrogen preference

of larval host plants, as represented by the mean Ellenberg N

indicator values (Ellenberg et al., 1991; Schaffers & Sykora,

2000; Fujita et al., 2013), was divided between two pathways,

firstly via foliar nitrogen content affecting body size and sec-

ondly via the independent effect of soil nitrogen enrichment

on vegetation. The positive relationship we documented

between Ellenberg N indicator values and the foliar nitrogen

content of plant species was weak, though statistically signifi-

cant and in line with previous observations of this pattern

(Duru et al., 2010; Hodgson et al., 2011). The relative weak-

ness of the relationship may be explained by the fact that

measurements were collected from a large number of field

J. P€oyry et al.
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studies with highly variable soil nutritional status and plants

species are plastic in their foliar nitrogen response (cf. Kattge

et al., 2011).

The novel observation of a positive relationship between

nitrogen content of host plants and the size of herbivorous

insect species is in line with predictions derived from the

stoichiometric theory: insects feeding on plants with a high

nitrogen content should on average be larger than insect spe-

cies feeding on plants with a low nitrogen content (Elser

et al., 2000; Fagan et al., 2002). On the other hand, when

occurring in excessive amounts, the impacts of nitrogen on

insect growth and fecundity might turn negative (e.g. Tao

et al., 2014). However, as the majority of empirical studies

documented a positive relationship between dietary nitrogen

availability and insect size within individual species (Mattson,

1980; White, 1993; Awmack & Leather, 2002; Throop &

Lerdau, 2004), and as our comparative analysis documented

this relationship at the between-species level, the negative

impacts of excessive nitrogen on insect growth do not seem

to be dominant under natural circumstances.

A number of previous studies have shown that dietary

breadth is positively related to insect body size (e.g.

Lindstr€om et al., 1994; Davis et al., 2013). The underlying

reasons are still uncertain, but it has been suggested that

polyphagous species experience higher physiological stress

due to plant secondary compounds used in their quantitative

defence against herbivores and larger size may buffer against

their deleterious effects (Lindstr€om et al., 1994). Smaller spe-

cies have lower requirements for energy and plant material

during their development, and thus they are adapted to feed-

ing on herbs. Herbs, by contrast, often use toxic chemicals

(e.g. alkaloids) as a qualitative defence against herbivores and

it is likely that this increases the probability of specialization

among small herbivorous insects (Davis et al., 2013). The

results of our comparative analysis are in line with these ear-

lier observations, but they go a step further and show that

foliar nitrogen content is as important as host plant dietary

breadth for explaining the variation in body size of butterflies

and moths. The suggested explanations for a positive dietary

breadth–body size relationship do not exclude either direc-

tion of causality in our model (Arrow 6 in Fig. 1).

Our results also indicate that population trends of butter-

flies and moths were strongly related to voltinism, followed

by nitrogen preferences of larval host plants, dietary breadth

Figure 3 Population trends of butterfly and moth species in Finland (1993–2012) in relation to (a) dietary breadth of the species (in

increasing order monophagous, oligophagous and polyphagous), (b) the Ellenberg nitrogen (N) indicator values of larval host plants,

(c) voltinism type of the species, and (d) the size of butterfly and moths species. The boxes represent 25% and 75% percentiles and

medians of the data, and error bars represent 5% and 95% percentiles. Small quadrats within the boxes represent mean values. The

straight line in (d) shows fit of the linear regression model. Note that the figure is based on the original values where phylogenetic

relatedness is not accounted for.

J. P€oyry et al.
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and body size. This result suggests that a high developmental

rate and propensity to produce multiple generations during a

favourable season is the most important factor for recent

population trends of butterflies and moths in northern

Europe, followed by the impact of soil nitrogen enrichment

on vegetation composition and structure, species dispersal

ability and habitat availability. Inspection of partial residual

plots supported these results for all four variables.

According to our results, voltinism showed the highest

independent contribution to population trends of butterflies

and moths. This means that populations of species with a

propensity to produce multiple generations during a summer

season were most likely to increase. This may be understood

in the light of two factors. Increased foliar nitrogen content

increases larval development rate (Mattson, 1980; White,

1993; Awmack & Leather, 2002; WallisDeVries, 2014) and

recent climatic warming increases the likelihood of producing

multiple generations (Altermatt, 2010; P€oyry et al., 2011),

two separate global drivers that potentially have combined

impacts. Previous studies have documented an increase in the

occurrence of multivoltinism among lepidopteran species

(Altermatt, 2010; P€oyry et al., 2011), and multivoltinism has

been suggested as one species trait that contributes to positive

population trends of butterflies in response to nitrogen depo-

sition (WallisDeVries, 2014); however, to our knowledge con-

clusive empirical support for this has hitherto been lacking.

Previous studies on population changes of butterflies and

moths in response to environmental change have docu-

mented that generalist species with broad habitat require-

ments and strong dispersal ability show increasing

population trends and range expansions, whereas specialist

species with strict habitat requirements and poor dispersal

ability show negative trends and range contractions (Warren

et al., 2001; P€oyry et al., 2009). The positive population

trends in large and dietary generalist species found in our

study confirm the often presented views that habitat avail-

ability and species dispersal ability are important determi-

nants of species responses to global change (Thomas et al.,

2004; Pereira et al., 2010). A number of previous studies

have documented the positive relationship between body size

and dispersal ability in butterflies (Sekar, 2012; Stevens et al.,

2012). This issue is less well studied in moths, but the exist-

ing evidence suggests that a similar pattern also occurs across

moth families (Nieminen et al., 1999; Slade et al., 2013).

Our observation of the positive relationship between nitro-

gen preferences of larval host plants and population trends of

insect herbivores additionally highlights the cascading impact

of soil fertility on insect herbivores through vegetation com-

position and structure. Interestingly, the effects of host plant

nitrogen preferences depended on the level of herbivore die-

tary breadth, i.e. dietary specialists showed a stronger relation-

ship between population trends and host plant nitrogen

preferences than generalists. This can be understood against

the background that insect species with a wide dietary breadth

are likely to be less sensitive to changes in plant species com-

position, while dietary specialists follow population trends of

their host plants more closely. Thus, insect species feeding on

nitrophobous plants decline and insect species feeding on

nitrophilous plants increase in abundance. While the impact

of nitrogen deposition is known to be more pronounced for

specialist than generalist plant species (Dise et al., 2011;

Ceulemans et al., 2013), this is one of the few examples of

herbivorous insects where global change selectively increases

the abundance of specialist species (Betzholtz et al., 2013).

Eutrophication is not only an issue for arable fields, but its

effects extend across all biotopes at a global scale (Galloway

et al., 2008; Dise et al., 2011). During the last 20 years, nitro-

gen deposition in our focal study area in northern Europe

has generally remained above or close to the critical load,

defined as a threshold of pollutant exposure above which

harmful impacts on the environment may occur (Nordin

et al., 2005; Dise et al., 2011), despite the recent slight

decrease (Ruoho-Airola et al., 2014). In addition to the

reported large-scale changes in vegetation (Dirnb€ock et al.,

2013), our conceptual trait-based model and empirical obser-

vations now indicate that heavy nitrogen deposition can ulti-

mately impact region-wide and long-term population trends

of herbivorous insects. Such impacts may be expected to be

even more pronounced in many densely populated areas

across the world, where exceedance of the critical load is

notably higher than in northern Europe (Dise et al., 2011).

The multiple and often interacting pathways of how soil

eutrophication can impact higher trophic levels are complex.

Generally, however, we show that eutrophication and a corre-

sponding increase of nitrophilous plants (Ceulemans et al.,

2013; Dirnb€ock et al., 2013) lead to herbivore communities

dominated by species which are multivoltine, larger in size,

stronger dispersers and have either a wider dietary – and

consequently habitat – breadth or are specialized on nitro-

philous plants.

It is also noteworthy that these traits constitute a ‘trait

syndrome’ expected to be shared by species showing positive

responses to other global drivers such as climate change

(Warren et al., 2001; P€oyry et al., 2009; WallisDeVries, 2014).

For example, a warming climate may affect the body size and

wing span of insects. In northern populations, where a low

thermal sum and time available for larval growth are limiting

factors (Nylin & Sv€ard, 1991), warming may induce an

increase in body size and thus mobility. By contrast, increas-

ing heat stress due to a warming climate may decrease body

size in cold-adapted insect species, as has been documented

in some butterflies of the high arctic (Bowden et al., 2015).

Thus, contrasting responses in body size and mobility may

occur depending on species identity. Climatic warming may

also interact with soil nutrient availability. In moderately

nutrient-limited systems, warming may further accelerate the

increasing dominance of vegetation by nitrophilous species

(e.g. Fridley et al., 2016). However, in severely nutrient-

limited systems – where microbial nitrogen immobilization

may increase – or water-limited systems no such effect is

expected. To summarize, while warming and other global

drivers partly lead to similar trait responses, the unique trait

Effects of soil eutrophication on herbivores
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responses found here suggest a predominant direct impact of

soil nitrogen enrichment.

With our model, we provide an overarching framework to

integrate case studies of changes in insect communities

linked to soil nitrogen enrichment. These include increased

extinction probability of butterflies using host plants with

low nitrogen preferences (€Ockinger et al., 2006), range

expansions of butterflies and moths using host plants with

high nitrogen preferences (Betzholtz et al., 2013) and con-

strained increase of species richness in Orthoptera in areas

with higher soil nitrogen enrichment (Hendriks et al., 2013).

Our model might also be expanded to understand the

recently observed homogenization of natural communities

elsewhere (e.g. Carvalheiro et al., 2013). Considering all the

existing evidence within the framework of our model, nitro-

gen deposition appears to be a further and important large-

scale driver of global change with predictable impacts in her-

bivorous species in addition to primary producers.
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