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Abstract

The recent decline of Lepidoptera species strongly correlates with the increasing intensification of agriculture in Western
and Central Europe. However, the effects of changed host-plant quality through agricultural fertilization on this insect group
remain largely unexplored. For this reason, we tested the response of six common butterfly and moth species to host-plant
fertilization using fertilizer quantities usually applied in agriculture. The larvae of the study species Coenonympha pamphilus,
Lycaena phlaeas, Lycaena tityrus, Pararge aegeria, Rivula sericealis and Timandra comae were distributed according to a
split-brood design to three host-plant treatments comprising one control treatment without fertilization and two fertilization
treatments with an input of 150 and 300 kg N ha™! year™!, respectively. In L. tityrus, we used two additional fertilization
treatments with an input of 30 and 90 kg N ha™! year™!, respectively. Fertilization increased the nitrogen concentration of
both host-plant species, Rumex acetosella and Poa pratensis, and decreased the survival of larvae in all six Lepidoptera
species by at least one-third, without clear differences between sorrel- and grass-feeding species. The declining survival
rate in all species contradicts the well-accepted nitrogen-limitation hypothesis, which predicts a positive response in species
performance to dietary nitrogen content. In contrast, this study presents the first evidence that current fertilization quantities
in agriculture exceed the physiological tolerance of common Lepidoptera species. Our results suggest that (1) the negative
effect of plant fertilization on Lepidoptera has previously been underestimated and (2) that it contributes to the range-wide
decline of Lepidoptera.

Keywords Agricultural fertilization - Global change - Host-plant quality - Nitrogen-limitation hypothesis - Rearing
experiment

Introduction

The recent decline of Lepidoptera species strongly corre-
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habitat requirements of adult and immature stages (Dennis
et al. 2006; Garcia-Barros and Fartmann 2009), it became
clear that increasing fragmentation and too-high mowing
frequencies in addition to agricultural abandonment con-
tribute to the decline of Lepidoptera (Loffler et al. 2013;
van Swaay et al. 2015; Bruppacher et al. 2016). However,
similar investigations on the effect of agricultural fertiliza-
tion on non-pest Lepidoptera species are almost completely
missing. This is remarkable since nitrogen enrichment has
been assumed as one reason for the large-scale decline of
Lepidoptera for more than one decade (Ockinger et al. 2006;
van Dyck et al. 2009).

Agricultural fertilization, as one of the most important
indicators of agricultural land-use intensity (Herzog et al.
2006), not only influences the plant species composition of
grasslands (Stevens et al. 2004; Socher et al. 2013) but also
causes substantial changes in the tissue chemistry and, thus,
the quality of the host plants (Prudic et al. 2005; Nijssen
et al. 2017). To our knowledge, so far only two studies inves-
tigating Lepidoptera (Prudic et al. 2005; Kurze et al. 2017)
linked their fertilization treatments to quantities commonly
used in agriculture. Prudic et al. (2005) focused on the
response of the American butterfly Junonia coenia to Plan-
tago lanceolata fertilized with about 90 kg N ha™! year™!,
whereas Kurze et al. (2017) examined the response of Aglais
io and Aglais urticae to Urtica dioica plants receiving either
150 and 300 kg N ha™! year™. In both studies, fertilization
changed the host-plant quality. However, the survival rate
of the larvae remained nearly constant in J. coenia (Prudic
et al. 2005) and increased in both Aglais species (Kurze et al.
2017). In contrast, other studies orientated their fertilization
treatments, if any (Fischer and Fiedler 2000; Mevi-Schiitz
et al. 2003; Chen et al. 2004), to atmospheric nitrogen dep-
osition (Throop and Lerdau 2004; Klop et al. 2015), but
not to agricultural fertilization. Thus, it is largely unknown
how changes in host-plant quality through fertilizer quanti-
ties now regularly used in agriculture affect Lepidoptera.
However, increasing nitrogen enrichment due to atmospheric
nitrogen deposition, the enormous application of fertilizer in
agriculture (Ellenberg and Leuschner 2010; Liu et al. 2015;
WallisDeVries and Bobbink 2017) and the ongoing decline
of Lepidoptera (van Swaay et al. 2015) reinforce the signifi-
cance of studying this relationship.

The nitrogen requirements of herbivorous insects over-
ride the nitrogen concentration of the plant tissue (Mattson
1980; White 1993). This mismatch rests upon the different
stoichiometry of the two species groups (Mattson 1980;
White 1993). The low nitrogen concentrations of plant
tissues provide an inadequate environment for herbivo-
rous insects; most plant tissues are primarily composed
of carbon compounds, whereas insects use nitrogen-based
proteins as tissue building blocks (Mattson 1980). Due to
its limited availability, nitrogen is considered to be the
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most important nutrient for herbivorous insects and the
best indicator of host-plant quality (White 1993; Throop
and Lerdau 2004). Several studies support this assump-
tion, presenting empirical evidence that a higher dietary
nitrogen content enhances the performance of Lepidop-
tera species (e.g. Slansky and Feeny 1977; Myers and Post
1981; Chen et al. 2008; Klop et al. 2015). This better per-
formance is reflected through beneficial shifts in several
fitness-related traits, such as a shorter larval time, higher
pupal weight, higher fecundity and/or longer forewings
due to a higher metabolic efficiency (Slansky and Feeny
1977; Myers and Post 1981; Chen et al. 2004; Klop et al.
2015). All these trait shifts decrease the risk of an indi-
vidual dying before reproduction and increase reproduc-
tive potential (Loader and Damman 1991; Awmack and
Leather 2002). Furthermore, the nitrogen content of the
host plant determines the survival of the larvae, which
show increased mortality rates on host plants with low
nitrogen concentrations (Myers and Post 1981; Chen et al.
2004). The positive relationship between the nitrogen con-
tent of the host plant and the performance of herbivorous
insects has been summarized by White (1993) as the nitro-
gen-limitation hypothesis.

In contrast to the nitrogen-limitation hypothesis, the
theory of ecological stoichiometry predicts that the optimal
performance of every species depends on a certain concen-
tration of every nutrient, concerning macronutrients such as
nitrogen as well as micronutrients (Sterner and Elser 2002).
Hence, too high and too low nutrient concentrations reduce
the performance of the species, either due to a scarcity
of essential nutrients or excessive demands on regulation
mechanisms (Sterner and Elser 2002; Raubenheimer et al.
2005; Boersma and Elser 2006). Hump-shaped relationships
between species performance and the dietary nitrogen con-
tent indeed have been verified in a few Lepidoptera species
(Brewer et al. 1985; Sarfraz et al. 2009; Han et al. 2014).

Furthermore, the strong support of the nitrogen-limita-
tion hypothesis for Lepidoptera rests mainly upon fertiliza-
tion experiments with pest species (e.g. Tabashnik 1982;
Wheeler and Halpern 1999; Chen et al. 2008; Han et al.
2014), whereas non-pest species were largely ignored (but
see Bink and Siepel 1996; Fischer and Fiedler 2000; Pru-
dic et al. 2005; Klop et al. 2015; Kurze et al. 2017). Most
interesting though is the negative response of non-pest Lepi-
doptera to fertilized host plants (Fischer and Fiedler 2000).
The mortality of L. tityrus individuals that fed on fertilized
compared to unfertilized host plants approximately doubled
(Fischer and Fiedler 2000). This suggests that the two groups
respond differently to fertilized plants and undermines the
general applicability of the nitrogen-limitation hypothesis
(Fischer and Fiedler 2000). However, the studies on non-
pest Lepidoptera remain too anecdotal to explicitly evalu-
ate whether this species group responds more sensitively to
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fertilized plants, and whether their response differs from the
predictions of the nitrogen-limitation hypothesis.

This study provides the first comprehensive test for the
response of common non-pest Lepidoptera species to plants
receiving fertilizer quantities commonly used in agriculture.
With Coenonympha pamphilus, Lycaena phlaeas, Lycaena
tityrus and Pararge aegeria, we considered four butterfly
species, and with Rivula sericealis and Timandra comae,
two moth species, preferring either species of Polygonaceae
or Poaceae as host plants. The rearing of the Lepidoptera
species and host plants was spatially separated and the lar-
vae were fed with randomly collected leave samples. This
experimental design allows the response of the Lepidoptera
species to be exclusively attributed to host-plant quality and
excludes other effects of fertilization such as a higher bio-
mass production of fertilized plants as well as further inter-
actions with other biotic and abiotic factors. Based on the
conflicting assumptions about the response of Lepidoptera
species to fertilized host plants, we hypothesized a decreas-
ing or increasing survival rate of the larvae feeding on ferti-
lized compared with unfertilized plants in a dose-dependent
manner. Besides the standardized fertilization procedure, we
controlled the plant quality by measurement of the nitrogen
concentration and C:N ratio of the leaves, expecting higher
nitrogen concentrations and lower C:N ratios with increasing
fertilizer quantities.

Materials and methods
Study species

In Germany, all six study Lepidoptera species, C. pamphilus,
L. phlaeas, L. tityrus, P. aegeria, R. sericealis and T. comae,
are common, widespread and considered not threatened
(Ebert and Rennwald 1991; Ebert 1997, 2001; Reinhardt
and Bolz 2011). They are habitat generalists rather than
specialists, inhabiting a wide variety of different habitats
at oligotrophic to, at most, slightly eutrophic soils. The five
species of open habitats, C. pamphilus, L. phlaeas, L. tityrus,
R. sericealis and T. comae, colonize different types of grass-
land, wastelands, embankments, clearings or quarries and
tolerate various land-use intensities and moisture condi-
tions. In contrast, P. aegeria is a species of semi-open and
woodland habitats such as edges of coniferous and decidu-
ous forests, clearings, glades or gardens. In Germany, all six
species are at least bivoltine and hibernate as larva and, in
P. aegeria, also as pupa.

The larvae of L. phlaeas, L. tityrus and T. comae use
Polygonaceae as host plants. While both Lycaena species
monophagously feed on Rumex plants with a strong prefer-
ence for R. acetosa and R. acetosella (Ebert and Rennwald
1991; Ebert 2001; Bréu et al. 2013), preferences for a certain

host-plant species within the Polygonaceae are unknown
for T. comae (Ebert 2001). These three Lepidoptera spe-
cies were thus reared with R. acetosella in the fertilization
experiment (hereafter referred to as sorrel-feeding species).

In contrast, C. pamphilus, P. aegeria and R. sericealis are
grass-feeding species using different Poaceae genera such
as Poa or Festuca as host plants (Ebert and Rennwald 1991;
Ebert 1997). All three species were reared with Poa praten-
sis in the fertilization experiment.

In Europe, both the herb R. acetosella and the grass
P. pratensis have a widespread occurrence in open habitats
(Grime et al. 2007). R. acetosella mainly grows on dry, non-
calcareous and infertile soils (Grime et al. 2007; Stopps et al.
2011). P. pratensis exploits both fertile and infertile moist or
dry soils (Grime et al. 2007).

Host-plant treatments

Typical fertilization levels in permanent grasslands in mod-
ern-day Western European agriculture range between zero
to over 500 kg N ha™! year™ (Herzog et al. 2006; Kleijn
et al. 2009). For this reason, we used three host-plant treat-
ments for all Lepidoptera species, including a control group
without fertilization and two fertilization treatments with
an input of 150 kg N ha™! year™! (hereafter referred to as
N150) and 300 kg N ha™! year™! (N300). Due to the high
abundance of L. tityrus in 2015, we were able to extend
the fertilization experiment with this species by two lower
fertilization treatments with an input of 30 kg N ha~! year™!
(N30) and 90 kg N ha™! year‘1 (N90). Fertilization took
place with the common fertilizer ammonium nitrate sul-
phate, including 26% ammonium nitrate to ensure a fast and
sufficient nitrogen uptake by the plants (Karmoker et al.
1991; Salvagiotti et al. 2009). For application, this fertilizer
was dissolved in water.

Host plants were sown (seeds from commercial supplier
Templiner Krdutergarten) in pots filled with sand (about
90%) and a thin layer of garden soil at the bottom in the
autumn preceding the appropriate experiment. All potted
plants grew under field conditions but received water in
ample supply depending on their requirements, evenly dis-
tributed among all treatments. Pots were rearranged once a
week. The whole fertilizer quantity calculated on the basis
of the pot areas was given to the host plants in different
portions, which were synchronized with the life cycle of
the Lepidoptera species: When the neonates of a certain
Lepidoptera species hatched, the host plants got 5% of the
whole fertilizer amount. A few days passed until the transfer
of the larvae to the treatments, when the plants received the
first of five further portions, which contained altogether 95%
(5% 19%) of the whole amount. After the larvae finished
three-quarters of their development, the plants got the last
19% portion.
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Ten random samples of leaf cuttings of R. acetosella from
each experimental treatment with L. tityrus (five treatments)
and T. comae (three treatments) in 2015 and three random
samples of P. pratensis (three treatments) were gathered
five days after the plants received the last fertilizer portion.
The leaf cuttings were air dried, ground to a homogeneous
powder and analysed with the C/N Analyzer vario EL III
(company Elementar) to determine the nitrogen (%N) and
carbon (%C) concentration as well as the C:N ratio in refer-
ence to the dry weight.

Rearing experiment

To obtain the larvae of all study species for the fertilization
experiments, at least eight females from each species were
caught during spring and summer of 2014 and 2015 in dif-
ferent regions across the German Federal State of Saxony
(Table 1).

Females of all Lepidoptera were kept individually in
cages for oviposition (30 x30x 30 cm or 23X 16X 17 cm in
smaller species). These cages contained cuttings of unfer-
tilized host plants and cotton balls prepared with sugar
solution and stood outside except in the case of rain. Every

3 days the eggs were collected and separated female specifi-
cally in ventilated plastic boxes (10x 10X 6 cm). The boxes
with the eggs and neonates were checked daily to ensure
a sufficient humidity and an ample supply of fresh leaves
of unfertilized host plants. For reasons of feasibility and to
prevent biased results of the fertilization experiments due to
the randomly occurring food refusal and death of neonates,
the larvae had to reach a species-specific size before their
transfer to the host-plant treatments: 3 mm in both Lycaena
species (stage L3), 5 mm in 7. comae (loss of cross bands),
7 mm in C. pamphilus and P. aegeria (stage L2) and 2 mm
in R. sericealis.

The larvae of each female were, according to a split-brood
design, randomly and evenly distributed to the three or five
host-plant treatments. Only the low offspring number of
some L. tityrus females in 2015 prevented this approach.
However, the results between the dataset containing all
females or only female lineages with a full split-brood design
did not differ significantly (results not shown). Siblings,
which simultaneously reached the appropriate size for the
transfer to the treatments, were reared treatment specifically
in small groups in ventilated plastic boxes (10X 10x 6 cm).
Individual rearing was not feasible due to the high number

Table 1 Habitat origin of the Study species

Habitat origin of female lineage

female lineages of the different
species in the experiment Sorrel-feeding species
Lycaena phlaeas

Lycaena tityrus

Timandra comae

Grass-feeding species
Coenonympha pamphilus
Pararge aegeria

Rivula sericealis

Bérwalde (6 females), Hoyerswerda (3 females) and Weixdorf (2 females)

2014: Béarwalde (5 females) and Hoyerswerda (3 females)
2015: Mulkwitz (1 female), Burg (11 females) and Béarwalde (23 females)
Bérwalde (6 females), Burg (5 females) and Schullwitz (9 females)

Barwalde (1 female), Schullwitz (1 female) and Klotzsche (6 females)
Schullwitz (10 females) and Wiinschendorf (2 females)
Schullwitz (9 females)

Barwalde, Burg and Mulkwitz (acidic grasslands) and Hoyerswerda (species-rich mesotrophic grassland)
are located in Upper Lusatia (Saxony, Germany). Klotzsche and Weixdorf (acidic grasslands and heath-
lands) as well as Schullwitz and Wiinschendorf (agricultural landscape with woodland fragments, hedge-
rows and gardens) are situated in the vicinity of Dresden (Saxony, Germany)

Table 2 Results of species-
specific GLMM testing the

effect of the treatment (df=2,
except of L. tityrus [2015
df=4]) on the survival rate

Study species No. females No. larvae 7 P Ri Rz
Sorrel-feeding species
Lycaena phlaeas 11 1278 140.5 ok 0.22 0.27
Lycaena tityrus (2014) 8 748 110.6 wkE 0.23 0.23
Lycaena tityrus (2015) 35 1550 50.4 ik 0.22 0.23
Timandra comae 20 860 108.7 wkE 0.43 0.47
Grass-feeding species
Coenonympha pamphilus 8 377 46.3 wkE 0.41 0.42
Pararge aegeria 12 523 38.0 wEE 0.38 0.46
Rivula sericealis 9 228 58.9 wAE 0.39 0.39

P <0.001
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of individuals. The synchronous development of the larvae
of both Lycaena species in 2014 and of R. sericealis allowed
their distribution to the host-plant treatments in less than
5 days. In all other species, the variable development of the
individuals resulted in a more staggered distribution of the
larvae to the host-plant treatments, which was considered
in the statistical analysis. All rearing boxes contained mois-
tened filter paper at the bottom to ensure a sufficient humid-
ity and fresh randomly chosen leaf cuttings of the specific
host-plant treatment in ample supply. Depending on the food
and humidity requirements of the larvae, the boxes were
monitored at least every second day including a rearrange-
ment of the randomized position of the boxes. The rearing
conditions of the larvae met the diurnal and seasonal varia-
tion of temperature. Only the P. aegeria larvae were reared
under controlled conditions with an average temperature of
22 °C to ensure the complete development of this last (third)
generation within the season. After the experiments, surviv-
ing individuals were released into their respective habitats.

For each species, we calculated the survival rate for the
offspring of each female as the proportion of individuals
surviving until pupation compared with the number of lar-
vae distributed to the treatments. Unexpectedly, in 2015 the
larvae of L. tityrus, R. sericealis and T. comae were highly
sensitive to the unfavourable weather conditions and inter-
rupted their food intake to hibernate as larvae. To reduce
stress for the individuals, the experiments were stopped for
each larva after the same time period: 60 days in L. tityrus,
30 days in R. sericealis and 40 days in T. comae. In these
species, the survival rate represented the proportion of sur-
viving versus dead larvae after that time. Also in C. pamphi-
lus we counted the number of surviving larvae after 40 days
of larval development.

Statistical analysis

Differences in the nitrogen concentration and C:N ratio of
R. acetosella between the three (as host plant of 7. comae)
or five treatments (as host plant of L. tityrus) and of P. prat-
ensis between two treatments (CONTROL vs. N150/300)
were checked with linear models (LM). To test the effect
of the host-plant treatments on the survival of the Lepidop-
tera species, we fitted species-specific binomial generalized
mixed-effect models (GLMM) with Laplace approximation
with the package lme4 (Bates et al. 2015). Female identity
and habitat were implemented as random factors in these
models to account for the genetic similarity of siblings and
for population effects. Due to the variable development of
the larvae in L. tityrus (2015), T. comae, C. pamphilus and
P. aegeria, we considered the distribution date of the lar-
vae to the treatments as an additional categorical random
factor. In L. tityrus (2015) and T. comae, it was also neces-
sary to include an individual observer-level to correct for

over-dispersion (Bolker et al. 2009). We calculated the sig-
nificance of the treatment as a single fixed factor in each spe-
cies-specific GLMM with a Wald 4 test on the full model
(Bolker et al. 2009).

The determination of marginal R? (ern) defined as the
variance explained by the fixed factors alone and condi-
tional R? (Rg) as the variance explained by both the fixed
and random factors (Nakagawa and Schielzeth 2012) took
place with the package MuMIn (Barton 2016). However,
an observer-level causes misleading high Rg of the model,
because the observer effect represents a nuisance parameter
with low biological importance (Harrison 2014). The dif-
ferences in the survival rate between the three or five treat-
ments in each species were checked with Bonferroni 7 tests
to prevent excessive type I error in pairwise comparisons
[package Ismeans (Lenth 2016)].

All statistical analyses were calculated with R 3.4.1 (R
Core Team 2017).

Results

Fertilization nearly doubled the nitrogen concentration in
the fertilized R. acetosella plants compared to the control
group (Fig. 1). Accordingly, the C:N ratio was nearly twice
as high in the control compared with the fertilized plants.
Within the fertilization treatments, differences in the nitro-
gen concentration and C:N ratio were rather small and often
not significant. However, a tenfold increase of the fertilizer
quantity (N30 to N300) increased the nitrogen concentration
and decreased the C:N ratio by a third. In P. pratensis, the
nitrogen concentration increased by approximately a third
and the C:N ratio declined by the same magnitude in the
fertilization treatments (N150/300) (Fig. 2).

Host-plant fertilization significantly decreased the sur-
vival rate of the larvae in all six Lepidoptera species (Figs. 3
and 4). In 2014, the survival rate of both Lycaena species
decreased in a dose-dependent manner with increasing fer-
tilization of R. acetosella (Fig. 3a). The survival rate of both
species in the N300 treatment was nearly 50% lower than
in the control group. Also, the survival rate of L. tityrus
in 2015 was almost 40% higher in the control than in the
three highest fertilization treatments (N90, N150, N300)
(Fig. 4). Only a decline of one-third between the lowest
fertilization treatment (N30) and the control group did not
reach significance. Between the four fertilization treatments,
significant changes in the survival rate of L. tityrus were
missing with two exceptions: between the N30 and N90
treatments, the survival rate dropped by about 15%, and the
ten-fold increase of the fertilizer quantity (N30 to N300)
reduced the survival rate by 20%. In T. comae both ferti-
lization treatments lowered the survival rate by more than
two-thirds compared with the control group, pointing out a
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Fig. 1 Nitrogen concentration (a) and C:N ratio (b) of Rumex ace-
tosella depending on the treatment as host plant for Lycaena tityrus
(five treatments) and Timandra comae (three treatments). Data are
expressed as mean (+SE). Linear Model (LM) was used to analyse
the treatment effect. Different letters above error bars indicate sig-
nificant differences between treatments (Bonferroni ¢ tests as post
hoc test, P<0.05). CONTROL =control group; N30, N90, N150

5.0
(a) Nitrogen concentration
4.5
4.0 1
3.5

30 }

2.51

%N

2.0

CONTROL N150/300

Treatment

Fig.2 Nitrogen concentration (a) and C:N ratio (b) of Poa pratensis
(two treatments). Data are expressed as mean (+SE). LM was used to
analyse the treatment effect. Different letters above error bars indicate
significant differences between treatments (Bonferroni 7 tests as post

more sensitive response from this moth compared with both
Lycaena species (Fig. 3a).

The survival rate of C. pamphilus and P. aegeria declined
by about one-third in both fertilization treatments compared
with the control group, representing a smaller decrease of
survival in these grass-feeding species compared with the
sorrel-feeding species (Fig. 3b). However, in P. aegeria
some larvae reached pupation, whereas in C. pamphilus
no larvae feeding on fertilized plants survived longer than
45 days or reached pupation. Among all the grass-feeding
species, R. sericealis was the most sensitive. In this moth,
the survival rate declined by half between the control and
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and N300, respectively =fertilization treatment with 30, 90, 150 and
300 kg N ha™! year™, respectively. LM statistics: host plants of L.
tityrus a nitrogen concentration, F 45=63.86, P<0.001, R*=0.84: b
C:N ratio, F, 45=120.3, P<0.001, R>=0.91; host plants of T. comae
(a) nitrogen concentration, F, ,;=139.09, P<0.001, R*=091; b
C:N ratio, F, ,,=84.86, P<0.001, R*=0.85

18

(b) C:N ratio
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12 1 b
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CONTROL

C:N ratio

N150/300
Treatment

hoc test, P<0.05). CONTROL, control group; N150/N300, fertiliza-
tion treatment with 150 and 300 kg N ha™! year™!. LM statistics: a
nitrogen concentration, F, ;=4.86, P=0.06, R?>=0.33; b C:N ratio,
F, ,=7.24, P<0.05, R*=0.44

the N150 treatment and about 80% between the control and
the N300 treatment.

Discussion

The fertilization-induced shifts in host-plant quality
decreased the survival rate in all six Lepidoptera species,
i.e. the higher the nitrogen concentration in the host plants
(lower C:N ratios, respectively), the lower the survival rate
of the Lepidoptera species.
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Fig.3 Survival rate of sorrel-feeding species (Lycaena phlaeas,
L. tityrus [2014] and Timandra comae) (a) and grass-feeding species
(Coenonympha pamphilus, Pararge aegeria and Rivula sericealis)
(b) depending on the treatment. Data are expressed as mean (+ SE).
GLMM were used to analyse the treatment effect (see Table 2). Dif-
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Fig.4 Survival rate of Lycaena tityrus (2015) depending on the treat-
ment. Data are expressed as mean (+ SE). GLMM were used to ana-
lyse the treatment effect (see Table 2). Different letters above error
bars indicate significant differences between treatments (Bonferroni ¢
tests as post hoc test, P <0.05). CONTROL, control group; N30, N9O,
N150 and N300, respectively, fertilization treatment with 30, 90, 150
and 300 kg N ha™! year™, respectively

The decline of the C:N ratio due to an increase in the
nitrogen concentration of the fertilized plants compared to
the control group is in accordance with previous findings
on other plant species (e.g. Schidler et al. 2007; Chen et al.
2008; Han et al. 2014). In particular, the increasing nitro-
gen concentration in R. acetosella across the five treatments
reflects a saturation curve, which results from the non-linear
nitrogen uptake from the soil (Melzer et al. 1984). However,
the plants receiving the highest fertilizer amount (N300)
started to suffer from this treatment, resulting in an increased

(b) Grass-feeding species

1.0 - Butterfly species
a @ C. pamphilus
08 § O P. aegeria
_ Moth species
g A R. sericealis
= 0.6 1
5
? 042 § 2
0.2 1 Cc
Y
0.0 | | o U
CONTROL N150 N300
Treatment

ferent letters above error bars indicate significant differences between
treatments (Bonferroni ¢ tests as post hoc test, P<0.05). CON-
TROL, control group; N150 and N300, respectively, fertilization treat-
ment with 150 and 300 kg N ha™! year™, respectively

dying off of individuals at the end of the experiment. The
host-plant quality of R. acetosella and P. pratensis across
all treatments was nevertheless still within the range occur-
ring in nature. Nitrogen content of grasses naturally varies
between 0.5 and 7.0%N (Joern and Behmer 1997), whereas
R. acetosella is characterized by C:N ratios between 8.0 and
12.5 (Rose 2010), though individuals growing on nutrient-
poor soils can have nitrogen contents of only 1.56%N (Vick
and Young 2011). This wide range indicates that R. aceto-
sella did not suffer from nitrogen limitation in our experi-
ments and, furthermore, the fertilized plants match the plant
quality typically occurring in nature. In conclusion, the ferti-
lization experiment covered the middle range of food quality
in both plant species without reaching excessively high or
low nitrogen concentrations. Accordingly, Lepidoptera spe-
cies frequently have to cope with these host-plant qualities
in their habitats.

The declining survival rate of the larvae feeding on fer-
tilized plants in all six Lepidoptera species challenges the
broad evidence (Slansky and Feeny 1977; Myers and Post
1981; Chen et al. 2004; Klop et al. 2015) and well-accepted
nitrogen-limitation hypothesis (White 1993) predicting a
positive relationship between the nitrogen content of the diet
and the performance of herbivorous insects. Most impor-
tantly, survival rates of about 80% in the control treatment
in both moth and Lycaena species (2014) indicate that the
unfertilized plants almost optimally fulfil the requirements
of the species. Higher nitrogen concentrations did not
improve the survival rate, but rather decreased the perfor-
mance of these species. This observation is also supported
by the sensitive response of L. tityrus to the lower fertiliza-
tion treatments N30 and N90. Since these comparatively
low fertilizer quantities also reduce the survival rate of the
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larvae (however, not significantly in the N30 treatment), a
positive response of L. tityrus to fertilized plants is very
unlikely. The exclusively negative response of the six Lepi-
doptera species to the fertilized plants distinguish the present
results from a few previous studies that found with hump-
shaped relationships at least a restricted positive response
of Lepidoptera species to increased nitrogen contents in
their host plants (Brewer et al. 1985; Sarfraz et al. 2009;
Han et al. 2014). Indeed, we do not present the first nega-
tive responses of non-pest Lepidoptera species to fertilized
plants, but previous studies with negative responses did not
analyse the host-plant quality (Turlure et al. 2013) or the
fertilizer input of the host plants (Fischer and Fiedler 2000).
Hence, to date, an association between negative responses
of Lepidoptera species and certain host-plant qualities or
nitrogen availabilities under natural conditions has not been
identified. The present results thus suggest for the first time
that conventional fertilizer inputs to permanent grasslands
exceed the physiological tolerance of common Lepidoptera
species with tremendous negative effects on the survival of
their larvae.

The consistent negative response of all six common Lepi-
doptera and especially the response of both Lycaena spe-
cies fit to the findings of Fischer and Fiedler (2000). They
focused on the response of three female lineages of the
alpine subspecies L. tityrus subalpinus to fertilized plants
of Rumex acetosa. The survival rate of the individuals feed-
ing on fertilized plants (average C:N ratio 7.2) decreased to
33% compared with 73% in the control group (Fischer and
Fiedler 2000). These concordant responses suggest that the
detrimental bottom-up effect of agricultural fertilization on
widespread Lepidoptera species is underestimated and more
common than apparent from the literature. In recent dec-
ades, fertilization experiments with Lepidoptera were mainly
restricted to two main topics. On the one hand, several stud-
ies investigate pest species (e.g. Slansky and Feeny 1977;
Wheeler and Halpern 1999; Chen et al. 2008). However,
these species benefit from increased nitrogen concentrations
in their diet, even if they reach similar concentrations as in
the present experiment (Slansky and Feeny 1977; Wheeler
and Halpern 1999; Chen et al. 2008). In turn, if these spe-
cies suffer from human-induced quality changes in their host
plants, they never became pests. On the other hand, studies
considering non-pest butterflies mainly focus on host-plant
quality changes caused by drought or enhanced CO, con-
centrations (Goverde and Erhardt 2003; Mevi-Schiitz et al.
2003; Klop et al. 2015). In this context, non-pest butterflies
also respond positively to higher nitrogen concentrations in
their host plants (Goverde and Erhardt 2003; Mevi-Schiitz
et al. 2003; Klop et al. 2015). However, these quality shifts
are rather negligible compared to changes caused by agri-
cultural fertilization. In studies with a positive response of
grass-feeding butterflies, the C:N ratio of grasses ranged
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between 60 and 25 (e.g. Goverde and Erhardt 2003; Mevi-
Schiitz et al. 2003). In contrast, the agriculturally fertilized
grasses in the present experiment were characterized by
C:N ratios around 10. To date, no study has considered this
wide range of host-plant qualities. A joint consideration of
all these results may refer, in accordance with the theory
of ecological stoichiometry (Sterner and Elser 2002), to a
hump-shaped relationship between the performance of non-
pest Lepidoptera species and the nitrogen content of their
host plants across the whole range from nitrogen scarcity
to excess. The nitrogen-limitation hypothesis, thus, would
describe only the first, positive part of the response curve. To
explicitly identify the kind of the whole relationship, future
studies should investigate the performance of Lepidoptera
species feeding on host plants growing under a wide range of
nitrogen availabilities. The present findings though already
undermine the general applicability of the nitrogen-limita-
tion hypothesis as explanation for the response of Lepidop-
tera species to fertilized plants.

Apart from the declining survival rate in all six species,
their response to the fertilized plants varied in a species-spe-
cific manner, but without a clear difference in the sensitivity
of sorrel- and grass-feeding Lepidoptera. In particular, both
moth species feeding on the two different host plants showed
a near-similar response compared with the butterflies more
sensitive response. Considering the different secondary
chemistry of the two plant families with almost negligible
concentrations of toxic chemicals in grasses (Tscharntke and
Greiler 1995) and oxalate, a potentially deleterious organic
acid in R. acetosella (Hatcher et al. 1997; Stopps et al. 2011),
this result is remarkable. Thus, grass-feeding species are not
necessarily less vulnerable to host-plant quality changes as
it has been assumed by previous studies (Klop et al. 2015).

In conclusion, with the consideration of six Lepidoptera
species feeding on two different host-plant families, this
study goes beyond previous anecdotal and rather descrip-
tive investigations (cf. Nijssen et al. 2017) and substantially
improves our understanding about the response of wide-
spread non-pest Lepidoptera to enrichment of their host
plants with nitrogen. We provide the first evidence that under
an experimental setup nitrogen enrichment in plants due to
agricultural fertilization goes beyond the physiological tol-
erance of common Lepidoptera species with tremendous
effects on the survival of the larvae. Thus, host-plant qual-
ity changes due to agricultural fertilization or atmospheric
nitrogen deposition might substantially contribute to the
range-wide decline of Lepidoptera species in Western and
Central Europe. Investigating the extent of this effect, i.e.
which species are affected by these quality changes, which
fertilizer quantities provoke an increase in mortality and
how under natural conditions higher nitrogen contents in
the host plants interact with other factors influencing the
performance of Lepidoptera species, is important for the
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development of appropriate future mitigation and conserva-
tion measures (cf. Nijssen et al. 2017).
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