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1 | INTRODUCTION

Abstract

Questions: Do changes in plant tissue quality mediated by long-term N enrichment
cascade to affect the palatability and thus abundance of phytophagous insects? Do
shifts in the abundance of plant functional groups mediated by long-term N enrich-
ment cascade to affect abundance of phytophagous insects?

Location: An alpine meadow on the Tibetan Plateau, China.

Methods: We measured the abundance of larvae of a phytophagous moth (Gynaephora
menyuanensis) in plots subjected to 8 years of fertilization with different N rates and
chemical forms in an alpine meadow. In a feeding experiment with the larvae, we
tested whether N rate and N form affected leaf consumption of six abundant plant
species in the alpine meadow through leaf quality.

Results: High N rate increased larval density by 45.6%. It increased leaf N concentra-
tion and decreased leaf C:N of four plant species, but did not affect leaf consumption
on any of the six species. High N increased the abundance of more favoured grami-
noids, but decreased that of less favoured legumes and some forbs. Larval density was
positively related to graminoid abundance and negatively related to forb abundance.
Conclusions: Long-term N fertilization induced changes in both leaf quality and
abundance of plant species in the community. However, the abundance of phytopha-
gous insects was associated with shifts in plant functional group abundance but not
with changes in plant palatability. These findings suggest that N-mediated changes in

plant community composition may have cascading effects on insect quantity.

KEYWORDS
cascading effect, caterpillar, feeding preference, feeding test, grassland, nitrogen fertilization,
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causes large changes in structure and function of plant communi-

ties, resulting in, for instance, loss of plant species (Borer et al., 2014;

Nitrogen (N) is a limiting nutritional element in most terrestrial eco-
systems (Elser et al., 2007; Vitousek & Howarth, 1991). However,
ecosystems are facing increasing N enrichment, either by atmo-
spheric N deposition or agricultural N fertilization (Fowler, Kilsby,
O’Connell, & Burton, 2005; Galloway et al., 2004). N enrichment

Suding et al., 2005; Tilman, Reich, & Knops, 2006), shifts in the rela-
tive dominance of species (Bobbink et al., 2010; Phoenix et al., 2012;
Suding et al., 2005) and increases in productivity (Song et al., 2012;
Xia & Wan, 2008; Zhou, Zhang, & Niklas, 2014). Furthermore, N en-

richment modifies N to carbon (C) stoichiometry of plant species (Lu
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et al., 2011; Reich et al., 2001). All these changes may have cascad-
ing effects on the next trophic level by, for instance, affecting the
abundance and feeding preference of phytophagous insects (Barros,
Thuiller, Georges, Boulangeat, & Miinkemdiller, 2016; Mundim,
Costa, & Vasconcelos, 2009; Throop & Lerdau, 2004). Knowledge
about cascading effects of N enrichment on higher trophic levels
may deepen our understanding of how components of ecosystems
interact and what proportion of primary productivity may be lost
due to, e.g., herbivory, and may thereby better inform sustainable
ecosystem management in the face of increasing N deposition.

Leaf N concentration and C:N are closely associated with plant
palatability, which has been linked to the performance and popula-
tion dynamics of phytophagous insects (Clissold, Sanson, & Read,
2006; Clissold, Sanson, Read, & Simpson, 2009; Mattson, 1980). If
plant tissue N has not reached the optimal N concentration for her-
bivores, an increase in plant tissue N concentration or a decrease
in C:N may enhance the performance of the herbivores (Mattson,
1980; Throop & Lerdau, 2004; White, 1993). However, if plant tissue
N has exceeded the optimal N concentration, then a further increase
in plant tissue N may decrease the performance of the herbivores
(Cease etal., 2012; Leroy et al., 2013; Raubenheimer & Simpson,
1993; Raubenheimer & Simpson, 2003). We therefore hypothesize
that if long-term N fertilization causes changes in leaf N concen-
tration or leaf C:N of dominant plant species (Reich etal., 2001;
Stevens, Dise, Mountford, & Gowing, 2004; Xia & Wan, 2008), then
it will affect the abundance and feeding preference of phytophagous
insects.

Nitrogen-mediated changes in plant community structure may
also have a profound effect on the performance and population
dynamics of phytophagous insects because many phytophagous in-
sects selectively feed on particular plant species or functional groups
(Lewinsohn, Novotny, & Basset, 2005; Novotny & Basset, 2005;
Schadler, Jung, Auge, & Brandl, 2003). This could be an important
source of either positive or negative feedback on plant community
composition (La Pierre, Joern, & Smith, 2015; Throop & Lerdau,
2004). N fertilization generally increases the abundance of gram-
inoids (grasses and/or sedges) and decreases that of legumes (Song
et al., 2012; Suding et al., 2005; Xia & Wan, 2008). Furthermore, rare
forb species are often at great risk of being lost upon N fertilization
(Suding et al., 2005). Such changes in quantity of plant species in dif-
ferent functional groups may further alter the abundance and feed-
ing behaviour of phytophagous insects. We therefore hypothesize
that long-term N fertilization will alter the abundance and feeding
preference of phytophagous insects also through N-mediated shifts
in the abundance of plant species in different functional groups.

Soil N is available in different chemical forms (e.g., ammo-
nium, nitrate and free amino acids; McKane et al., 2002; Martens-
Habbena, Berube, Urakawa, De La Torre, & Stahl, 2009; Song,
Zheng, Suding, Yin, & Yu, 2015). Atmospheric deposition enriched
with certain N forms and long-term addition of agricultural fertil-
izers with different N forms can increase the availability of ammo-
nium or nitrate in soil disproportionally (Fowler, Flechard, Skiba,
Coyle, & Cape, 1998; Galloway et al., 2004; Stevens et al., 2004)

and alter the original proportion of soil available N forms (Wathes,
Demmers, & Xin, 2003). Different N forms could induce distinct re-
sponses of N uptake in different plant species (McKane et al., 2002;
Song et al., 2015) and thus may drive differences in their abundance
(Song et al., 2012) and leaf quality. In response to changes in the
availability of N chemical form, plant species may show plasticity
in the uptake of the N form and/or shift preference from one N
form to another to maintain or even increase their overall N uptake
(Martens-Habbena et al., 2009; McKane et al., 2002; Song et al.,
2015). In contrast, species characterized by niche conservatism
(Diekmann & Lawesson, 1999) may be less flexible and may con-
tinue to rely on a specific N form regardless of changes in avail-
ability of alternative forms. Such differences may result in changes
in species or functional composition of communities, which may
further affect the abundance of phytophagous insects. However,
no previous study appears to have examined potential cascading
effects of N forms on the abundance and feeding preference of
phytophagous insects.

We measured the abundance and feeding preference of larvae of
a phytophagous moth (Gynaephora menyuanensis Yan & Chou) in an
alpine meadow on the Tibetan Plateau, after 8 years of fertilization
with different N supply rates and different chemical N forms (am-
monium, nitrate or ammonium and nitrate). In this alpine meadow,
N fertilization and release from grazing caused some loss of species
richness and an increase in above-ground productivity (Song et al.,
2012). Here, we examine whether N-mediated changes in leaf nutri-
ent concentration and shifts in abundance of plant functional groups
can cascade to affect the abundance of herbivorous insects in this
system. To evaluate this, we needed to understand whether and
how long-term N fertilization drives cascading effects on the abun-
dance and feeding preference of phytophagous insects, via varia-
tion both in leaf quality within given species and in the abundance
of plant species in different functional groups that are selectively
eaten. We thus specifically examined (a) leaf quality responses of
different plant species and their relationships to feeding preference
of G. menyuanensis, and (b) the population quantity response of G.
menyuanensis and its relationship to abundance of functional groups
relative to their palatability after 8 years of different experimental

fertilization treatments in this alpine meadow.

2 | METHODS

2.1 | Study area and experiment description

Our long-term experimental site was an alpine meadow located
in the northeastern Tibetan Plateau, Qinghai Province, China.
This alpine meadow belongs to Haibei Alpine Meadow Ecosystem
Research Station (37°37’'N, 101°19'E, 3,200 m a.s.l.) of the
Chinese Academy of Sciences. It has a plateau continental mon-
soon climate, with mean annual temperature of -1.7°C and mean
annual precipitation of 580 mm. The meadow is dominated by the
sedge Kobresia humilis Serg. The phytophagous moth Gynaephora
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menyuanensis (Lepidoptera, Lymantriidae) is common in the
meadow, and feeding by its generalist larvae constitutes one of
the main factors that can significantly hamper plant growth (Yan,
Liu, & Mei, 1995).

Because low temperature restricts decomposition, most
N is bound in organic forms (Cao & Zhang, 2001). Jiang (2010)
measured the atmospheric wet N deposition through precipita-
tion in the same alpine meadow from May 2008 to May 2009 at
046+0.03¢g m™2 year’i. However, the current atmospheric wet N
deposition may be higher in this region because precipitation from
May 2008 to May 2009 was lower than usual (Jiang, 2010).

The long-term N fertilization experiment, which was started
in 2005 and coincided with cessation of long-term grazing by
placing a fence around the experiment, had three N supply rates
(0.375,1.5and 7.5 gN m2 year’l, referred to as LN, MN and HN,
respectively) crossed with three N chemical forms (ammonium-N,
nitrate-N and a 50:50 mixture of ammonium-N and nitrate-N, re-
ferred to as Am, Ni and AN, respectively), with no N addition as
the control (C). LN was close to the current atmospheric wet N
deposition (0.46 +0.03 g m™ year}) through precipitation in the
alpine meadow (Jiang, 2010). Because atmospheric N deposition
is expected to increase due to increased impacts of anthropogenic
activities in China (Zhang et al., 2008; Jiang, 2010) and soil organic
matter mineralization is expected to accelerate due to climate
warming, soil N availability in this region is expected to increase
greatly in the future. Only MN and HN were thus included here to
simulate potential N enrichment in the future. In total, therefore,
there were seven treatments and each treatment was applied in
three replicate 2 m x 2 m plots. Previous results showed that LN
did not cause significant changes in plant species composition or
leaf C and N concentration in the alpine meadow. Therefore, and
to reduce the workload and expenditure, we excluded LN from this
study. Further details of the N fertilization experiment are described
in Song et al. (2012).

2.2 | Plant species richness and abundance
measurements

A 1 m x 1 m quadrat was established in the centre of each plot,
and occurrence of each vascular species in each quadrat was re-
corded in the middle of August each year. For biomass measure-
ment, we clipped above-ground shoots within a 0.25m x 0.25 m
quadrat outside the central 1 m x 1 m quadrat but within the plot
in the middle of August every year when biomass peaked. The
quadrat for clipping shifted each year within the plot to avoid har-
vesting the same area in successive years. Shoots were clipped
at ground level and sorted into four plant functional groups, i.e.,
grasses, sedges, legumes and forbs. All shoots were oven-dried at
60°C for 48 hr and then weighed (see Song et al., 2012 for more
information). We recorded a total of 32 species in our plots. In the
1 m x 1 m quadrats, species richness was 25 on average, ranging
from 23 to 27, and may fluctuate from year to year (Song et al.,
2012).
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2.3 | Moth larva survey

For each of the seven treatments used in this study, we counted the
number of G. menyuanensis larvae in two 50 cm x 50 cm quadrats in
each plot on 29 and 30 June 2012. Observations were performed
twice per day, at around 10:00 and 15:00 hours, when the larvae
were very active. The data for the two observations per day were
averaged. The larvae were in the third instar during this period.
Density of the larvae during 2012 was typical of most years (Ming-
Hua Song pers obs).

2.4 | Feeding test

A feeding test was carried out at the end of June 2012, the 8th year
after the start of the N fertilization. For the test, we selected six
abundant plant species that occurred in all the plots, i.e., one sedge
(K. humilis), two grasses (Elymus nutans and Stipa aliena), one leg-
ume (Oxytropis ochrocephala) and two forbs (Gentiana straminea and
Saussurea superba). For each of these six species, its above-ground
biomass was no less than 5% of above-ground biomass of the com-
munity (i.e., summed biomass of all species in the community)
since the experiment started in 2005. Also, summed above-ground
biomass of the six species amounted to more than 63% of above-
ground biomass of the community. Thus, they well represented the
abundance of the community. In each of the seven treatments, we
set up two quadrats of 50 cm x 50 cm at least 1 m apart in each plot.
These quadrats were different from those for the larva survey to
avoid disturbance effects of leaf collecting on larval densities. In
each quadrat, we collected fresh leaves of the six target species in
the morning and stored them in sealed polythene bags at 4°C be-
fore the feeding test. One part of each leaf sample was oven-dried
at 65°C for 48 hr and used for measuring leaf C and N concentra-
tions with an elemental analyser (vario MACRO cube, Elementar,
Frankfurt, Germany).

We collected fresh leaves from one quadrat in each of the
seven treatments on 24-29 June 2012 and collected third-instar,
similar-sized larvae of G. menyuanensis from the unfertilized areas
close to our experimental plots. The feeding test employed a “caf-
eteria” approach (Pérez-Harguindeguy et al., 2013). The larvae
were starved for 24 hr before the test. The leaves of the target
species were cut into pieces of 50 mm?2. Leaves of species with
relatively wide, short ones (O. ochrocephala, G. straminea, and S.
superba) were cut into pieces of 5 mm x 10 mm; leaves of species
with narrower and longer ones (K. humilis, E. nutans and S. aliena)
were cut into pieces of 2.5 mm x 20 mm or 2 mm x 25 mm de-
pending on leaf width. The leaf pieces were fixed with steel pins
on arenas made of foam boards installed at the inner bottom of six
glass boxes (1-m long x 1-m wide x 0.25-m high) designed by us.
Each box, which was treated as a block, contained eight pieces of
each of the six plant species from each treatment that had been
collected on the same day. The 336 leaf pieces (7 treatments x 6
species x 8 pieces) in each box were randomly arranged in 19 rows

and 19 columns.
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FIGURE 1 Effects of N rate (a) and N form (b) on number of
Gynaephora menyuanensis larvae in the alpine meadow. MN and HN
are N addition at rates of 1.5 and 7.5 g m™2 year™, respectively, and
C for no N addition. Am, Ni and AN are addition of ammonium-N,
nitrate-N and both ammonium-N and nitrate-N, respectively.

Bars and vertical lines are mean + SE. For N form and N rate,
respectively, bars sharing the same letter are not different at
p=0.05

The feeding tests were conducted on 6 days from 25 to 30
June 2012. On each test day at 09:00 a.m., 20 third-instar larvae
of G. menyuanensis were randomly placed on each arena. To keep
plant material fresh and moist, we installed wet filter paper on the
foam board under the leaf pieces (Cornelissen, Pérez-Harguindeguy,
Cabido, Vendramini, & Cerabolini, 1999) and carefully sprayed a
small amount of water into the boxes at noon each day during the ex-
periment. The boxes were put close to the experimental site during
the day and covered with plastic film at night to avoid damage from
freezing or rain. The feeding test ran for 72 consecutive hours, and
leaf consumption by the larvae was calculated as percentage loss of

leaf area and mass at the end of the feeding test.

2.5 | Dataanalyses

Data on number of G. menyuanensis larvae, leaf consumption, leaf N
concentration, C concentration and C:N were analysed using general
linear models. In particular, we used four-way nested ANOVA with
repeated measures to examine the effects of N supply rate (MN or
HN), N chemical form (Am, Ni or AN), survey date (29 or 30 June
2012) and plot on number of G. menyuanensis larvae (Sokal & Rohlf,
1995). N rate and N form were treated as fixed factors. Survey date
was treated as a repeated factor as the data in the same plots were
repeatedly collected on 2 days, and these data collected on the
2 days were thus not independent. Plot was included as a random
factor nested within N form because, in each plot, the data were
collected from two quadrats. In this analysis, the control (C) was not
included as the experiment was not a factorial design and the con-
trol belonged to none of three treatments of N form. We then used
linear contrasts to examine the overall differences (averaged across
the two dates) among the three N form treatments (Am, Ni and AN;
Sokal & Rohlf, 1995), and among the three N rate treatments (C, MN,
and HN) in which the control was included.

We employed four-way nested ANOVA to test the effects of
species, N rate, N form and plot (as a random factor) on leaf con-
sumption, leaf N concentration, C concentration and C:N (Sokal &
Rohlf, 1995). Species was treated as a fixed factor because the six
species occurred in all the plots. Again, the control was not included
as it did not belong to any of three treatments of N form. We then
used Tukey post-hoc tests to examine the differences among the
six species. For each species, we also used Tukey tests to examine
the differences among the three N form treatments, and among the
three N rate treatments in which the control was included (C, MN
and HN). Data on leaf consumption were transformed to the arc-
sine of the square root to improve normality and homogeneity of
variance.

Regression analyses were performed to examine the relation-
ships of number of G.menyuanensis larvae with the abundance
(above-ground biomass) of each of the six target species and of
each of the four functional groups (grasses, sedges, legumes and
forbs) across all treatments. For the regression analyses, we used
linear, power, exponential and logarithmic functions and selected
the one that gave the largest R? and the smallest p-value. We chose
these four models as they are among the simplest regression mod-
els and their biological meanings are easy to interpret. Also, these
four regression models are most widely used in ecological research.
Analyses were performed using SAS v 9.2 (SAS Institute Inc., 2009).

3 | RESULTS

3.1 | Effects of N rate and form on larval abundance

Nitrogen supply rate affected number of G. menyuanensis lar-
vae (Fl,é = 18.8, p = 0.005). High N rate increased the number of
larvae by 45.6% compared to the control (Figure 1a; Supporting
Information Appendix S1). However, neither N form (Fzyé <0.01,
p =0.999) nor its interaction with N rate (F2,6 =0.8, p=0.514)
affected number of larvae (Figure 1b; Supporting Information
Appendix S1).

3.2 | Relationships of larval abundance with
species and functional group abundance

At the functional group level, number of G. menyuanensis larvae
was positively related to the abundance of grasses (Figure 2a), and
negatively related to the abundance of forbs (Figure 2d). It was
not related to the abundance of sedges (Figure 2b) or legumes
(Figure 2c).

At the species level, number of G. menyuanensis larvae was sig-
nificantly or marginally positively related to the abundance of the
grasses E. nutans (Supporting Information Appendix S5b) and S. ali-
ena (Supporting Information Appendix S5c). It was negatively related
to the abundance of the forb S.superba (Supporting Information
Appendix S5f), but not related to the abundance of the sedge K. hu-
milis, the legume O. ochrocephala or the forb G. straminea (Supporting
Information Appendix S5a, d, and e).
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3.3 | Effects of plant species, N rate and form on
feeding preference and leaf quality

Leaf consumption by the larvae differed greatly among the six spe-
cies (Figure 3a; Supporting Information Appendix S2). The sedge
K. humilis (51%) sustained the highest consumption, followed by
the grass E. nutans (40%) and then the grass S. aliena (8%) and the
legume O. ochrocephala (7%; Figure 3a). The forbs G. straminea and
S. superba were barely consumed (Figure 3a). Neither N rate nor N
form affected leaf consumption by the larvae in any of the six spe-
cies (Supporting Information Appendices S2, Sé).

Leaf N concentration and leaf C:N differed among the six species
(Figure 3b; Supporting Information Appendices S3, S7). O. ochro-
cephala (3.53%) had the highest leaf N concentration, followed by G.
straminea (2.40%) and E. nutans (2.42%), and then by S. aliena (2.07%)
and S. superba (2.10%); K. humilis (1.68%) had the lowest content
(Figure 3b). Leaf C:N showed exactly the opposite pattern because
absolute values of leaf C (ranging from 42% to 46%) were very simi-
lar among the six species (Supporting Information Appendix S7).

Effects of N supply rate on leaf N concentration and leaf C:N
varied among species (Figure 4; Supporting Information Appendices
S3, S8). Compared to the control, high N rate increased leaf N
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FIGURE 4 Effects of N form and N rate on leaf N concentration for each of six abundant plant species in the alpine meadow. Treatment
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concentration and decreased leaf C:N in four species (K. humi-
lis, E. nutans, S. aliena and G. straminea; Figure 4a,c,e,i; Supporting
Information Appendix S8m,o0,q,u), but had no effect in the other
two species (Figure 4g, k; Supporting Information Appendix S8s, w).
Moderate N rate did not affect leaf N concentration or leaf C:N in
any of the six species (Figure 4; Supporting Information Appendix
S8).

Effects of N form on leaf N concentration and leaf C:N also var-
ied among species (Figure 4; Supporting Information Appendices S3,
S8). Leaf N concentration was lower in Ni than in Am in K. humilis
(Figure 4b), but higher in Ni and AN than in Am in S. aliena (Figure 4f)
and S. superba (Figure 4l), and also higher in Ni than in Am in G.
straminea (Figure 4j). Leaf C:N again showed the opposite pattern

(Supporting Information Appendix S8).

4 | DISCUSSION

Eight years of N fertilization with high supply rates increased the
abundance but did not affect the feeding preference of the phy-
tophagous moth G. menyuanensis in the alpine meadow. Interestingly,
the increased abundance of the larvae was associated with the N-
mediated shifts in the abundance of functional groups, but not with
the N-mediated changes in leaf nutrient quality. The results suggest
that effects of long-term N input on plant communities can partly
explain the population dynamics of phytophagous insects in this al-
pine meadow (La Pierre & Smith, 2016; La Pierre et al., 2015; Throop
& Lerdau, 2004; Wookey et al., 2009).

4.1 | Effects of N-mediated shifts in functional
group abundance on larval abundance

High N rate caused changes in the abundance of plant functional
groups and in the abundance of the G. menyuanensis larvae in the
alpine meadow. Resource availability is the main determinant of
the dynamics and distribution of phytophagous insects (Didham &
Springate, 2003; Grimbacher & Stork, 2007). Generally, the distri-
bution pattern of phytophagous insects follows the pattern of their
favoured host plant species (Didham & Springate, 2003; Grimbacher
& Stork, 2007), which may be favoured at least partly for their lack
of secondary compounds. Compared to monocots (e.g., grasses and
sedges), eudicots (e.g., legumes and forbs) generally contain a broad
spectrum of both specific and generic secondary compounds, espe-
cially phenolics, which have likely evolved as deterrents against her-
bivores (Harborne, 1997; Lambers, Chapin, & Pons, 2008). The leaves
of the forbs in our study likely contained secondary compounds that
made them unpalatable to the larvae irrespective of their N content.
This is especially true for the legume O. ochrocephala, a species in
the genus Oxytropis. Species in this genus, known as locoweed, are
notorious for producing swainsonine, a phytotoxin that negatively
affects grazing animals such as insect herbivores (Descombes et al.,
2017; Ralphs & James, 1999). Therefore, the abundance of insects is
expected to be proportionally higher in areas with a high abundance
of their favoured host plants (Futuyma & Wasserman, 1980; Peter &
Johnson, 2014), i.e., grasses and sedges in our study.

High N rate increased the abundance of grasses that were

generally preferred by the G. menyuanensis larvae and also most
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abundant in this alpine meadow (Supporting Information Appendix
S9). Consumption of the dominant grass species by the larvae also
overrode the consumption on the most favoured sedge species, sug-
gesting a trade-off between food quantity and palatability as drivers
of larval abundance. On the other hand, high N rate decreased the
abundance of legumes and did not change that of forbs (Supporting
Information Appendices S4, S9), which were little favoured by the
larvae. Furthermore, the abundance of the larvae in the field was
positively related to the abundance of grasses, but negatively related
to that of forbs (Figure 2). Our results suggest that a N-mediated
shift in functional group abundance, especially the increase in abun-
dance of grasses, can partly explain the increase in abundance of
the larvae (Figure 4). Thus, long-term fertilization with high N rate
increased the resources favoured by the phytophagous larvae and
subsequently promoted consumer abundance. However, regression
analysis can only provide a correlation between grass and larvae
abundance, suggesting the cascade to herbivorous insects in the
long-term N addition through alterations in plant community com-
position. The 23% explanatory power of the grass above-ground
biomass to the variation in the larvae abundance indicates that N-
induced alterations in other biotic or abiotic factors may also drive
changes in larvae abundance. Moreover, the low replications for each
treatment could lead to high within-group variances in abundance of
both larvae and plant functional groups, which would subsequently
weaken their relationship. Further manipulative experiments are
needed to test the factors driving the cascade to the phytophagous
moth in this N-limited alpine meadow.

Nitrogen chemical form did not affect the abundance of the
G. menyuanensis larvae, likely because N form did not affect the
abundance of S. aliena or E. nutans (Supporting Information Appendix
S4d, f), the species favoured by the G. menyuanensis larvae. Although
the abundance of grasses was lower in the nitrate than in the am-
monium treatment (Supporting Information Appendix S9), nitrate-N
increased the abundance of the most favoured species (K. humilis;
Supporting Information Appendix S4b); the different responses of
the three favoured species (K. humilis, E. nutans, and S. aliena) led to
no significant difference in their total abundance among the three N
form treatments. Consequently, we failed to detect an effect of N

form on larval abundance.

4.2 | Lack of effects of N-mediated changes in leaf
quality on larva feeding preference

Many phytophagous insects show strong host preference (Fontana,
Partridge, & Longo, 2010; Wan & Zhang, 2006). Our feeding test
also showed that larvae of G. menyuanensis, despite being moder-
ately generalist herbivores, strongly preferred the dominant grami-
noids (Figure 3). Within 72 hr, the larvae consumed 51% and 40% of
the leaves of the sedge K. humilis and the abundant grass E. nutans,
respectively, very little of the abundant legume O. ochrocephala,
and virtually none of the abundant forb G. straminea. Below the
optimal N concentration, plant palatability to herbivores often in-
creases with increasing N concentration and decreasing C:N in plant
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tissues (Grime Cornelissen, Thompson, & Hodgson, 1996) because
herbivore performance is often constrained due to the limitation
of available nutrient elements or proteins (Andersen, Kristensen,
Loeschcke, Toft, & Mayntz, 2010; Cornelissen et al., 1999; Throop
& Lerdau, 2004). However, although high N rate increased leaf N
concentration and decreased leaf C:N of most of the study species,
including K. humilis and E. nutans (Figure 4; Supporting Information
Appendix S8), this change in leaf nutritional quality had no effect
on the feeding preference of the G. menyuanensis larvae (Supporting
Information Appendix Sé). Similarly, although N form changed leaf
N concentration or leaf C:N, it did not affect the feeding preference
of the larvae. Our principal explanation for this is that any subtle
changes in leaf quality within species in terms of N concentration
and C:N stoichiometry were overruled by the strong larval prefer-
ence ranking of the different plant species, with a large division be-
tween palatable monocots (graminoids) and unpalatable eudicots
(legumes and forbs).

An additional explanation for lack of feeding response to intra-
specific leaf nutritional quality may lie in chemical stoichiometry.
Proteins and carbohydrates are sources of amino acids and energy
that are important for survival, growth and reproduction of herbi-
vores (Karasov & Martinez del Rio, 2007; Simpson & Raubenheimer,
2012). Most herbivores have their own species-specific forms of
proteins and carbohydrates to ensure their optimal performance
(Behmer, 2009; Raubenheimer & Simpson, 2003; Simpson &
Raubenheimer, 2012; Throop & Lerdau, 2004). Finding foods that
contain proteins and carbohydrates in optimal ratios is a challenge
to many herbivores because plants can be highly variable with re-
spect to their protein and digestible carbohydrate concentrations
(Behmer & Joern, 2012; Clissold et al., 2009). Herbivores can, how-
ever, overcome some of this variation (Clements, Raubenheimer, &
Choat, 2009; Felton et al., 2009; Wright, Simpson, Raubenheimer, &
Stevenson, 2003). In our study, leaf C:N of the most favoured plant
(K. humilis) was 26 and that of the least favoured plant (O. ochro-
cephala) was 12. This broad C:N range suggests the G. menyuanensis
larvae are able to feed on plants with a wide protein/carbohydrate
range (Yan et al., 1995). Although high N rate increased leaf N con-
centration, it reduced leaf C:N only from 26 to 23 in K. humilis and
from 18 to 15 in E. nutans. Therefore, for the same plant species, the
increased leaf N concentration and decreased leaf C:N under high
N supply rate were not too extreme, so that leaf N concentration
and C:N were still within the broad protein/carbohydrate range that
is functionally optimal for the larvae. Consequently, such changes
could not induce a significant change in feeding preference of the
larvae. An alternative explanation might be that the C quality was
also affected by the fertilization treatments, i.e., high N concentra-
tion might in theory have been accompanied by less digestible or less
“tasty” chemical forms of C.

We recorded larval consumption on an area basis, but long-
term N addition could cause alteration in leaf mass per area (LMA).
Therefore, the same variation in leaf area consumption by the G.
menyuanensis larvae may not match that of the leaf mass con-
sumed. Also, the larvae might have a preference for low LMA,
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i.e., less tough leaves, and there is the theoretical possibility of
herbivore feedback to LMA. On the one hand, there might be an
“induced resistance response” (Morris, Traw, & Bergelson, 2006)
by which concentrations of secondary compounds in leaves, and
thereby LMA, are raised by the plant as a defence against further
herbivory. On the other hand, herbivory on relatively old leaves
might lead to compensatory expansion of new, more productive
leaves with relatively low LMA (Belsky, 1986; Cornelissen, 1993).
However, based on our results, none of the possible mechanisms
is likely to have been a significant factor in our experiment: LMA
of the six species measured on 1 July 2015 showed that N addition
effects on LMA were small, which had little effect on the consump-
tion patterns (Supporting Information Appendix S10). The only
significant effects of N form and N rate on LMA were observed
in the legume O. ochrocephala and the forb S. superba (Supporting
Information Appendix S10h, k), which were barely consumed by
the larvae. As a consequence, N addition did not cause significant
changes in the consumption of leaf mass within any of the plant
species (Supporting Information Appendices S2, S11).

5 | CONCLUSIONS

In alpine meadows, long-term N fertilization can have a cascading
effect on higher trophic levels such as phytophagous insects, and
such an effect could be partly realized through N-mediated changes
in quantity of different functional groups in terms of differences in
palatability between species rather than in terms of changes in leaf
quality within species. However, while the regression results demon-
strate a positive relationship between grass and larvae abundance,
it also indicates that additional factors may drive the increase in
larvae abundance in the high N plots. Identifying and quantifying
these other factors require follow-up experiments. Nevertheless,
the current study is a first step to test the cascading effect of long-
term N addition on larvae feeding preference. Further investigations
should aim to examine whether the negative moth feedback shown
here could arguably add a further mechanism for plant species co-
existence and maintenance of diversity in these alpine meadow

ecosystems.
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