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Abstract

1. Climate change has been shown to advance spring phenology, increase the num-

ber of insect generations per year (multivoltinism) and increase pathogen infec-

tion levels.

. However, we lack insights into the effects of plant spring phenology and the bi-

otic environment on the preference and performance of multivoltine herbivores

and whether such effects extend into the later part of the growing season.

. To this aim, we used a multifactorial growth chamber experiment to examine

the influence of spring phenology on plant pathogen infection, and how the
independent and interactive effects of spring phenology and plant pathogen
infection affect the preference and performance of multigenerational attackers
(the leaf miner Tischeria ekebladella and the aphid Tuberculatus annulatus) on the

pedunculate oak in the early, mid and late parts of the plant growing season.

. Pathogen infection was highest on late phenology plants, irrespective of

whether inoculations were conducted in the early, mid or late season. The leaf
miner consistently preferred to oviposit on middle and late phenology plants, as
well as healthy plants, during all parts of the growing season, whereas we de-
tected an interactive effect between spring phenology and pathogen infection
on the performance of the leaf miner. Aphids preferred healthy, late phenology
plants during the early season, healthy plants during the mid season, and middle
phenology plants during the late season, whereas aphid performance was con-

sistently higher on healthy plants during all parts of the growing season.

. Our findings highlight that the impact of spring phenology on pathogen infection

and the preference and performance of insect herbivores is not restricted to the
early season, but that its imprint is still present - and sometimes equally strong
- during the peak and end of the growing season. Plant pathogens generally
negatively affected herbivore preference and performance, and modulated the
effects of spring phenology. We conclude that spring phenology and pathogen

infection are two important factors shaping the preference and performance of
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1 | INTRODUCTION

Plant-based food webs consist of a large diversity of insects
and microbes, each with a distinct phenology and life-history
(Mattson, 2012; Price, 1997; Real & Brown, 2012). Climate change
has already advanced spring phenology of many of these plants, in-
sects and microorganisms, which has resulted in changes in plant-
based species interactions (Bellemin-Noél et al., 2021; Lehmann
etal., 2020; Menzel et al., 2006; Nanninga et al., 2017; Schwartzberg
et al., 2014) and increased pest and disease outbreaks (Ahanger
et al., 2013; Isaev et al., 2018). Beyond shifts in phenology, climate
change has also increased the number of generations of a large num-
ber of herbivore species (Gaytan et al., 2022a). For example, many
insect species that used to be univoltine (i.e. they had a single gen-
eration per growing season) have now become multivoltine, and are
now present within the community at several, sometimes distinct,
periods of the growing season (Altermatt, 2010). These climate-
induced changes in spring phenology, disease dynamics and the
number of herbivore generations may have profound consequences
for the ecology and evolution of food webs. Despite this, we lack
insights into the impact of spring phenology on the preference and
performance of multi-generational insects across the growing sea-
son, as well as how these interactions may be modified by the pres-
ence of other species within the food web.

Plants with different spring phenology commonly co-exist within
populations and landscapes, and such differences in spring phenol-
ogy of plants can have pronounced effects on the preference and
performance of insect herbivores (Despland, 2018; Posledovich
et al., 2015; Tack et al., 2010; Toftegaard et al., 2019). However, the
sign and strength of this effect is highly variable, with some stud-
ies reporting positive (Coyle et al., 2010; Ekholm et al., 2020), neg-
ative (Fowler & Lawton, 1984; Niemeld, 1983) or no effects (Chen
& Poland, 2009; Scheirs et al., 2002) of earlier spring phenology on
herbivore preference and performance. Most studies on the effect
of spring phenology have focused on herbivores feeding in the early
season, and we lack insights into the effect of spring phenology
during the summer and autumn. The few studies that reported on
the impact of spring phenology on the preference and performance
of the same species of plant-feeding insects during different parts
of the growing season show mixed results (Chen & Poland, 2009;
Coyle et al., 2010; Fowler & Lawton, 1984; Niemela, 1983; Scheirs
et al., 2002). Two studies found a consistent preference for, or a bet-
ter performance on, early or late phenology plants during all parts
of the growing season (Coyle et al., 2010; Niemel3, 1983), one study

with climate change.

multigenerational plant attackers, which is particularly relevant given the cur-

rent advance in spring phenology, pathogen outbreaks and increase in voltinism

pathogen, performance, preference, Quercus robur, spring phenology, voltinism

reported a preference for early phenology plants during the early
season and for late phenology plants during the late season (Fowler
& Lawton, 1984), and two studies found no impact of spring phenol-
ogy on herbivore preference and performance during any part of the
growing season (Table 1). Although each generation of a multivoltine
herbivore may be confronted with the same set of plants, they will
be faced with a different plant-trait landscape, and we do not know
whether different herbivore generations will have the same prefer-
ence for and performance on certain plant individuals. For example,
if herbivores prefer particular plant individuals because of specific
trait combinations, changes in those traits throughout the growing
season might explain seasonal shifts in insect preference and perfor-
mance. Although the effect of plant-level variation in spring phenol-
ogy is often assumed to leave a weaker imprint on plant traits and
biotic interactions during the middle and late parts of the growing
season, we still lack quantitative data on this.

Spring phenology may also affect other plant attackers, like plant
pathogens. Young leaves are commonly more susceptible to fungal
pathogens than mature leaves and we can thus expect higher infection
levels on late phenology plants when infection takes place in spring,
whereas spring phenology may have a weaker or no impact on infec-
tion levels when infection takes place during summer or autumn (Jain
et al., 2019). Infections of plants by pathogens may strongly affect the
preference and performance of herbivores, with plant-feeding insects
generally avoiding or performing worse on (heavily) infected plants,
which commonly have lower nutritional value (Fernandez-Conradi
et al., 2018). Still, only very few studies have assessed the combined
effect of spring phenology and biotic factors such as pathogen in-
fection on herbivore preference and performance, especially during
multiple parts of the growing season (Table 1; Chen & Poland, 2009).
Importantly, spring phenology and pathogen infection may interac-
tively shape the preference and performance of multivoltine herbi-
vores during the different parts of the growing season. For instance,
herbivores may prefer plants with a late spring phenology in the ab-
sence of pathogen infection, but prefer more resistant early phenol-
ogy plants when pathogen infection in the population is high.

With global warming, multivoltinism has become more common
(Altermatt, 2010; Gaytan et al., 2022a; O'Neill et al., 2012), and at
the same time other changes are happening in the plant food web.
For example, leaves have started to flush earlier in spring (Menzel
et al., 2006; Nanninga et al., 2017), and pathogen infection lev-
els have increased, at least for some pathogen species (Ahanger
etal., 2013; Isaev et al., 2018). The climate-induced changes in plant
phenology, biotic context and multivoltinism might affect insect
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preference and performance. In this study, we examined the impact
of spring phenology on plant pathogen infection, as well as the inde-
pendent and interactive effects of spring phenology and pathogen
infection on the preference and performance of multigenerational
herbivores on the pedunculate oak Quercus robur during a full grow-
ing season. For this, we used a two-step approach. First, we tested
the influence of timing of spring germination on infection by oak
powdery mildew Erysiphe alphitoides. Second, we conducted a multi-
factorial experiment to identify the influence of spring phenology
and pathogen infection on the preference and performance of a leaf
miner (Lepidoptera: Tischeria ekebladella) and an aphid (Hemiptera:
Tuberculatus annulatus). More specifically, we examined the impact
of spring phenology on the severity of oak powdery mildew infec-
tion during the early, mid and late season, as well as the impact of
spring phenology, pathogen infection and their interaction on the
preference and performance of multigenerational herbivores during
the early, mid and late season. By exploring the impact of spring
phenology and pathogen infection on the preference and perfor-
mance of multiple multigenerational plant attackers during different
parts of the season, this study contributes to our understanding of
the ecological and evolutionary consequences of climate-induced

changes in spring phenology for plant-based food webs.

2 | MATERIALS AND METHODS

2.1 | Studysystem

The pedunculate oak Q. robur (Fagaceae) is distributed widely
in Europe, and it reaches the northern part of its distribution in
Fennoscandia (Petit et al., 2002). In Sweden, oak budburst generally
takes place during late May, while leaf senescence starts between
late August and early September (Ekholm et al., 2019). The pedun-
culate oak harbours a diverse community of generalist and specialist
insects belonging to different feeding guilds, including several leaf
miners and sap-sucking insects (Southwood, 1961). Among the leaf
miners, T. ekebladella (Lepidoptera: Tischeriidae) is found in most of
Europe, where it is univoltine in the northernmost part of its range,
and bivoltine or multivoltine in the southern part of its distributional
range (Jordan, 1995; QOishi & Sato, 2009; Yefremova et al., 2013).
The leaf miner overwinters as larva inside a silk cocoon and pupates
in early spring, resulting in a first generation of adults during the
early season (Jordan, 1995). The oligophagous oak aphid T. annu-
latus (Aphididae) is a sap-sucking insect that is common on oak. It
has multiple asexual generations during the early, middle and some-
times later parts of the growing season. The oak aphid reproduces
sexually before overwintering (Stern, 2008). Oak trees in Europe
are frequently attacked by the oak powdery mildew E. alphitoides
(Desprez-Loustau et al., 2018). In autumn, this specialist biotrophic
fungus produces overwintering structures (chasmothecia). In early
spring, the sexual spores within the chasmothecia are released and
infect oak leaves. The oak powdery mildew reproduces with asexual
spores (conidia) during the remainder of the growing season, resulting

in multiple asexual generations (Faticov et al., 2020). For this study,
all species were collected in the area of Stockholm (Sweden), and
plant attackers were reared and maintained in colonies sustained on
healthy seedlings of Q. robur within growth chambers before the ex-
periments. Our study did not require ethical approval.

2.2 | Establishment of phenological treatments

To investigate the impact of germination date (henceforth the
seedling-level trait ‘spring phenology’; cf. Allstadt et al., 2015;
Badeck et al., 2004; Flynn & Wolkovich, 2018; McClory et al., 2021)
on pathogen infection and attack by the different generations of
herbivores, we established groups of seedlings with early, middle
and late phenology, matching the natural variation in phenology
observed in Stockholm area, Sweden (Figure 1). We planted early
phenology seedlings on 9 April 2019 (n = 210), middle phenology
seedlings on 21 April 2019 (n = 210), and late phenology seedlings
on 3 May 2019 (n = 210) from randomly collected acorns from multi-
ple oak trees collected in Stockholm area. Since we were interested
in the effects of changes in plant development during the growing
season (rather than changes in the abiotic environment), we grew
our study plants in a growth chamber at 23°C and 20h of light. Yet,
in the end of August, we shortly induced leaf senescence by plac-
ing seedlings in a chamber with 12°C and 8 h of light per day for
10days, as we regarded it as more reflective of natural plant devel-
opment when leaf senescence was induced at the start of autumn.
Importantly, leaf senescence was induced before conducting the late
season experiment. Hence, temperature and light conditions were
similar during the experiments conducted in the early, mid and late
season. Each seedling was only used for a single experimental trial
to avoid confounding effects. Seedlings were watered ad libitum to
a tray placed underneath the plant pot, thereby avoiding direct con-

tact between the water and the oak powdery mildew.

2.3 | The effect of spring phenology on pathogen
performance

To assess the impact of spring phenology on oak powdery mildew
performance, we infected 10 plants from each of the early, middle
and late phenology treatments by gently brushing the upper leaf
surface with asexual spores (Figure 1a). To investigate seasonal
changes in the effect of spring phenology on pathogen infection, we
repeated the same experiment during the early (28 May 2019), mid
(14 July 2019) and late season (18 September 2019; Figure 1c). All
leaves were scored 6, 9, 12, 16 and 20days after infection. For each
leaf, we visually estimated pathogen infection as the percentage of
leaf surface covered by oak powdery mildew using the following
categories: 0%, 1%-5%, 6%-10%, 11%-15%, 16%-20%, 21%-25%,
26%-30%, 31%-40%, 41%-60% and >60%. For statistical analyses,
we calculated the infection level at the plant-level by averaging the
midpoints of each category across the seedling's leaves.
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FIGURE 1 Overview of the
experimental design. (a) To investigate
the impact of spring phenology on

oak powdery mildew performance, we
established three treatments in early
spring: (1) early phenology, (2) middle
phenology and (3) late phenology plants.
(b) To investigate the joint impact of
spring phenology and pathogen infection
on the preference and performance of
leaf miners and aphids, we established
six treatments in early spring: (1)

early phenology, no infection, (2)

early phenology, infection, (3) middle
phenology, no infection, (4) middle
phenology, infection, (5) late phenology,

and late season?
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2.4 | The effect of spring phenology and
pathogen infection on herbivore preference and
performance

To investigate the impact of spring phenology and pathogen infec-
tion on the preference and performance of different generations of
multivoltine herbivores, we infected 90 seedlings from each phe-
nological treatment with oak powdery mildew and left 90 seedlings
from each phenological treatment uninfected. We carried out inoc-
ulations by gently brushing the upper part of the leaves with mildew
spores when the seedling had its first developed leaves (van Dijk
et al., 2020). As inoculations for all phenological treatments were
carried out when the plant was most susceptible (i.e. when the first
leaves developed), all phenological treatments had similar levels of
pathogen infection. Our multifactorial design consisted of six treat-
ment combinations by crossing the three phenology states (early,
middle, late) with infection (infected or uninfected; Figure 1b). For
both the leaf miner (T. ekebladella) and aphid (T. annulatus), we con-
ducted preference and performance experiments during the early
(28 May 2019), mid (14 July 2019) and late season (18 September
2019; Figure 1c). While both species are known to have multiple
generations, each species has a distinct life-history, thereby dictat-
ing differences in the exact timing and methods of the experimental
trials. Below, we describe the experimental details separately for
the two species.

241 | Preference and performance of the leaf
miner Tischeria ekebladella

To assess oviposition preference and larval performance of the leaf
miner, we placed six oak seedlings (one seedling per treatment com-
bination) and one moth pair (g9) in a 40x30x50cm rearing cage.
As it is uncommon for eggs of T. ekebladella not to develop a mine
(Gripenberg et al., 2010; Tack et al., 2010, 2012), we assessed ovi-
position preference as the presence of leaf mines on each plant after
12days. We repeated the experiment in the early (n = 7 cages), mid
(n = 9) and late (n = 9) season with the three subsequent herbivore
generations. To assess larval performance, we recorded mine size and
larval survival on the plants from the preference experiment. We cal-
culated mine size as the mine length x mine width, and monitored
larval survival for the first and second generation (the third genera-

tion larvae overwinter).

2.4.2 | Preference and performance of the aphid
Tuberculatus annulatus

To assess aphid preference, we placed six oak seedlings (one
seedling per treatment combination) in a rearing cage and placed
five wingless nymphs on each plant (n = 10 rearing cages). After
6 days, we scored preference by recording the number of aphids
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on each plant. We scored aphid preference after 6 days because
it is a time frame too short for reproduction (Stern, 2008), avoid-
ing confounding aphid preference with performance. To assess
aphid performance, we conducted a separate experiment, where
we placed five wingless nymphs on plants from each treatment
combination that were individually covered with a pollination bag
(n = 10 plants per treatment combination). As a measure of per-
formance, we recorded aphid population size after 21 days. Each
experiment was carried out in the early, mid and late season in the

growth chamber.

2.5 | Statistical analyses

To analyse the effect of spring phenology on pathogen perfor-
mance, and the joint effects of phenology and pathogen infection
on herbivore performance, we ran likelihood ratio 4? tests using
the framework of (generalized) linear mixed effects models using
the functions glm, Imer and glmer from the base and LmMe4 packages
in R (Bates et al., 2015; R Development Core Team, 2020). All the
predictors were categorical. We assessed model fit using the di-
agnostic tools in the siPLor and DHARMa packages (Hartig, 2020;
Liidecke, 2020), tested for statistical significance using the function
Anova in the car package (Weisberg, 2019), and selected final models
by backward selection with a cut-off p-value of 0.05 (Crawley, 2013).
We conducted post-hoc comparisons using the function pairs in the
r-package LsMmeans (Lenth, 2016). The model structures, transforma-

tions and link functions are summarized in Table S1.

2.5.1 | The effect of spring phenology on pathogen
performance

To investigate the effect of spring phenology on pathogen perfor-
mance during the early, mid and late season, we modelled the per-
centage infection on each plant as a function of spring phenology,
days after infection and season. To assess whether the effect of
spring phenology on pathogen infection changed with days after in-
fection, we included the interaction between spring phenology and
days after infection. As the effects of spring phenology and days
after infection on pathogen infection levels may differ between the
early, mid and late season, we included all two and three-way inter-
actions between spring phenology, days after infection and season.
We included plantID as a random factor to account for repeated
measures on the same set of plant individuals (i.e. 6, 9, 12, 16 and

20days after infection).
2.5.2 | The effect of spring phenology and
pathogen infection on herbivore preference

To analyse the impact of spring phenology and pathogen infection
on the preference of leaf miners and aphids during the early, mid

and late season, we modelled the presence of mines (1/0) and the
number of aphids as functions of spring phenology, presence of
pathogen infection and season. As the effect of spring phenology on
the preference of herbivores may depend on pathogen infection, we
included the interaction between spring phenology and presence of
pathogen infection. As the effect of spring phenology and pathogen
infection on herbivore preference may differ between the early, mid
and late season, we included the two- and three-way interactions
between spring phenology, presence of pathogen infection and sea-
son. For the presence of mines, we specified a binomial distribution
with a logit link, and for the number of aphids, we specified a Poisson
distribution with a log link. To account for the shared environment in

each cage, we included CagelD as a random factor.

2.5.3 | The effect of spring phenology and
pathogen infection on herbivore performance

To analyse the impact of spring phenology and pathogen infection
on the performance of leaf miners and aphids during the early, mid
and late season, we modelled mine size, larval survival of the leaf
miner and population size of the aphid, as functions of spring phe-
nology, presence of pathogen infection and season. We included the
interaction between spring phenology and presence of pathogen
infection, as well as the two- and three-way interactions between
spring phenology, presence of pathogen infection and season. For
mine size, we specified a Gaussian distribution with identity link,
for larval survival a binomial distribution with a logit link, and for
aphid population size a Poisson distribution with a log link. As we
had instances with multiple mines on the same plant, we included
PlantID as a random factor in the mine size model. To account for
non-independence and overdispersion, we included CagelD as a
random effect in the larval survival model, and PlantID in the aphid

population size model, respectively.

3 | RESULTS

3.1 | The effect of spring phenology on pathogen
performance

Pathogen infection was higher during the early and mid season than
during the late season (Figure 2; Table 2; Table S2). Infection differed
among phenological classes, with late phenology plants sustaining
higher infection levels (Figure 2; Table 2; Table S3). The impact of
plant spring phenology on pathogen infection differed among sea-
sons (Figure 2; Table 2; Table S4). In the early season, mildew infec-
tion levels were highest on the late phenology seedlings, whereas
infection levels were similar for early and middle phenology seed-
lings (Figure 2a; Table S4). In the mid season, mildew infection levels
were highest on middle and late phenology plants, whereas none of
the early phenology seedlings became infected (Figure 2b; Table S4).
During the late season, mildew infection levels were highest on late
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phenology seedlings and intermediate on middle phenology seed-
lings, whereas none of the early phenology seedlings became in-
fected (Figure 2c; Table S4).

3.2 | The effect of spring phenology and pathogen
infection on herbivore preference

The proportion of plants with leaf mines was higher in the early
and mid season than in the late season (Figure 3; Table 2; Table S5).
However, neither the impact of spring phenology nor the impact of
pathogen infection on oviposition preference changed with the pro-
gression of the growing season (Table 2). Moth preference changed
with plant spring phenology, with a higher number of mines on
middle and late phenology plants than on early phenology plants
(Figure 3; Figure S1; Table 2; Table Sé). Pathogen infection consist-
ently affected moth preference throughout the growing season,
with female moths preferring healthy plants over infected plants
(Figure 3; Figure S1; Table 2). We did not detect an interactive effect
between spring phenology and pathogen infection on the prefer-
ence of the leaf miner (Table 2).

During the aphid preference experiment, most of the aphids re-
leased in the cages were found back on plants in the early and mid
season, whereas the majority of aphids left their host plants during
the late season (Figure 4; Table 2; Table S7). The effect of spring
phenology and pathogen infection on the number of aphids differed
between the early, mid and late season (Figure 4; Table 2). In the
early season, aphids preferred late phenology plants without patho-
gen infection (Figure 4a; Tables S8 and S9), in the mid season aphids
preferred healthy plants but had no preference for plant phenology

(Figure 4b; Tables S8 and S9), and in the late season aphids preferred
middle phenology plants, but did not distinguish between healthy
and infected plants (Figure 4c; Tables S8 and S9). We did not find an
interactive effect between spring phenology and pathogen infection

on aphid preference (Table 2).

3.3 | The effect of spring phenology and pathogen
infection on herbivore performance

Mine size differed among the seasons, with larger mines during
the mid season than during the early season (Figure 3; Table 2;
Table S10). We detected an interactive effect between spring
phenology and pathogen infection on mine size, where mine size
was larger on infected than healthy individuals for the middle phe-
nology plants, but larger on healthy than infected individuals for
the late phenology plants (Figure 3; Figure S2; Table 2; Table S11).
Larval survival was not significantly affected by spring phenol-
ogy or pathogen infection during any part of the growing season
(Figure S3; Table 2).

Aphid performance decreased as the season progressed, with
population growth in the early season, population maintenance in
the mid season and population decline in the late season (Figure 4;
Table 2; Table S12). Aphid population size was higher on healthy
plants than on infected plants during the entire growing season
(Figure 4; Figure S4; Table 2). We also detected an interactive ef-
fect of spring phenology and pathogen infection on aphid popula-
tion size, with a particularly high aphid population size on healthy
as compared to infected individuals for the early phenology plants
(Figure 4; Figure S4; Table 2; Table S13).
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FIGURE 3 The effect of spring phenology (early, middle and late) and pathogen infection on (a-c) preference and (d-f) performance of
the leaf miner Tischeria ekebladella on seedlings of the pedunculate oak Quercus robur, separately for the early, mid and late season. Shown
on the ordinate is the proportion of plants of each treatment combination that had mines of T. ekebladella after 12 days (preference) or the
size of mines (performance). Circles and vertical lines represent means and standard errors (based on the raw data), respectively

4 | DISCUSSION

We used multifactorial growth chamber experiments to examine the
impact of spring phenology on the performance of a plant pathogen,
and the independent and interactive effects of spring phenology
and pathogen infection on the preference and performance of two
herbivores in the early, mid and late season. For the oak powdery
mildew pathogen, infection levels were consistently high on late
phenology plants. While the leaf miner consistently preferred late
phenology and healthy seedlings, aphids changed their preference
during the growing season. We found an interactive effect of spring
phenology and pathogen infection on both leaf miner and aphid
performance, which did not change across the growing season. Our
findings suggest that spring phenology of the host plant has a major
impact on pathogen infection, with higher infection levels on late
phenology plants, irrespective of whether infection takes place in
the early, mid or late season. The effect of spring phenology on in-
sect preference and performance was also apparent throughout the
growing season, even though the exact pattern of preference and
performance depended on the species, biotic context (pathogen in-
fection) and period of the growing season.

Infection levels of the oak powdery mildew E. alphitoides were
higher on late phenology seedlings. This matches previous studies
on the infection of oak leaves with oak powdery mildew in early
spring, which showed that young leaves are more susceptible to
oak powdery mildew infection (Edwards & Ayres, 1982; Marcais &
Desprez-Loustau, 2014). Importantly, and not previously reported
on, late phenology plants were still more susceptible towards the
end of the growing season. Mechanistically, these findings match the
observation by Feeny and Bostock (1968) that oak leaves acquire the
ability to reduce spore germination by increasing their tannin con-
tent with age. The lower infection levels when inoculating the plants
at the end of the season might reflect the fact that all leaves were
senescent by that time. While comparative studies are lacking, we
tentatively conclude that the effect of spring phenology on patho-
gen infection may have a pronounced and underappreciated impact
on disease dynamics during the middle, and even towards the end,
of the growing season.

Spring phenology and pathogen infection had independent
effects on leaf miner preference, with higher oviposition rates
on later phenology and healthy seedlings, a pattern that was
consistent during the early, mid and late season. The effects of
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FIGURE 4 The effect of spring phenology (early, middle and late) and pathogen infection on (a-c) preference and (d-f) performance of
the aphid Tuberculatus annulatus on seedlings of the pedunculate oak Quercus robur, separately for the early, mid and late season. Shown on
the ordinate is the number of aphids (preference) and the aphid population size (performance). Circles and vertical lines represent means and
standard errors (based on the raw data), respectively, and the dashed line represents the initial number of aphids per plant (n = 5)

spring phenology and pathogen infection on aphid preference
were likewise independent, but their effects changed during the
growing season. Regarding spring phenology, aphids preferred
late phenology plants during the early season, were unaffected
by spring phenology during the mid season, and preferred mid
phenology plants during the late season. Regarding pathogen in-
fection, aphids preferred healthy plants during the early and mid
season, while pathogen infection did not affect aphid preference
during the late season. The dependency of insect preference on
spring phenology and infection status is likely due to changes in
primary and secondary leaf chemistry, plant volatiles or physical
leaf traits (Copolovici et al., 2014; Hunziker et al., 2021; Tikkanen
& Julkunen-Tiitto, 2003). We found that neither leaf miner nor
aphid preference was affected by the interaction between spring
phenology and pathogen infection, suggesting that preference-
related changes in plant traits due to spring phenology are not
modulated by pathogen infection. As another general pattern, the
overall negative impact of plant pathogens on the preference of
both the leaf miner and aphids matches the findings from a meta-
analysis by Fernandez-Conradi et al. (2018) on the effect of patho-
gen infection on phytophagous insects. More idiosyncratically,

spring phenology had a different impact on the preference of the
leaf miner and aphid during the mid and late parts of the growing
season, suggesting that either guilds (leaf miners vs. sap-sucking
insects) or species within guilds respond differently to seasonal
variation in spring phenology-related plant traits. Taken together,
our results highlight that spring phenology and pathogen infec-
tion independently affect the preference of phytophagous insects
across the full growing season.

Both leaf miner and aphid performance were affected by the
interaction between spring phenology and pathogen infection.
This implies that performance-related changes in plant traits due
to spring phenology are - in contrast to traits relevant for prefer-
ence - modulated by pathogen infection. The different impacts
of spring phenology, pathogen infection and their interaction on
preference versus performance related plant traits indicates that
climatic-induced changes in spring phenology and pathogen infec-
tion might change the relationship between preference and per-
formance (Gripenberg et al., 2010). For example, while leaf miner
preference and performance were strongly matched on late phenol-
ogy plants with regards to infection status during the mid season,
this relationship was inversed on middle phenology plants. Notably,
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we also detected a strong main effect of pathogen infection on aphid
performance, but not on leaf miner performance. This matches a
meta-analysis of Fernandez-Conradi et al. (2018), which showed that
performance is reduced more strongly for aphids than for other her-
bivores in response to infection of plants by biotrophic pathogens.
The salicylic acid pathway provides a more efficient defence against
sap-sucking herbivores than against leaf miners and is often induced
by biotrophic fungi such as the oak powdery mildew (Fernandez-
Conradi et al., 2018).

We found that late phenology plants had higher infection levels
in all parts of the growing season and that the effect of spring phe-
nology on herbivore preference and performance was dependent
on a combination of spring phenology, biotic environment (patho-
gen infection) and season. One important message from this study
is that the effect of spring phenology - which is often expected to
be of relevance only in spring - leaves a pronounced impact on dis-
ease dynamics and attack by different herbivore guilds also during
the middle and late parts of the growing season. This implies that
microbial and insect attackers during the middle of the summer
and autumn can also act as selective agents on spring phenology, a
phenomenon that is rarely (if ever) taken into account in evolution-
ary studies on spring phenology. For the oak system, we speculate
that warmer springs and plant attackers select for early phenol-
ogy oaks but that this selection might be counteracted by abiotic
factors, such as early frost events (Deans & Harvey, 1996). From
a natural history perspective, we used oak seedlings to run our
experiments, and it would be important to generalize our findings
(or refute generalization) to different ontogenetic stages and other
plant systems in future work. From a methodological perspective,
we decided to use similar environmental conditions when conduct-
ing the early, mid and late season experiments, and induced leaf
senescence before the late season experiment. While these con-
trolled environmental conditions by and large allowed us to isolate
the effects of the experimental factors from experimental condi-
tions and seasonal variation in climate, we hope that future studies
will integrate these studies into a more natural (and by necessity
more complex) environmental context and quantify the relative
importance of spring phenology, pathogen infection, seasonal
variation in temperature and experimental conditions, both under
controlled and field conditions. Understanding the ecological and
evolutionary consequences of changes in spring phenology and
pathogen infection on herbivores throughout the season in plant-
based food web is particularly timely because of the documented
effects of climate change on insect voltinism, plant spring phenol-

ogy and disease dynamics.
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