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1  | INTRODUC TION

Insect outbreaks can have vast ecological impacts by reducing 
plant growth (Chen et al., 2018; Cooke & Roland, 2007) and alter-
ing the richness, abundance and composition of the insect commu-
nity (Roslin & Roland, 2005). Exactly why insect herbivore species 
sometimes rapidly increase in numbers and defoliate plant resources 
is a question that is not yet completely understood. This hampers 
our understanding of how insect outbreaks may change with global 

environmental change (Björkman, Bylund, Klapwijk, Kollberg, & 
Schroeder, 2011). Studies have so far identified several factors driv-
ing insect outbreaks, including climate (Marini et al., 2017), induced 
responses in plants (Abbott & Dwyer, 2007) and densities of multiple 
predators (Dwyer, Dushoff, & Yee, 2004).

One factor causing variation in plant susceptibility to insect her-
bivores is the spring phenology of plants. Phenological variation has 
proven important in determining larval growth rate (Schwartzberg 
et al., 2014), insect fitness (Tikkanen & Julkunen-Tiitto, 2003) and 
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Abstract
1. Climate change may alter the dynamics of outbreak species by changing the 

phenological synchrony between herbivores and their host plants. As host plant 
phenology has a genotypic component that may interact with climate, infestation 
levels among genotypes might change accordingly. When the outbreaking herbi-
vore is active early in the season, its infestation levels may also leave a detectable 
imprint on herbivores colonizing the plant later in the season.

2. In this study, we first investigated how the spring phenology and genotype of 
Quercus robur influenced the density of the spring-active, outbreaking leaf miner 
Acrocercops brongniardellus. We then assessed how intraspecific density affected 
the performance of A. brongniardellus and how oak genotype and density of  
A. brongniardellus affected the insect herbivore community.

3. We found that Q. robur individuals of late spring phenology were more strongly 
infested by A. brongniardellus. Conspecific pupae on heavily infested oaks tended 
to be lighter, and fewer heterospecific insect herbivores colonized the oak later in 
the season. Beyond its effects through phenology, plant genotype left an imprint 
on herbivore species richness and on two insect herbivores.

4. Our results suggest a chain of knock-on effects from plant phenology, through the 
outbreaking species to the insect herbivore community. Given the finding of how 
phenological synchrony between the outbreak species and its host plant influ-
ences infestation levels, a shift in synchrony may then change outbreak dynamics 
and cause cascading effects on the insect community.
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the structure of insect communities (Crawley & Akhteruzzaman, 
1988; Sinclair et al., 2015). Since plant and insect phenology are 
sensitive to temperature (Parmesan, 2007; Thackeray et al., 2016), 
an asymmetrical response to temperature at different trophic levels 
(Thackeray et al., 2016) could lead to a shift in interaction strength, 
resulting in a weakened (Burkle, Marlin, & Knight, 2013; Kharouba 
et al., 2018; Stalhandske et al., 2016) or a strengthened interaction 
(Kharouba et al., 2018; Schwartzberg et al., 2014).

As the chemical properties of young leaves tend to change rap-
idly early in the season (Falk, Lindroth, Keefover-Ring, & Raffa, 2018; 
Feeny, 1970; Salminen et al., 2004; Tikkanen & Julkunen-Tiitto, 
2003), certain herbivores might benefit from feeding on the leaves 
during a narrow time window. A shift in climate may therefore allow 
some outbreak species to become better synchronized with their 
host plants. For instance, Pureswaran et al. (2015) hypothesized that 
with a warming climate, the eastern spruce budworm (Choristoneura 
fumiferana) can become more synchronized with its secondary host 
plant, the black spruce (Picea mariana). This may then cause a geo-
graphical shift in spruce budworm distribution and thus increase 
the vulnerability of the black spruce forest to spruce budworm 
outbreaks. Similarly, Jepsen et al. (2011) attributed the northward 
expansion of the moth Agriopis aurantiaria to an increasing pheno-
logical synchrony with its host plant at higher latitudes.

How variation in the density of the outbreak species affects the 
rest of the community is a crucial question. Outbreak species could 
interact directly with other insect herbivores by for example, preda-
tion, or indirectly by depleting the plant resource or by inducing a 
response in the plant which alters plant quality. In terms of plant-in-
duced responses, previous studies have demonstrated that insect 
herbivores feeding on different parts of the same plant individual 
can have a negative affect each other's fitness (Tack, Ovaskainen, 
Harrison, & Roslin, 2009), and that insect herbivores colonizing a 
plant in one year could have both a negative and positive effect on 
colonization by herbivores in the following year (Tack et al., 2009). 
Similarly, insect herbivores colonizing a plant early in the season 
could affect the performance of species colonizing the plant later in 
the season (Van Zandt & Agrawal, 2004) and thereby alter the struc-
ture of the insect community (Roslin & Roland, 2005; Stam, Dicke, & 
Poelman, 2018; Timms & Smith, 2011; Van Zandt & Agrawal, 2004). 
Hence, the appearance of an early-season outbreak species could 
have a major ecological impact on the plant-associated food web.

Plant phenology and other phenotypic traits can both be influ-
enced by the environment and the plant-specific genotype. Plant 
genotypes can differ in traits such as carbon-nitrogen ratio, leaf sec-
ondary metabolites and plant size (Barbour et al., 2015; Falk et al., 
2018). Such a genotypic variation can influence herbivore abun-
dance (Barbour et al., 2015), community composition (Barbour et al., 
2015) and food web complexity (Barbour et al., 2016). In fact, her-
itable variation in the plant-specific insect community has even been 
framed as parts of an ‘extended phenotype’ (Whitham et al., 2003). 
However, if the environment changes, then the relative impact of 
plant genotype on the insect community could also change (G × E in-
teraction). Hence, heritable traits related to specific genotypes and 

the environment can both individually and interactively contribute 
to explaining outbreak dynamics and the structure of insect commu-
nities. Distinguishing between the two is thus an important objec-
tive in order to understand how communities respond to a changing 
environment.

In this study, we investigated how spring phenology and geno-
type of the host plant affect the density of a single outbreak insect 
herbivore, and how variation in the density of the outbreak herbi-
vore and plant genotype affects the insect herbivore community. 
In particular, we focused on fitness-related proxies of conspecific 
individuals of an early-season outbreak herbivore, on the commu-
nity structure of other herbivore species colonizing the plant later in 
the season, and on aphid population dynamics. By manipulating the 
spring phenology of 159 grafted oaks (Quercus robur) and then ex-
posing them to a natural setting with high densities of the outbreak 
herbivore species, we ask:

1. What is the impact of tree spring phenology and genotype 
on the density of an outbreaking insect herbivore? To what 
extent does the susceptibility of trees to the outbreaking in-
sect herbivore change with climatic conditions, i.e. is there a 
genotype × environment interaction?

2. What effect does the outbreaking insect herbivore have on the 
performance of conspecifics?

3. How does the density of the outbreak species and tree genotype, 
respectively, affect the structure of the insect herbivore commu-
nity and the population dynamics of an herbivore active through-
out the season?

4. To what extent does tree genotype influence the performance of 
conspecifics and shape the insect community beyond its effects 
through phenology?

2  | MATERIAL S AND METHODS

2.1 | Study system

The pedunculate oak Quercus robur (Fagaceae) sustains one of the 
most species-rich insect communities in Europe (Southwood, 1961; 
Southwood, Wint, Kennedy, & Greenwood, 2004), and has been 
used as a model system for plant–herbivore interactions in numer-
ous studies (e.g. Crawley & Akhteruzzaman, 1988; Ekholm, Tack, 
Bolmgren, & Roslin, 2019; Feeny, 1970; Pohjanmies et al., 2015; 
Tack et al., 2009). Apart from a distinct peak of herbivore chewers 
in the early season, the Q. robur herbivore community is dominated 
by sucking, galling or mining species for the remainder of the season 
(Southwood et al., 2004). In Sweden, Q. robur is common through-
out the southern part of the country and reaches its northern dis-
tribution limit at approximately 60°N (Stenberg & Mossberg, 2003). 
Phenology of Q. robur varies with latitude (Ekholm, Tack, Bolmgren, 
et al., 2019), but is also highly variable within oak populations, where 
individuals can differ in their spring phenology by up to a month 
(Crawley & Akhteruzzaman, 1988; Wesolowski & Rowinski, 2008).
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A subset of the oak insect community, consisting of special-
ized leaf mining and gall-inducing species, is particularly amenable 
to study due to the sedentary life stage of the larvae (Coulianos & 
Holmåsen, 1991; Pschorn-Walcher, 1982; Svensson, 1993). Gall in-
ducers and leaf miners are common on Quercus spp. and as guilds 
they have a global distribution. The gall-inducing wasps are bivoltine 
with one sexual and one asexual generation per year (Coulianos & 
Holmåsen, 1991), while the leaf mining species are either uni- or bi-
voltine (Pschorn-Walcher, 1982; Svensson, 1993). Beyond gall-induc-
ing and leaf-mining species, a common aphid on oaks is Tuberculatus 
annulatus (Hemiptera). This aphid produce several generations per 
year and can be found on the underside of oak leaves (Heie, 1980, 
1982). In Sweden, T. annulatus is active during the full vegetation 
season and is mainly found on Q. robur (Heie, 1982).

Within the oak insect community, several species are known for 
large temporal fluctuations in density among years (Blanchet et al., 
2018; Hails & Crawley, 1991). One species in particular has recently 
caused outbreaks in Sweden: the leaf mining species Acrocercops 
brongniardellus (Lepidoptera: Gracillariidae). Adults of this species 
are active early in the spring and oviposit on oak trees. After oviposi-
tion, larvae enter the leaf, start feeding and—after some weeks—exit 
the leaf by descending on a silk thread, to then pupate in the soil. 
Usually, there are several larvae feeding on the same leaf (Bengtsson 
& Johansson, 2011; Svensson, 1993) and within outbreak areas, 
larvae often consume a high fraction of the leaf tissue, thus drasti-
cally reducing the total photosynthetically active leaf area per oak 
(Appendix S3; Figure S1).

2.2 | Study design

2.2.1 | Oak phenology

In this study, we utilized a set of 159 grafted oaks planted in 50 L 
pots. The material was established in years 2010–2013 and con-
tains seven different clones (referred to as genotypes in this paper), 
propagated by grafting twigs from seven individual source oaks to 
random root stocks (one twig per root stock). The source oaks rep-
resent the variation present within natural populations, as they were 
all growing within a 5 km2 island in the southwestern archipelago of 
Finland (Ekholm, Roslin, Pulkkinen, & Tack, 2017).

To establish a difference in spring phenology among the grafted 
oaks, we advanced the phenology for half of the oak trees of each 
genotype (n = 76) by placing them in a warm greenhouse from the 
28th of March until the 2nd of May, 2018. Due to some (limited) 
variation in size among oaks, we used constrained randomization to 
achieve a similar average oak size in the two treatment groups. To 
avoid positional effects, we randomized each oak in the greenhouse 
treatment to a new position within the group on a weekly basis. As 
the greenhouse could not be set to a temperature matching ambient 
temperature, we kept the control oaks (n = 83) outdoors, allowing 
them to track the local temperature and thereby express a phenol-
ogy similar to local oak trees. For all aspects beyond temperature, 

conditions in the greenhouse (including light conditions) resembled 
those outside of the greenhouse. The greenhouse covering was 
made of clear glass and the control oaks were placed in an open field 
(c. 10 m from a forest edge), to minimize variation in photoperiod 
between the two treatments. As soon as the buds started to elon-
gate and the tip of the leaves were visible on the earliest oaks in the 
greenhouse treatment, we transported oaks from both treatments 
(between 2nd and 4th of May) to the field site in Länna, Sweden 
(59.87°N, 17.96°E).

Our experiment was based on a design where tree phenology 
was advanced though brief exposure to elevated temperatures in a 
greenhouse environment. For practical reasons, the control group 
was maintained under ambient, outdoor conditions. Although we 
made every effort to match all conditions beyond temperature be-
tween treatments, it is difficult to exclude the existence of other, 
hidden differences. Our current inference is thereby conditional on 
the assumption that the greenhouse environment introduced no 
other effects beyond advancing phenology—an assumption which 
we find reasonable to make but impossible to test conclusively.

Once at the field site, we divided the oaks into five blocks, 
with each block containing at least one replicate oak from each 
Genotype × Temperature combination (28–35 oaks per block; a few 
of the oaks died during the experiment). We randomly assigned the 
position of each oak within each block. In order to detect differences 
in phenology between genotypes and temperature treatments, we 
scored spring phenology on the tree level based on a modified BBCH-
scale (using a subset of the original phenological stages) and defined 
the final stage (stage 19) as “day of leaf maturation” (Appendix S1; 
Table S1; Meier, 2001). Tree level phenology was recorded every 
third or fourth day from the 26th of April until the 23rd of May, with 
a final survey at the 30th of May.

2.2.2 | Impact of oak phenology and genotype on 
incidence and abundance of A. brongniardellus

To investigate the impact of oak genotype and phenology on the in-
cidence and abundance of A. brongniardellus, we surveyed each oak 
on two dates: 1st and 10th–11th of June. On the first date, we sur-
veyed the incidence of A. brongniardellus, where we defined “abun-
dant” as more than five infested leaves per oak and “absent” as five 
or less infested leaves per oak. At the second date, we surveyed the 
abundance (i.e. the proportion of infested leaves per shoot) by ran-
domly selecting c. 10 shoots per oak and then counting the number 
of infested leaves per shoot.

2.2.3 | Effects of A. brongniardellus on conspecific 
performance

To estimate the performance of A. brongniardellus on oaks with dif-
ferent genotypes and infestation levels of A. brongniardellus, we fo-
cused on pupal weight. This metric is a proxy of individual fecundity, 
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since heavier individuals within a species tend to be more fecund 
(Haukioja & Neuvonen, 1985; Honĕk, 1993; Tammaru, Kaitaniemi, 
& Ruohomaki, 1996). For this purpose, we used two different meth-
ods, both drawing on the fact that full-grown larvae of A. brongn-
iardellus will readily pupate on almost any substrate, spinning a small 
silken cocoon. For the first method (pupation ex situ), we collected 
one shoot per available oak (n = 102), with a minimum of three in-
fested leaves (for lightly infested oaks, we collected the shoot with 
the highest infestation), on the 30th of May. The shoots were then 
stored in closed plastic vials (400 ml) together with a humid paper 
tissue and placed in a climate chamber (20°C, 18L: 6D). After larvae 
had exited the leaf and pupated in the plastic vial, we collected all 
pupae (mean number of pupae per oak 5.19 ± 0.36, range 1–19) and 
determined their sex and weight. Sex was determined based on the 
shape of the segment adjacent to the terminal abdominal segment. 
For the second method (pupation in situ), we covered one branch 
per oak (pupae obtained from 68 oaks) with a mesh bag, just before 
the first larvae started to exit the leaf (29th of May). When we were 
confident that all of the larvae had exited the leaf, we collected all 
of the mesh bags (10th–11th of June) and stored them in a climate 
chamber (20°C, 18L: 6D), until they were weighed (mean number of 
pupae per oak 3.38 ± 0.37, range 1–14) and sex determined. For the 
rationale behind combining two methods, see Appendix S5.

2.2.4 | Impact of A. brongniardellus on the insect 
herbivore community

To assess the impact of oak genotype and infestation levels of A. 
brongniardellus on the insect community, we surveyed each oak for 
all herbivores present. Only leaf-mining and gall-inducing species 
were found in informative densities, whereas free feeders were rare 
or lacking. This caused us to focus on gallers and leaf miners alone, 
scoring these taxa at 4–5 occasions throughout the vegetation sea-
son (14th of June, 27th of June, 19th of July, 24th of August and 
28th of September). During the four first occasions, all branches on 
each oak were visually inspected for leaf mines and galls, while for 
the final occasion, each oak was surveyed for 90 s (a time sufficient 
to establish the presence of species on the small target oaks). As 
metrics of community structure, we summed observations from the 
whole season, and established species-specific occurrence and the 
overall species richness of leaf mining and gall-inducing taxa at the 
level of each individual oak.

2.2.5 | Effects of A. brongniardellus on aphid 
population dynamics

To assess the effects of A. brongniardellus densities and oak geno-
type on the population dynamics of the aphid Tuberculatus annulatus, 
we counted aphids on ten marked leaves per tree, where all of the 
leaves belonged to a single branch. This survey was done at five oc-
casions (4th of July, 23rd of July, 1st of August, 17th of August and 

28th of August; 155–158 oaks surveyed per occasion). To exclude 
predators from feeding on aphids, we covered each branch with a 
mesh bag, starting at the first day of counting (4th of July). Leaves 
lost during the experimental period were not replaced. We then re-
lated the proportion of infested leaves and population growth rate 
of T. annulatus on each tree to the infestation levels of A. brongn-
iardellus and oak genotype. Population growth rate was defined as 
the natural logarithm of the number of aphids found on a leaf at time 
t divided by the number found at the previous sampling date t − 1, 
i.e. loge (Nt + 1)/(Nt−1 + 1). For each date, the leaf-specific population 
growth rate was averaged for each oak and then loge-transformed.

2.3 | Statistical analyses

All statistical analyses were implemented in r (R Core Team, 2017) 
using the framework of (generalized) linear mixed effects models. 
Models were fitted with the functions glmer and lmer for GLMMs 
and normally-distributed response variables (LMMs), respectively, 
as available in the package lme4 (Bates, Maechler, Bolker, & Walker, 
2015). For generalized linear mixed models, we checked for under- 
and overdispersion with the functions testUniformity and testDis-
persion from the dharma package (Hartig, 2018), and if under- or 
overdispersion was detected, the model was fitted with a quasi-dis-
tribution using function glmmPQL from the package mass (Venables 
& Ripley, 2002). Model simplification was applied to all models, with 
interaction terms with a p > .10 (based on ANOVA-tests) excluded 
from the final model. Non-significant interaction terms shown in 
the results are derived from the original, non-simplified models. For 
models with a quasi-distribution or a temporal correlation struc-
ture, significance was assessed with a marginal ANOVA using func-
tion anova.lme from the nlme package (Pinheiro, Bates, DebRoy, & 
Sarkar, 2017), while a type III ANOVA from the car package (Fox & 
Weisberg, 2011) was used for all other models. To account for vari-
ation among blocks, we included block as a random effect in each of 
the models described below. A detailed overview of the structure of 
all models can be found in Appendix S1, Table S2. Trend lines in fig-
ures are least squares means extracted with the function emmeans 
using the package emmeans (Lenth, 2018). To analyse the separate 
effect of genotype after controlling for any variation shared with 
oak phenology, we added phenology as a second fixed effect to the 
models described below (except for those models that already in-
cluded phenology as a fixed effect). These additional models effec-
tively answer questions (iv) of to what extent tree genotype shapes 
the insect community beyond its effects through phenology. For lack 
of space, they are reported in Appendix S2 but discussed below.

2.3.1 | Impact of oak genotype and phenology on 
incidence and abundance of A. brongniardellus

To investigate how spring phenology and oak genotype affected the 
incidence and proportion of leaves infested by A. brongniardellus, we 
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modelled the (a) oak-level incidence and (b) proportion of infested 
leaves by A. brongniardellus as a function of spring phenology and 
oak genotype (Appendix S1; Table S2; models 1 and 2). To detect 
whether oaks of a certain phenology were more heavily infested by 
A. brongniardellus than other oaks, we included spring phenology as 
a linear and a squared term, thereby testing for both linear and non-
linear responses. As A. brongniardellus was absent from a few oaks, 
we only tested for the interaction between spring phenology and 
genotype when modelling oak-level infestation levels. In the analysis 
described below, we use oak infestation levels of A. brongniardellus as 
an explanatory variable, which we define as the fraction of infested 
leaves on an oak (i.e. the number of infested leaves divided by the 
total number of leaves). We did this by first calculating the fraction 
of infested leaves per shoot and then averaging among all shoots 
within an oak. This specific term is referred to as ‘infestation levels of  
A. brongniardellus’.

2.3.2 | Impact of A. brongniardellus on conspecific 
performance

To examine whether oak infestation levels of A. brongniardellus, oak 
genotype and the sex of the individual pupa affected the pupal weight 
of A. brongniardellus, we modelled the pupal weight of A. brongniardel-
lus as a function of infestation levels of A. brongniardellus, oak genotype 
and sex. To account for variation among oaks, we included oak tree as 
a random effect nested under block (Appendix S1; Table S2; model 3).

2.3.3 | Impact of A. brongniardellus on the insect 
herbivore community

To test for an effect of the infestation levels of A. brongniardellus on the 
incidence of other species and on species richness, we modelled spe-
cies-specific incidence (for species Profenusa pygmaea (Hymenoptera: 
Tenthredinidae), Macrodiplosis dryobia (Diptera: Cecidomyiidae), 
Phyllonorycter spp. (Lepidoptera: Gracillariidae), Stigmella spp. 
(Lepidoptera: Nepticulidae), Tischeria ekebladella (Lepidoptera: 
Tischeriidae), Neuroterus spp. (Hymenoptera: Cynipidae)) and species 
richness as a function of infestation levels of A. brongniardellus and 
oak genotype. Since very rare species will contribute little informa-
tion, we only included species that were present on >20 oaks in the 
species-specific incidence analysis, a criterion fulfilled by 6 of 14 spe-
cies. All leaf mining and gall-inducing species except A. brongniardellus 
were included in metrics of species richness (Appendix S1; Table S2; 
models 4 and 5).

2.3.4 | Effects of A. brongniardellus on aphid 
population dynamics

As 47 of the 158 oaks remained free of aphids during the entire growing 
season, we tested whether oak-level presence of aphids, summarized 

over all five survey dates, was affected by oak infestation of A. brongn-
iardellus and oak genotype. Since the number of leaves surveyed per 
oak differed slightly among dates, we included the total number of 
surveyed leaves from all dates (oak level mean = 48.79 ± 0.12, range 
26–50) as a covariate (Appendix S1; Table S2; model 6).

To study aphid performance, we modelled aphid growth rate 
and proportion of aphid-infested leaves over time, respectively, 
as a function of oak infestation levels by A. brongniardellus, oak 
genotype and date. For this particular analysis, we used the subset 
of oaks (n = 111) on which aphids had been observed. As the num-
ber of aphids on a leaf at time t is likely to be correlated with the 
number of aphids at time t − 1, we assumed a temporal correlation 
structure with a time step of one (function corCAR1 from pack-
age nlme; Pinheiro et al., 2017). As the response variables were 
taken at the oak level, we included the random effect oak tree 
nested under block in the models. To fit the respective models 
with a correlation structure, we used the function glmmPQL for 
proportion of aphid-infested leaves and the function lme from the 
package nlme (Pinheiro et al., 2017) for growth (Appendix S1; Table 
S2; models 7 and 8).

3  | RESULTS

3.1 | Impact of oak phenology and genotype on 
incidence and abundance of A. brongniardellus

The probability of an oak tree being infested by A. brongniardellus de-
creased with an advancement of the day of leaf maturation. Nearly all 
late-phenology oaks were infested by A. brongniardellus (�2

2
 = 28.81, 

p < .01; Figure 1a), whereas the incidence of A. brongniardellus did 
not differ among oak genotypes (�2

6
 = 2.98, p = .81; Figure 1a). The 

relationship between day of leaf maturation and proportion of in-
fested leaves was hump-shaped, with early- and late-phenology oaks 
characterized by a lower proportion of infested leaves than oaks of 
intermediate phenology (F2, 134 = 25.43, p < .01; Figure 1b), while the 
genotypic effect (F6, 134 = 2.05, p = .06) varied depending on day of 
leaf maturation (Genotype × Environment; F12, 134 = 1.61, p = .10; 
Figure 1b).

3.2 | Effects of A. brongniardellus on conspecific 
performance

In both of our rearing methods, we found that the pupal weight 
of A. brongniardellus was lower on oak trees with high infesta-
tion by conspecifics (ex situ: �2

1
 = 18.34, p < .01; Figure 2a; in situ: 

�
2

1
 = 6.90, p < .01; Figure 2b). We detected no difference in pupal 

weight among oak genotypes (ex situ: �2

6
 = 6.73, p = .35; in situ: 

�
2

6
 = 6.78, p = .34) or between males and females (ex situ: �2

1
 = 0, 

p = .95; in situ: �2

1
 = 1.06, p = .30). The same pattern was observed 

after controlling for any variation shared with oak phenology 
(Appendix S2; Table S3).
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3.3 | Impact of A. brongniardellus on the insect 
herbivore community

Species richness differed among oak genotypes and was, on all geno-
types, negatively affected by infestation levels of A. brongniardellus 
(Figure 3a; Table 1). Infestation levels of A. brongniardellus had a sig-
nificant negative effect on the four leaf miners, but not on the two 
galling species (Figure 3b–f; Table 1). Only one species, Tischeria eke-
bladella, was detectably affected by oak genotype (Figure 3b; Table 1). 
After controlling for any variation shared with oak phenology, we 
found the same pattern as above with the exception that M. dryobia 

and Neuroterus spp. were more common on oaks with late phenology 
(Appendix S2; Table S4).

3.4 | Effects of A. brongniardellus on aphid 
population dynamics

The probability of an oak to become infested by aphids was nega-
tively affected by infestation levels of A. brongniardellus (�2

1
 = 11.83, 

p < .01; Figure 4). While genotypes differed in the incidence of aphids 
(�2

6
 = 13.52, p = .04; Figure 4), the negative impact of infestation 

F I G U R E  1   (a) The probability of infestation (>5 leaf mines on an oak) and (b) the proportion of leaves infested by the leaf miner 
Acrocercops brongniardellus (photo) on oaks of different genotypes and different spring phenology (defined by leaf maturation, i.e. the day 
when ‘the first leaves are spread out over 90% of the crown’). Leaf maturation was surveyed at seven dates. The x-axis represents the month 
and the day of the month (dd/mm) and each of the seven oak genotypes is represented by a separate colour. Shown are raw data (circles, 
jittered vertically) and model predictions (filled dots) with standard errors (error bars) from a generalized linear mixed model

F I G U R E  2   Pupal weight of Acrocercops brongniardellus (a) reared from shoots ex situ and (b) from pupae collected in situ (see Section 2 
for an explanation of rearing methods) on oaks of different infestation levels of A. brongniardellus. Shown are raw data (circles) and model 
predictions (line) with standard errors (shaded interval) from a linear mixed model
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levels by A. brongniardellus on aphid incidence was consistent across 
all genotypes (interaction A. brongniardellus infestation × Genotype: 
�
2

6
 = 6.64, p = .35; Figure 4). The total number of surveyed leaves 

did not have any detectable impact on aphid incidence (�2

1
 = 0.13, 

p = .72). The same pattern was observed after controlling for any 
variation shared with oak phenology (Appendix S2; Table S5).

When focusing on the subset of oaks infested by aphids, we 
found an effect of infestation by A. brongniardellus on aphid growth 

F I G U R E  3   The impact of oak tree infestation levels by Acrocercops brongniardellus and oak genotype on (a) species richness and incidence 
of (b) Tischeria ekebladella, (c) Phyllonorycter spp., (d) Stigmella spp., (e) Profenusa pygmaea and (f) Neuroterus spp. Each of the seven oak 
genotypes is represented by a separate colour. Asterisks indicate a significant effect of infestation levels of A. brongniardellus, whereas a 
plus indicates a significant effect of oak genotype. Shown are raw data (circles) and model predictions (lines) from generalized linear mixed 
models summarized in Table 1
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(Table 2; Figure 5a) and on the proportion of aphid-infested leaves. 
The effect on the proportion of aphid-infested leaves was most pro-
nounced at the end of the season (Table 2; Figure 5b). We found 
no detectable effect of oak genotype on aphid growth or on the 
proportion of aphid-infested leaves (Table 2). After controlling for 
shared variation with oak phenology, we found the same results 
for proportion of aphid-infested leaves, whereas for growth rate 
the effect of A. brongniardellus infestation turned nonsignificant 
(Appendix S2; Table S6).

4  | DISCUSSION

Variation in host plant phenology has been proposed to affect 
herbivore performance and the potential for insect outbreaks 
(Falk et al., 2018; Jepsen et al., 2011; Pureswaran et al., 2015), 

and insect outbreaks in turn to modify the structure of herbivore 
communities (Roslin & Roland, 2005; Timms & Smith, 2011). In 
our study system consisting of Q. robur and a subset of its her-
bivore community, we found that spring phenology of the host 
plant had a large impact on infestation by the outbreak species 
A. brongniardellus. Higher densities of the outbreaking species af-
fected both its own performance and the structure of the insect 
herbivore community, by altering species richness and the occur-
rence of several herbivores. Furthermore, the population dynam-
ics of aphids, which produce high numbers of generations per year, 
were markedly modified by the density of the outbreaking species. 
These findings suggest a chain of knock-on effects from phenol-
ogy through the outbreaking species to the insect herbivore com-
munity, the links of which we will inspect below.

4.1 | Impact of plant phenology on the presence and 
abundance of an outbreak herbivore

Oaks with early phenology had a lower probability and lower lev-
els of infestation by A. brongniardellus. This study design does not 
directly expose the causal mechanism underlying this pattern, but 
we can still speculate. Leaves are often most nutritious, but also 
hold high levels of secondary metabolites just after bud burst (Falk 
et al., 2018; Salminen et al., 2004). Specialized herbivores can 
sometimes overcome these defenses (Roslin & Salminen, 2008), 
allowing them to utilize a highly nutritious resource. By contrast, 
herbivores feeding on older leaves can experience lower survival, 
body mass and growth rate (Fuentealba, Pureswaran, Bauce, & 
Despland, 2017; Tikkanen & Julkunen-Tiitto, 2003; Tikkanen & 
Lyytikainen-Saarenmaa, 2002), possibly due to lower nitrogen 
content and/or a tougher leaf surface in older leaves (Falk et al., 
2018; Feeny, 1970; Salminen et al., 2004). Hence, many herbivores 
experience a short time window when the leaf quality is high. In 
the case of the specialist leaf miner A. brongniardellus, this time 
window could stretch from bud burst until the leaf has developed 
a tough leaf surface and/or had a reduction in nitrogen content. 
Therefore, if A. brongniardellus oviposition is delayed relative to 

TA B L E  1   The effect oak tree infestation levels by Acrocercops brongniardellus and oak genotype on species richness and the incidence of 
four leaf mining and two gall inducing species, modelled with generalized linear mixed models

Response

A. brongniardellus abundance (A) Genotype (G) A × G

df χ2/F p df χ2/F p df χ2/F p

Species richness 1, 147 63.06 <.01 6, 147 3.76 <.01 6, 141 0.73 .62

Tischeria ekebladella 1 24.46 <.01 6 18.37 <.01 6 4.01 .68

Phyllonorycter spp. 1 18.39 <.01 6 2.93 .82 6 4.22 .65

Stigmella spp. 1 17.53 <.01 6 3.09 .80 6 5.36 .50

Profenusa pygmaea 1 22.44 <.01 6 10.44 .11 6 6.10 .41

Neuroterus spp. 1 3.27 .07 6 8.08 .23 6 4.47 .61

Macrodiplosis dryobia 1 0.82 .37 6 2.64 .85 6 2.59 .86

Note: For F-ratios, both the numerator and denominator degrees of freedom are presented. Significant p-values (p < .05) are highlighted in bold. Plots 
of relationships can be found in Figure 3.

F I G U R E  4   The probability of finding the aphid Tuberculatus 
annulatus on oaks of different genotypes and with varying levels 
of infestation by Acrocercops brongniardellus. Each of the seven 
oak genotypes is represented by a separate colour. Shown are raw 
data (circles) and model predictions (lines) from a generalized linear 
mixed model



     |  837Journal of Animal EcologyEKHOLM Et aL.

oak bud burst, the resulting offspring will be subjected to old 
leaves with low quality that most likely will influence offspring 
performance.

Infestation by A. brongniardellus was the highest on trees 
of intermediate phenology. A similar pattern was observed by 
Wesolowski and Rowinski (2008), who found lower defoliation and 
a lower amount of frass fall of folivorous caterpillars from Q. robur 
with late spring phenology. The authors explained this pattern by a 
reduction in temporal synchrony between herbivores and oaks with 
late phenology. In our study, oaks of late phenology could likewise 
have escaped high levels of herbivory by flushing when part of the 
female moth population had ceased ovipositing. Overall, our findings 
indicate that A. brongniardellus is a phenological specialist, which is 
highly dependent on matching the phenological stage of the host 
plant for successful colonization.

4.2 | Effects of an outbreaking herbivore on 
conspecific performance

Higher densities of A. brongniardellus came with lower pupal weight—
a clear indication of intraspecific, density-dependent competition. 
Such intraspecific, density-dependent competition in leaf miners 
has earlier been demonstrated in several studies (Doak & Wagner, 
2015; Faeth, 1992; MacQuarrie, Spence, & Langor, 2010; Stiling, 
Brodbeck, & Strong, 1984; Tack et al., 2009). In our study, the low 
pupal weight of A. brongniardellus on heavily infested oaks could be 
due to (a) direct interference competition resulting from a higher 
density of larvae per leaf (Doak & Wagner, 2015), (b) exploitative 
competition over nutrients on heavily infested oaks, or (c) a stronger 
herbivory-induced response by heavily infested oaks (Underwood, 
2000, 2010). We are not able to separate between these three 
mechanisms, nor are they mutually exclusive. What we can infer is 
that competition overall results in substantial effects on the size of 
the next generation, with likely effects on the insect's fitness as well 
as future outbreak dynamics.

4.3 | The impact of an outbreaking herbivore 
on the insect herbivore community and aphid 
population dynamics

Interspecific competition is an important process in shaping the 
structure of the insect community (Kaplan & Denno, 2007). In our 
study, we observed lower species-specific incidence and lower spe-
cies richness on oaks heavily infested by A. brongniardellus. The short 
overlap in the activity period between A. brongniardellus and the ma-
jority of the species included in this study (Coulianos & Holmåsen, 
1991; Pschorn-Walcher, 1982; Svensson, 1993) suggests that direct 
interactions between A. brongniardellus and later colonizing herbi-
vores are of secondary importance. Therefore, the negative effect 
of A. brongniardellus on species’ incidence likely consists of indirect 
interactions between temporally segregated species.TA
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An advantage of being an early colonizer is the possibility to uti-
lize a resource before one's competitors reach them (McClure, 1980). 
If the early colonizer reaches outbreak densities, then there will be 
a low amount of resources left for later colonizers to consume. In 
our study, A. brongniardellus at outbreak levels consumed leaves in 
a way similar to other outbreaking herbivores – by consuming a ma-
jority of the nutritious tissue and leaving little resources for later 
colonizers (Appendix S3; Figure S1). In addition, trees with heavier 
infestation by A. brongniardellus showed higher levels of abscised 
leaves during the late summer (Appendix S4; Figure S2), which may 
have shifted the oviposition preference of females from late-season 
herbivore species towards non-infested oaks (Gripenberg, Mayhew, 
Parnell, & Roslin, 2010). The negative effect of A. brongniardellus in-
festation on aphid population dynamics is consistent with an earlier 
study conducted by Johnson, Mayhew, Douglas, and Hartley (2002). 
They demonstrated that damage on the leaf midrib caused by the 
leaf miner Eriocrania spp. reduced the survival of the phloem feeding 
aphid Euceraphis betulae. That study found no effect of the resulting, 
elevated levels of phenolic compounds on aphids. Instead, reduced 
survival among aphids was attributed to a disruption of phloem flow 
caused by the leaf miner. The same mechanisms may then be at play 
also in our study system—mined leaves will probably have a higher 
proportion of damaged leaf veins, resulting in a food source of low 
quality and translating to higher mortality among aphids. However, 
the pattern observed could also be a result of a lower amount of leaf 
mass on highly infested oaks and thereby less available resources to 
support an abundant aphid population, or induced response by the 
plant.

Two out of six of our target species (Neuroterus spp. and M. dryo-
bia) were not negatively affected by infestation of A. brongniardel-
lus. The incidence of these gall inducing species were unaffected by 
infestation levels of A. brongniardellus and higher on oaks with late 
bud burst (Appendix S2; Table S4). The lack of an effect of infesta-
tion levels of A. brongniardellus on Neuroterus spp. and M. dryobia 
might reflect the capability of plant galls to act as sinks for resources 
diverted from other parts of the plant. For instance, previous stud-
ies have demonstrated that galls can stimulate photosynthesis (Fay, 
Hartnett, & Knapp, 1993) and possibly also allocate carbon from 
neighboring leaves (Bagatto, Paquette, & Shorthouse, 1996). The 

pattern of higher incidence of Neuroterus spp. on oaks with a late 
phenology has also been detected in a study on Neuroterus quercus-
baccarum (Sinclair et al., 2015).

Late-colonizing herbivores could also affect each other, beyond 
any effect of previous densities of A. brongniardellus. Yet, such ef-
fects are likely to be weak. In a previous study of the same system, 
we showed that inter- and intraspecific competition among leaf min-
ers (Phyllonorycter spp., Tischeria ekebladella) does occur, but that the 
effects are negligible at the densities typical in nature (Tack et al., 
2009). Such effects will clearly be secondary as compared to the fact 
that oaks with high infestation levels of A. brongniardellus simply had 
little leaf mass left for later species to colonize.

Taken together, high infestation levels of A. brongniardellus had a 
negative effect on four out of six species, most likely due to exploit-
ative competition but possibly also a result of induced responses by 
the plant. However, different feeding guilds appeared to respond 
differently to infestation by A. brongniardellus, suggesting that out-
breaking densities of A. brongniardellus play an important role in de-
termining the guild-level structure of the local insect community.

4.4 | Impact of host plant genotype on the insect 
herbivore community and aphid population dynamics

The lack of an effect of host plant genotype on our specialized her-
bivore insect community could be a results of specialized herbivores 
being less influenced by plant genotype than generalists (Barker, 
Holeski, & Lindroth, 2019). Previous studies have revealed host 
genotype as a weak predictor of species richness in our study sys-
tem (Pohjanmies et al., 2015; Tack, Ovaskainen, Pulkkinen, & Roslin, 
2010), although the genetic diversity of host plants has been shown 
to affect herbivore abundances (Pohjanmies et al., 2015). Such geno-
typic effects may materialize both through effects on plant-specific 
phenology, and through effects on other traits such as plant size or 
foliage density (Barbour et al., 2015).

Our study design allowed us to test whether plant individuals of 
the same genotype but exposed to different spring climates differed 
in their susceptibility to A. brongniardellus (i.e. a genotype x envi-
ronment interaction). Yet, we detected no statistically significant 

F I G U R E  5   The effect of oak tree 
infestation levels by Acrocercops 
brongniardellus and date on (a) the 
growth rate of the aphid Tuberculatus 
annulatus and (b) proportion of aphid-
infested leaves, on oak trees of which 
aphids have been observed during the 
vegetation season. Date are represented 
by a separate colour. Shown are model 
predictions (lines) from a (a) linear and 
(b) generalized linear mixed model 
summarized in Table 2
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interaction, neither did we detect any main effect of genotype. The 
only effect detected was that of plant phenology, suggesting that 
differences between early and late trees will persist into the fu-
ture. In a recent meta-analysis, Barker et al. (2019) found that most 
phenotypic variation in several plant traits of the Salicaceae family 
was explained by genotype and environment individually, whereas 
little variation was explained by the G x E interaction. In fact, they 
found that plant genotype had a big impact on insect herbivore 
performance.

In terms of the herbivore insect community, we found that host 
genotype had an effect on species richness and on the incidence 
of T. ekebladella. Similarly, we also detected an effect of host gen-
otype on aphid incidence, where one particular genotype (“G4” in 
Figure 4) tended to show a higher probability of infestation than 
did other genotypes. This pattern matches the results of a previous 
study using the same oaks, where the very same genotype (“G4” 
in Figure 4) tended to show a higher abundance of aphids in an 
environment with elevated temperatures (Faticov, Ekholm, Roslin, 
& Tack, 2019). In terms of overall effects, indirect effects of oak 
genotype (mediated via phenology) were more pronounced than 
direct effects of genotype on the insect herbivore community, im-
plying that direct effects of genotype were of minor importance. 
Overall, our study suggests genotype-associated plant traits other 
than phenology are of relatively minor importance in explaining in-
festation levels of A. brongniardellus and the structure of the insect 
herbivore community.

5  | CONCLUSIONS

The current findings from our grafted oaks subjected to experimen-
tal manipulation of phenology suggest a chain of knock-on effects 
from phenology via the outbreaking species to the insect herbivore 
community. The outbreak species was found to compete both with 
itself and with other herbivore species feeding on the same plant. 
Given the finding of how phenological synchrony between the out-
break species and its host plant influences infestation levels, a shift 
in synchrony may then change outbreak dynamics and cause cascad-
ing effects on the insect community.

What is further worth noting is that we, in our case, manipulated 
oak phenology separate from the insect community, thereby exper-
imentally manipulating the levels of synchrony between the host 
plant and its herbivorous insects. In future studies, simultaneous 
manipulation of both trophic levels will bring further insight – but 
logistically, this is no trivial exercise.
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