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1. ABSTRACT

Climate change has the potential to disrupt phenological synchrony among interacting species that
vary in their phenological sensitivity to temperature. The phenological synchrony observed between
winter moth Operophtera brumata caterpillars and oak leafing in spring has become an emblematic
test case of this phenomenon, with caterpillars seemingly advancing their phenology more than
their host-plant. However, work on this trophic interaction—and on phenological mismatch more
widely—routinely overlooks the potential for trophic generalism to buffer the negative effects of
mismatch. In the largest study of its kind—using over 3500 individuals reared from egg to pupa—I
tested the performance of winter moth caterpillars from four UK populations across nine host-plant
species, and considered how adaptation to locally abundant host-plants may modulate performance
in different populations. | found that caterpillars survive and grow well across a range of host-plant
species, with some evidence of a host-plant by population interaction in performance. Contrary to
widespread assumptions, oak seems a relatively poor host-plant species. Occupying a broad trophic
niche may help consumers like the winter moth exploit a narrow phenological niche, whereby
phenological variation among host-plant species buffers them against asynchrony with any one
particular host-plant species. Determining the significance of trophic generalism in the ecology of
consumers is a crucial first step towards assessing its role as a potential buffering mechanism and,
hence, evaluating the true threat posed by mismatch.
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2. INTRODUCTION

Over recent decades, rising global mean temperatures (IPCC, 2021) have brought about directional
shifts in phenology across a range of taxa (Cohen et al., 2018; Roslin et al., 2021; Thackeray et al.,
2016). For many organisms, survival or successful reproduction can depend on timing a stage in their
life history such that it is synchronised with the timing of another species. For example, temperate
fish species that fail to spawn at the correct time can find their offspring mismatched with the
maximum abundance of a food supply, with negative consequences for recruitment to the
population (Cushing, 1969, 1990). Similarly, birds that mistime their breeding relative to the
maximum availability of an ephemeral insect food supply can suffer reductions in offspring condition
(Samplonius et al., 2016), individual fitness (Reed et al., 2013), and perhaps even population size
(Both et al., 2006; Mclean et al., 2016; though cf. Samplonius et al., 2020). There is a growing
concern among ecologists that divergent phenological responses to changing global temperatures in
different species could lead to a temporal decoupling of many such timed interactions—
‘phenological asynchrony’ —with potentially catastrophic effects on populations and perhaps whole
ecosystems (reviewed in Samplonius et al., 2020; ller et al., 2021).

In a trophic context, phenological asynchrony is most likely to occur where a consumer exploits a
single, ephemeral resource—this makes precise timing particularly important, and in theory even
small temporal misalignments can lead to reductions in fitness (Cushing, 1967, 1969, 1990; Durant et
al., 2007; Hjort, 1914). Although most prior research focusses on simplified food-chains (see
Samplonius et al. 2020; Weir 2022), the complex structure of food-webs in nature could reduce
dependence on any one resource. Samplonius et al. (2020) found that in 74% of studies of
phenological mismatch both the consumer’s dependence on a resource and the ephemerality of that
resource were assumed a priori and not directly tested. Very few studies explicitly test the extent to
which consumers are generalists (Samplonius et al., 2020) and therefore the potential for generalism
to buffer the negative impacts of asynchrony with any one trophic resource.

A plurality of studies which investigate the effects of phenological mismatch use the spring
woodland tree/caterpillar/bird food-chain as a model system (Samplonius et al., 2020). Due to its
abundance, the caterpillars of the winter moth Operophtera brumata (L.) are often taken as
representative of the primary consumer level in this chain and it has become a standard study
organism for phenological research (Charmantier et al., 2008; Cole et al., 2015, 2021; Hinks et al.,
2015; Shutt et al., 2019; Visser et al., 2021). Winter moth caterpillars hatch as foliage appears on
trees in early spring (Skinner, 2009), ready to exploit this newly available food resource. Over the last
few decades, evidence has accumulated suggesting that the fitness of winter moth caterpillars
depends to a very large extent on precisely matching their phenology with that of their host-plants
(van Asch and Visser, 2007; Buse et al., 1999; Van Dis et al., 2023; Van Dongen, 2006; Feeny, 1970;
Kerslake and Hartley, 1997; Tikkanen et al., 1998; Tikkanen and Julkunen-Tiitto, 2003; Tikkanen and
Lyytikdinen-Saarenmaa, 2002; Wint, 1983). Caterpillars which hatch too early find themselves with
no foliage to feed on and starve (Wint, 1983); those hatching later are forced to feed on more
mature foliage which has undergone structural changes and accumulated secondary chemicals
reducing its nutritional value, and hence its (Feeny, 1968; Feeny, 1970). The result is strong
stabilising selection for close synchrony between the timing of caterpillar egg hatch and the timing
of bud-burst on their host-plants (van Asch et al., 2007; Van Dis et al., 2023; Tikkanen and Julkunen-
Tiitto, 2003). But framing the winter moth as reliant on synchrony with a single host-plant species
(Table S1) may misrepresent its diet—in nature, we find a complex food web of many different
interacting caterpillar and host-plant species.

Temperate spring-feeding caterpillars as a group are typically trophic generalists (Henwood et al.,
2020; Maitland Emmet and Heath, 1992; Porter, 2010). Some degree of polyphagy in the winter
moth has been observed historically (Allan, 1979; Henwood et al., 2020; Maitland Emmet and Heath,
1992; Meyrick, 1895; Porter, 2010; Stainton, 1859; Stokoe, 1948; Waring et al., 2017), with



caterpillars recorded feeding on plants from 31 different genera across 15 families (Robinson et al.,
2010). Occupying a broad niche can be optimal in uncertain environments (Levins, 1968) and so,
faced with uncertainty in various aspects of the environment (e.g. unpredictability of the
developmental stage of any available leaves at the onset of spring) a generalist diet might have
arisen in this species as a buffer against being mistimed with any one particular host-plant individual
or species.

However, trophic generalism in the winter moth is largely only mentioned in passing in the
phenological literature (Table S1). Instead, the focus has mainly been on a single host-plant, English
oak Quercus robur L. (Table S2; Roland and Myers, 1987; Buse et al., 1998, 1999; Tikkanen and
Lyytikdinen-Saarenmaa, 2002; Tikkanen and Julkunen-Tiitto, 2003; Van Dongen, 2006; van Asch et
al., 2007; Mannai et al., 2017; Kulfan et al., 2018). The reasons for this emphasis seem to be largely
historical, tracing back to the earliest considerations of phenological synchrony in the winter moth
(e.g. Thomson, 1954; Feeny, 1968; Varley et al., 1974). The focus on oak creates the impression of
winter moth populations facing an ephemeral and moving resource peak in spring (young, nutritious
oak foliage), as the oak itself responds plastically to temperature (Roberts et al., 2015). On the other
hand, feeding on a wide range of host-plant species that vary in their leafing phenology may extend
the period over which young leaves are available overall, serving as a buffer on trophic mismatch.

Despite the extensive literature on the winter moth, even the relative importance of very
widespread and abundant alternative host-plant species, such as birch Betula spp., has rarely been
considered (Table S2). Furthermore, even though there is considerable variation and turnover in
flora throughout the Holarctic distribution of the winter moth, previous studies considering local
adaptation to host-plant are very limited in geographical scale (e.g. Kerslake and Hartley, 1997;
Tikkanen et al., 2000). Since the flightless female winter moths exercise very little (if any) taxonomic
discrimination with regard to the host-plant that their offspring will find themselves on, a broad diet
could give this species flexibility, with local adaptation potentially fine-tuning and optimising
performance at a local level.

To test whether there is potential for trophic generalism to serve as a buffer against phenological
mismatch with host bud-burst, | quantified the performance of winter moth caterpillars across a
range of common and widespread host-plant species. Understanding the performance effects of
different diets is a vital first step in assessing the capacity for alternative host-plants to act as buffers
against mismatch. (Aim A) | conducted an extensive assay of performance across several metrics on
nine host-plant species, using 3600 individual caterpillars—the largest such experiment to date. (Aim
B) Additionally, to test for significant geographical divergence in performance across host-plant
species (consistent with local adaptation), | assayed livestock sampled from four populations across
Great Britain. | found that although performance varied substantially, a wide range of host-plants
could be utilised effectively. In contrast to expectations, oak proved a relatively poor host-plant, in
terms of caterpillar performance. | consider the implications of these results for the resilience of
temperate woodland food-webs under climate change (of which the winter moth forms a crucial
part), and for the impacts of phenological asynchrony on trophic generalist versus specialist taxa
more broadly.

3. MATERIALS AND METHODS
3.1. Source populations

| obtained winter moth ova from four populations across Great Britain (Table 1). | collected females
from the Edinburgh population using trunk traps, modelled on those described by Varley et al.
(1974). | collected a total of 165 females between 25 Nov 2019 and 8 Jan 2020, across 72 traps.



Table 1. UK collection sites of winter moth livestock used in the host-plant assay, with a description of the local flora.

Site

Co-ordinates

Habitat Characteristics (Alt.)

BUCKINGHAMSHIRE
Hill Farm Cottage, Buckingham
(VC 24)

DEVON

Dart Valley Nature Reserve,
Poundsgate

(vc3)

EDINBURGH
Hermitage of Braid LNR, Edinburgh
(VC 83)

SUFFOLK
Ipswich Golf Course, Ipswich
(vC25)

51.978946°N
-0.983623°E

50.530946°N
-3.849855°E

55.919501°N
-3.197014°E

52.042964°N
1.215717°E

Hamlet surrounded by grazing pasture. Small
garden orchard of apple, pear, plum, cherry,
fig and apricot. Dry area, with extensive
hedges of hawthorn, maple, ash, blackthorn.
110m

Ancient, damp, primarily oak woodland,
situated in heathland.
280m

Exposed patch of mature oaks on the edge of
a large mixed woodland, adjacent to
grassland. Sycamore abundant throughout.
105m

Sheltered site at the edge of a mixed
woodland of oak, birch, sycamore, Scots pine.
Surrounded by dry heathland and short-
cropped grassland.

20m




Entomologists located near the three other sites each provided me with a minimum of fifteen
female winter moths from each (see Table 1). Individuals from these populations were collected
manually by searching trunks after dark by torchlight. These populations were selected due to their
geographical spread and variation in local habitat types.

3.2. Rearing methodology

After collection, females were placed individually in 75 x 25mm glass tubes with a wad of cotton at
the bottom to act as an egg-laying medium. Females from all sites were stored at approx. 5°Cin
complete darkness and allowed to lay freely. Approximately one month later, all tubes were
examined and the dead females were removed. Ova from a total of 126 females from the Edinburgh
site, 15 from Buckinghamshire, 14 from Devon, and 19 from Suffolk were obtained.

When foliage became available in spring, ova were removed from cold storage and placed at room
temperature (approx. 20°C) to stimulate egg hatching. A subset of ova, sampled from across all
broods, were removed concurrently and allowed to hatch. Exposure to relatively high temperatures
helped ensure individuals hatched at the same time, despite inter- and intra-brood variation in the
temperature requirements for eclosion. Caterpillars were assigned at random from each brood to
each treatment group, and subsequently to each rearing culture within that treatment group.

Caterpillars were reared in mixed-brood groups of twenty individuals (a “culture”), firstly in small 75
x 50 x 15mm transparent plastic containers and then, at around the third instar, in larger 500ml|
disposable plastic containers (Fig. 1 and S1; for a discussion of the mixed-brood culture rearing
method see Appendix 2). Cultures were established concurrently from caterpillars hatched in the
previous 24hrs. The rearing containers were lined with white absorbent paper towels. Freshly
excised food was placed in each container and examined daily to check its condition and how much
remained. Typically it was replaced daily, no less than every second day (Fig. 1). Caterpillars were
provided with an excess of plant material at all times such that the quantity of food was never a
limiting factor to growth. The tissue lining of the container was replaced each time new food was
provided. Caterpillar rearing cultures were maintained together at room temperature (approx. 20°C)
with a 10:14 light:dark regime.

At the completion of their development the caterpillars pupated in the tissue at the base of the
container. After all larvae had pupated, excess host-plant material was removed and the containers
were stored at room temperature. One month after pupation, pupae were removed, laid out on
cotton for emergence in sealed plastic container, and stored outdoors under a canopy at ambient
environmental temperature (Stirlingshire; 56.069°N, -3.767°E).

3.3. Host-plant assays

The aims of this experiment were to determine:

(Aim A) how caterpillar performance differed among nine common host-plant species;
and

(Aim B) if performance differed across the different geographical populations in a manner consistent
with local adaptation.
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Figure 1. Schematic of the experimental design. Winter moth livestock from four British populations were reared to
pupation on foliage from nine different host-plant species. Caterpillars were reared in cultures of 20 individuals,
assigned to each culture randomly across broods. Performance in each host by population treatment was quantified on
three metrics: survival, pupal mass attained, and development time (time from egg hatch to pupation).

Nine known host-plant species of the winter moth (Robinson et al., 2010) which are common and
widespread in Britain were selected for use in the assays: alder Alnus glutinosa, apple Malus
domestica, birch Betula pendula, cherry Prunus avium, hawthorn Crataegus monogyna, oak Quercus
robur, sallow Salix caprea, sycamore Acer pseudoplatanus, and willow Salix alba (Fig. S2). One
hundred larvae from each source population were randomly assigned from across broods to each of
the nine host-plant species, at twenty larvae per rearing culture (Fig. 1), totalling 3600 caterpillars.
Since it seems likely that caterpillar fitness will depend on foliage age (van Asch et al., 2007; Olli-
Pekka Tikkanen and Julkunen-Tiitto, 2003), the calendar start date of each host-plant treatment was
staggered, such that for each host-plant species the experiment began when a sufficient number of
individual trees could be sampled in the field at the appropriate phenological stage (defined as
where buds were opening and leaf shape was becoming recognisable; Table S3). Fresh foliage was
collected from a dozen individual trees of each species every four to five days as cut sprigs 15cm
long and stored in airtight plastic bags at approx. 5°C in a tabletop refrigerator (Russell Hobbs
RHCLRF17) until required for feeding. Foliage was collected from trees near Falkirk (Stirlingshire;
56.069°N, -3.767°E) and Kincardine (Fife; 56.057°N, -3.613°E).

In order to minimise the effects of individual variation in leaf properties within a host species (see for
example Laitinen et al. 2005; Lindroth 2012; Kos et al. 2015), leaves from across all the sampled tree
individuals were randomly assigned to each rearing culture, such that larvae always had access to
foliage from a range of different host-plant individuals belonging to the same species.

The performance of caterpillars in each treatment group was quantified by measuring:

e the survival of each individual from hatch to pupation;

e the final pupal mass attained by each individual one month after pupation (measured using
a Mettler AJ50 balance, to 0.0001g);

e and, the time taken for caterpillar development from egg hatch to pupation (Fig. 1).
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Since larvae were reared in groups it was not possible to relate each of these values to a specific
individual.

3.4. Statistical analyses

Analyses of larval performance were conducted in R v.4.0.3 using MCMCglmm (Hadfield, 2010).
Survival to pupation (“Surv”, binomial response with binary outcome), pupal mass (“Mass”,
Gaussian), and development time (“Dev Time”, Gaussian) were each modelled separately (Table S4).
Models included the following random terms:

Host-plant species, to allow estimation of the overall differences in performance among host-plants
across all populations (Aim A).

Population, to allow estimation of differences in the average performance of different populations
across all host-plants. If performance varied significantly by population, this may suggest systematic
problems with the experimental design, e.g. livestock from one area experiencing different
conditions.

Host-plant species : Population, to allow estimation of population-specific differences in
performance on different host-plants (Aim B), and examination of whether geographical divergence
in performance between populations is consistent with local adaptation.

In each model Rearing Culture was fitted to control for differences between each culture. In the
Mass model, sex was included as an additional random effect because mass varies by sex but could
only be determined by sexing the pupae, not larvae, and it could therefore not be included in other
models.

Because individual caterpillars were reared in mixed-brood cultures, it was not possible for most
models to include a random effect of brood. To assess the potential of this unaccounted-for source
of pseudoreplication to bias inferences | conducted extensive simulations, manipulating levels of
within- and among-brood variance and assessing the impact on model estimates (bias and precision)
and on false positive rates and power. The simulations suggest that the experimental design
generates conservative estimates for the variance and significance of the focal model parameters,
and is therefore robust in terms of addressing the stated aims of this study (see Appendix 2).

All models were run for 1500000 iterations with a 500000 burn-in and thinning every 100 iterations.
In the binomial model for survival, default priors were used for the fixed effects (mean = 0, with a
large variance), inverse-Wishart priors for the random effects, and the residual variance was fixed. In
the remaining Gaussian models, the default priors were used throughout.

Variance components were estimated on the link scale for each model. Using the posterior
distributions of survival, pupal mass, and development time, | also estimated the rate of
development (mg/day) and projected absolute individual fitness (eggs/female) in each treatment
group (for detailed explanation, methodology, and derivation, see Appendix 1).

3.5. Detecting local adaptation

Two different criteria have been advanced for detecting local adaptation: (1) that a local genotype
performs better than any other genotypes in that local environment (“local vs foreign”); and (2) that
a local genotype performs better in its local environment than in foreign environments (“home vs
away”). Where a genotype is locally adapted, both of these criteria will often be fulfilled. However,
Criterion 2 is likely to be misleading where there are significant underlying differences in average
fitness in different environments, and it should not be regarded as a definitive test (Kawecki and
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Ebert, 2004). In the common garden setup of this experiment the ‘environments’ are alternative
host-plants. Comparison of the results of the model outputs and the characterisations of the local
flora of each population (Table 1) allow for an evaluation of these criteria in this study. For example,
we would expect a locally adapted genotype derived from a predominantly oak woodland site to
show relatively higher fitness on oak than genotypes derived from other populations where oak is
less abundant, under Criterion 1.

4. RESULTS
4.1. (Aim A) Caterpillar performance and fitness across host-plant species
Survival

The mean individual probability of survival to pupation across all treatment groups and populations
was 0.18. Survival probability varied significantly among host-plant species (Table 2; Fig. 2; 47.20% of
variance on the link scale, 95% Cls: 19.07, 78.59). Relative to oak (0.16, Cls: 0.06, 0.27), survival was
lower on alder (0.03, Cls: 0.00, 0.06) and hawthorn (0.04, Cls: 0.00, 0.07) and markedly higher on
willow (0.47, Cls: 0.30, 0.65), but did not differ significantly between oak and the remaining host
species (Fig. 3).

Pupal mass

Mean pupal mass across all treatment groups one month after pupation was 26.17mg (sd = 7.55).
Female pupae (26.80mg, sd = 8.10) were slightly heavier on average than those of males (25.6mg, sd
=7.01). Pupal mass varied substantially among host-plant species (Table 2; Fig. 2; 42.33% of
variance, Cls: 12.19, 78.19). Pupal mass was significantly higher on all other host-plant species than
on oak (Fig. 3). Host-plant species fall into three discrete groups with regard to pupal mass attained,
with apple and cherry being intermediate between oak and all the remaining species (Fig. 3).

Development time

Mean development time across all treatment groups was 32.14 days (sd = 6.54). Development time
varied substantially across host-plant species (Table 2; Fig. 2; 45.73% of variance, Cls: 8.94, 79.00).
Development time on oak did not differ significantly from the mean, but it was significantly shorter
than on some other host-plants, such as hawthorn, apple, and cherry (Fig. 3).

Estimated rate of development

Mean rate of development across all treatment groups was 0.76 mg/day (Cls: 0.50, 1.09). On a
majority of host-plant species, the estimated rate of development does not depart significantly from
the mean (Fig. 3). However, rates were significantly higher than average on willow 1.03 mg/day (Cls:
0.78, 1.34) and lower on apple (0.56, Cls: 0.43, 0.72) and cherry (0.52, Cls: 0.41, 0.66). Notably,
development rate on oak (0.74, Cls: 0.44, 1.11) did not differ significantly from any of the other host-
plant species (Fig. 3).

Fitness



The arithmetic mean of estimated fitness (projected eggs per female per treatment, see Appendix 1)
across all treatment groups was 22.19 (sd = 31.80). Fitness was significantly higher than average on
birch (44.87, Cls: 16.65, 81.85) and willow (94.29, Cls: 45.62, 144.89), and lower on oak (4.66, Cls:
0.46, 11.59), alder (2.20, Cls: 0.29, 5.99), and hawthorn (2.66, Cls: 0.38, 6.82). Relative to oak, fitness
was higher on birch and willow—two abundant and widespread species (Fig. 3).

4.2. (Aim B) Geographical divergence in caterpillar performance

Source population main effects explain a sizeable portion of variation in development time (Table 2;
Fig. 2; 35.14%, Cls: 3.17, 77.49), which is generally more prolonged in livestock sourced from the
Devon and Suffolk populations (Fig. 4 and S3). Although development time is generally more
protracted in these two populations, between-population differences in rate of development are
less obvious and less pronounced (Fig. 4). For the remaining response variables, the source
population variance posterior means and upper credible intervals were quite small.

The host by population interaction term explained a substantial quantity of variation in survival
(24.08%, Cls: 6.41, 43.71), pupal mass (13.62%, Cls: 0.00, 25.48), and development time (9.08%, Cls:
0.57, 19.15) (Table 2; Fig. 2). This indicates differences in performance on the same host-plant
species among source populations which may be a result of genetic divergence and local adaptation.
However, although performance on a given host-plant varied considerably among populations, there
was no obvious indication of local adaptation when comparing performance with the flora of each
site (Table 1).

5. DISCUSSION

In this large-scale experimental study of performance, assaying 3600 caterpillars across nine host-
plant species, | found that winter moth caterpillars are highly polyphagous trophic generalists.
Although performance varied across host-plants, caterpillars survived and grew well on a wide range
of species. There were clear differences between populations in terms of the performance on
different host-plants, although this did not obviously correlate closely with the local flora of each
site. Oak proved to be an unexceptional host-plant, running counter to the common framing of
English oak (Q. robur) as the most significant host-plant species for the caterpillars of this moth in
the wild (Table S1) and its use as the model host-plant in studies of phenological asynchrony (Table
S2). Indeed, variation in performance among hosts, as shown here, may imply substantial variation
in the fitness effects of asynchrony across host-plant species. These results present a crucial first
step in evaluating the role of trophic generalism as a potential buffer against phenological mismatch.
In the case of the winter moth, the evidence presented here is consistent with the hypothesis that a
broad diet might confer resilience in the face of asynchrony induced by climate change. The clear
next step in order to verify this hypothesis is to conduct direct tests in a natural setting.

5.1. The significance of oak as a host-plant of the winter moth

If oak is at all notable as a host-plant in the results presented here, it is as a relatively poor one. First,
| found that developmental time—a well-established, though inconsistent, signifier of environmental
stress in Lepidoptera (Awmack and Leather, 2002; Goulson and Cory, 1995; York and Oberhauser,
2002)—is considerably shorter on oak than on all other host-plant species, and no compensatory
effect of rate of development was observed (Figs. 3 and 4). Second, pupal mass is significantly lower
on oak (Fig. 3), consequently producing females with a greatly reduced fecundity (Appendix 1).
Mean estimated fitness lags far behind many species, at the third lowest level attained in this



Table 2. Summaries for survival, pupa mass, and development time models.
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Intercept -2.296 (-3.351, -1.304) 10000
Random Terms
Rearing culture 0.000473 (0, 0.00248) 1367
Population 0.04603 (0, 0.09103) 10000
Host-plant 2.096 (0.2705, 5.152) 9457
Population:Host-plant 0.8721(0.3338, 1.507) 4341
MASS MODEL
Fixed Terms
Intercept 26.33 (19.57, 31.47) 10000
Random Terms
Rearing culture 0.009934 (0, 0.03498) 9041
Population 0.6829 (0, 0.9573) 10000
Host-plant 33.35(5.025, 79.51) 10000
Population:Host-plant 9.289 (3.708, 16.36) 2467
Sex 1695 (0, 77.49) 10000
DEV TIME MODEL
Fixed Terms
Intercept 33.94 (24.61, 42.27) 10000
Random Terms
Rearing culture 0.007574 (0, 0.02736) 5620
Population 68.74 (1.433, 186.9) 1210
Host-plant 50.82 (10.19, 116.9) 10000
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Figure 2. Variance components of caterpillar performance
across host-plants and populations. Relative percentage (+/-
95% Cls) contribution of different effects to overall variance
explained by (a) survival, (b) development time, and (c) mass
models (Model 4). Cul (rearing culture); Resid. (residual
variation); HP (host-plant species); Pop. (population); HP x
Pop. (host by population interaction effect); Sex (individual

sex). Estimates shown on the link scale.
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Figure 3. Overall winter moth performance on different host-plants, across all sampled populations.
Performance quantified as (a) survival probability, (b) pupal mass, (c) development time, (d) rate of
development, and (e) estimated fitness. Mean estimates and 95% credible intervals shown. Global mean for
each performance metric shown by solid line. Vernacular names of host-plants are: alder Alnus glutinosa,
apple Malus domestica, birch Betula pendula, cherry Prunus avium, hawthorn Crataegus monogyna, oak
Quercus robur, sallow Salix caprea, sycamore Acer pseudoplatanus, and willow Salix alba.
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Figure 4. Winter moth performance in each host-plant by population treatment group. Performance quantified
as (a) survival probability, (b) pupal mass, (c) development time, (d) rate of development, and (e) estimated
fitness. Mean estimates and 95% credible intervals shown. Global mean for each performance metric shown by
solid line. Vernacular names of host-plants are: alder Alnus glutinosa, apple Malus domestica, birch Betula

pendula, cherry Prunus avium, hawthorn Crataegus monogyna, oak Quercus robur, sallow Salix caprea, sycamore
Acer pseudoplatanus, and willow Salix alba.
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experiment (Fig. 3). Indeed, fitness is markedly higher on some of the other common, widespread
host-plant species, such as birch (four times higher) and willow (eight times higher).

The limited experimental work conducted prior to this study reports mixed results with respect to
winter moth caterpillar performance across host-plants (Table S2). In some cases performance is
indeed highest on oak (O’Donnell et al., 2019; Vanbergen et al., 2003), and even on evolutionarily
novel oak Quercus species (e.g. N. American Q. rubra; Embree 1965, 1970). In other instances
alternative host-plant species prove equally suitable or better—however, in a plurality of multi-
species studies, oak results in average or mixed caterpillar performance, across a range of metrics
(Cuming, 1961; Kirsten and Topp, 1991; Tikkanen et al., 2000; Tikkanen and Lyytikdinen-Saarenmaa,
2002; Wint, 1983). But performance has been found to vary substantially even in comparisons
between oak species (Kulfan et al., 2018; Mannai et al., 2017; Wesotowski and Rowirski, 2008). In
the classic study by Wint (1983), which is often cited as evidence for the importance of oak, the
picture was also mixed (pupal mass was highest on oak, but survival was higher on almost all other
host-plant species assayed). However, in these studies performance across hosts is often inferred or
guantified incidentally to the main aim of the study, employing considerably smaller sample sizes,
fewer host species, and limited geographical comparisons. Here, | have presented firm evidence of
the extent—and potential ecological consequence—of trophic generalism in this species.

Lab rearing assays capture one aspect of dietary ecology: the palatability of the host-plant. In nature,
different tree species and individuals at different stages of growth provide structurally different
habitats, which might affect predation risk from vertebrates, parasitism, and susceptibility to
adverse abiotic conditions. It would certainly be possible for extrinsic, non-dietary factors to differ
sufficiently between host-plant species in the field such that performance in the lab ran counter to
abundance observed in nature. But field studies comparing the abundance of winter moth
caterpillars or defoliation across different host-plant species also find mixed results, with abundance
being highest to mid-level on oak (see Table S2 and also: Shutt et al., 2019; Macphie et al., 2020).
O’Donnell et al. (2019) found that abundance in the field and performance in captive rearing
experiments (N = 60 / host-plant) were higher on oak than on other host-plants, but the extent to
which abundance was greater on oak in the field exceeded the differences in lab performance. We
are presented, then, with a complex array of interacting factors: for example, the reduced
development time that we see in oak (Fig. 3 and 4) might also reduce exposure to predation,
potentially compensating for any loss in mass and/or fecundity. Clarifying the paradox of these
contradictions between lab and field studies, as well as directly quantifying the fitness effects of
asynchrony across different host-plant species, are obvious directions for future work.

5.2. Evidence of local adaptation to floral composition

A winter moth caterpillar hatching in spring faces two principal uncertainties: the species and the
phenological stage of its host tree. Variation in either of these factors can significantly impact overall
performance (van Asch et al., 2007; van Asch and Visser, 2007; Feeny, 1970, 1976; Tikkanen and
Julkunen-Tiitto, 2003; Wint, 1983). Given the limited dispersal ability of females and that they seem
unable to exert much, if any, host choice (though see Connell, 2013), we might expect populations to
adapt to locally abundant host-plant species. Although | find quite clear evidence of divergence
between the British winter moth populations studied in this experiment, these differences do not
obviously conform with predictions we might make based on the character of the flora at each
collection site (cf. Table 1 and Fig. 4).

The scant data already available does seem to suggest that under at least some circumstances
winter moth caterpillars perform better on locally prevalent host-plants. For example: on birch
Betula spp. in Scandinavia (Belsing, 2015; Lavola et al., 1998); on bird cherry Prunus padus in Karelia
(Tikkanen et al., 2000; Tikkanen and Lyytikdinen-Saarenmaa, 2002); and on heather Calluna from
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heathland populations (Kerslake and Hartley, 1997). Taken together with my data, this perhaps
suggests that local adaptation to host-plant availability in this species occurs at a larger spatial scale
than | considered here, or in other situations of extreme population isolation (e.g. islands, see
Kerslake & Hartley, 1997). Determining the scale at which winter moth populations may be adapted
to local flora would necessitate further investigation with higher levels of population replication.

In nature, relative phenological synchronisation between caterpillars and their host-plants may be a
more significant determinant of overall fitness than the inherent palatability of a host-plant (van
Asch et al., 2007; Tikkanen and Julkunen-Tiitto, 2003)—the most abundant host may not necessarily
be the best host. If the performance effects of asynchrony vary among host-plants, then selection
favouring feeding on the host-plant on which the effects of asynchrony are least severe (or the
rewards of synchrony are greatest) may outweigh pressure to optimise performance on the most
abundant host-plant species.

5.3. Polyphagy as buffering in an uncertain environment

By hatching in early spring and exploiting the young foliage of their host-plants, winter moth
caterpillars occupy a narrow phenological niche. This is driven by selective pressures arising from
variation in host palatability with time—the cost of asynchrony (van Asch et al., 2007; Tikkanen and
Julkunen-Tiitto, 2003). Trophic generalism may be one mechanism by which they persist in their
complex, heterogeneous ecological environment—consisting of many host-plant species, each
varying in leafing phenology, unevenly spatially distributed and unequally palatable. By decreasing
specificity in one aspect of their niche, winter moth caterpillars are able to specialise on a narrow
phenological niche. Although trophic generalism is maintained throughout the distribution of the
winter moth, we see indications that performance on particular host-plant species can be modulated
in certain environments and populations, perhaps increasing fitness on locally abundant hosts while
still being able to persist on many. Although trophic generalism prohibits specialisation on one host-
plant, it likely results in a higher geometric mean fitness over time (Childs et al., 2010; Dempster,
1955) because of the substantial fitness costs associated with asynchrony (Weir, 2022).

The evidence | have presented here suggests that throughout its range there are many plant species
acceptable to winter moth caterpillars, on which performance is at least comparable to oak. This
ability to effectively utilise a very large range of host-plant species might act as a diversified bet-
hedging strategy and ameliorate the negative effects of asynchrony with bud-burst on any one host-
plant species (Weir, 2022). In order to assess this potential mechanism for buffering mismatch,
future studies should seek to directly test its operation in nature. An obvious testable prediction
might be that in years of high mean asynchrony, winter moth populations should perform better in
mixed versus low diversity woodlands, or should experience shallower inter-annual fluctuations in
population size. The results of such experiments would be of far-reaching applicability and interest,
beyond the narrow context of this one consumer species, because these principles are likely to
generalise very widely.

The inherent resilience of the winter moth to a temporally uncertain niche and asynchrony with any
one particular host-plant—as evinced by its success and abundance—might help buffer their
populations against future climatic changes affecting phenology, and contribute to the stability of
the wider ecosystem of which this species forms a crucial part. Beyond the winter moth, trophic
generalism in consumers has the potential to buffer mismatch in a range of phenologically
synchronised systems. In insectivorous birds—another heavily researched system—we still have a
relatively incomplete understanding of how variation in dietary composition can affect fitness and
how these effects vary across time (Macphie, 2022). The example of the winter moth challenges us
to revaluate the idea that phenological asynchrony is uniformly and severely negative for fitness. It
serves to illustrate how critically important it is that we consider the wider ecological context of a
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species before we can expect to make robust projections as to the effects of climate change on their
populations, or on those of species with which they interact.

6. ACKNOWLEDGEMENTS

| would like to thank my PhD supervisors Ally Phillimore and Jarrod Hadfield for offering early advice
on this experiment, for constructive criticism of the manuscript, and, particularly, for providing
valuable advice on the statistical analyses. | was fortunate enough to enlist the help of entomologists
around Britain to help gather livestock for this experiment—not an easy task for a species flying in
the depths of winter. For this, | would like to thank: Adrian Russell, Barry Blake, Chris lles, Clare
Toner, Dave Green, lan Scott, John Walters, Jonathan Wallace, Justin Williams, Neil Sherman, Nicole
Digruber, Norman Lowe, Paul Harvey, Prem Roy, and Reuben Singleton. | would also like to thank
Daniella Di Pirro for helping with fieldwork, and Andrew Law (City of Edinburgh Council, Natural
Heritage Officer) for granting permission to carry out fieldwork at the Hermitage of Braid LNR.

7. REFERENCES
Allan, P. B. M. (1979). Larval Foodplants. Second. Hawkhurst, Kent: Watkins and Doncaster.

van Asch, Margriet, van Tienderen, Peter H., Holleman, Leonard J. M., and Visser, Marcel E. (2007).
Predicting adaptation of phenology in response to climate change, an insect herbivore
example. Global Change Biology 13: 1596—1604.

van Asch, Margriet, and Visser, Marcel E. (2007). Phenology of forest caterpillars and their host
trees: the importance of synchrony. Annual Review of Entomology 52: 37-55.

Awmack, Caroline S., and Leather, Simon R. (2002). Host plant quality and fecundity in herbivorous
insects. Annual Review of Entomology 47: 817—-44.

Belsing, Ulrika. (2015). The survival of moth larvae feeding on different plant species in northern
Fennoscandia. Lund University.

Both, Christiaan, Bouwhuis, Sandra, Lessells, C. M., and Visser, Marcel E. (2006). Climate change and
population declines in a long-distance migratory bird. Nature 441: 81-83.

Buse, A, Dury, S. J., Woodburn, R. J. W., Perrins, C. M., and Good, J. E. G. (1999). Effects of elevated
temperature on multi-species interactions: the case of Pedunculate Oak, Winter Moth and Tits.
Functional Ecology 13: 74-82.

Buse, A, Good, J. E. G., Dury, S., and Perrins, C. M. (1998). Effects of elevated temperature and
carbon dioxide on the nutritional quality of leaves of oak (Quercus robur L.) as food for the
Winter Moth (Operophtera brumata L.). Functional Ecology 12: 742—49.

Buse, Alan, and Good, John E.G. (1996). Synchronization of larval emergence in winter moth
(Operophtera brumata L.) and budburst in pedunculate oak (Quercus robur L.) under simulated
climate change. Ecological Entomology 21: 335-43.

Charmantier, Anne, McCleery, Robin H., Cole, Lionel R., Perrins, Chris, Kruuk, Loeske E.B., and
Sheldon, Ben C. (2008). Adaptive phenotypic plasticity in response to climate change in a wild
bird population. Science 320: 800—803.

Childs, Dylan Z., Metcalf, C. J.E., and Rees, Mark. (2010). Evolutionary bet-hedging in the real world:
empirical evidence and challenges revealed by plants. Proceedings of the Royal Society B:
Biological Sciences 277: 3055—64.

15



Cohen, Jeremy M., Lajeunesse, Marc J., and Rohr, Jason R. (2018). A global synthesis of animal
phenological responses to climate change. Nature Climate Change 8: 224-28.

Cole, Ella F., Long, Peter R., Zelazowski, Przemyslaw, Szulkin, Marta, and Sheldon, Ben C. (2015).
Predicting bird phenology from space: satellite-derived vegetation green-up signal uncovers
spatial variation in phenological synchrony between birds and their environment. Ecology and
Evolution 5: 5057-74.

Cole, Ella F., Regan, Charlotte E., and Sheldon, Ben C. (2021). Spatial variation in avian phenological
response to climate change linked to tree health. Nature Climate Change 11: 872-78.

Connell, James. (2013). Host tree choice by female winter moths (Operophtera brumata L.)
ascending trunks: results of a four-year study in Vienna. Forstschutz Aktuell 57/58: 22-26.

Cuming, F. G. (1961). The distribution, life history, and economic importance of the winter moth,
Operophtera brumata (L.) (Lepidoptera, Geometridae) in Nova Scotia. The Canadian
Entomologist 93: 135-42.

Cushing, D. H. (1967). The grouping of herring populations. Journal of the Marine Biological Society
of the United Kingdom 47: 193-208.

Cushing, D. H. (1969). The regularity of the spawning season of some fishes. ICES Journal of Marine
Science 33: 81-92.

Cushing, D. H. (1990). Plankton production and year-class strength in fish populations: an update of
the match/mismatch hypothesis. Advances in Marine Biology 26: 249-93.

Dempster, E R. (1955). Maintenance of genetic heterogeneity. Cold Spring Harbor Symposia on
Quantitative Biology 20: 25-32.

van Dis, Natalie E., Sieperda, Geert Jan, Bansal, Vidisha, Van Lith, Bart, Wertheim, Bregje, and Visser,
Marcel E. (2023). Phenological mismatch affects individual fitness and population growth in the
winter moth. Proceedings of the Royal Society B 290.

Van Dongen, Stefan. (2006). Bayesian joint estimation of binary outcome and time-to-event data:
effects of leaf quality on pupal survival and time-to-emergence in the winter moth.
Environmental and Ecological Statistics 13: 213-28.

Dongen, Stefan Van, Backeljau, Thierry, Matthysen, Erik, and Dhondt, Andre A. (1997).
Synchronization of hatching date with budburst of individual host trees (Quercus robur) in the
winter moth (Operophtera brumata) and its fitness consequences. The Journal of Animal
Ecology 66: 113.

Durant, J. M., Hjermann, D. @., Ottersen, G., and Stenseth, N. C. (2007). Climate and the match or
mismatch between predator requirements and resource availability. Climate Research 33: 271-
83.

Embree, D. (1970). The diurnal and season pattern of hatching of winter moth eggs, Operophtera
brumata (Geometridae: Lepidoptera). The Canadian Entomologist 102: 759—-68.

Embree, D. G. (1965). The population dynamics of the winter moth in Nova Scotia, 1954—-1962.
Memoirs of the Entomological Society of Canada 97: 5-57.

Feeny, P. P. (1968). Effect of oak leaf tannins on larval growth of the winter moth Operophtera
brumata. Journal of Insect Physiology 14: 805-17.

Feeny, Paul. (1970). Seasonal changes in oak leaf tannins and nutrients as a cause of spring feeding
by winter moth caterpillars. Ecology 51: 565-81.

16



Feeny, Paul. (1976). Plant apparency and chemical defense. Biochemical Interaction Between Plants
and Insects 10: 1-40.

Goulson, David, and Cory, Jenny S. (1995). Responses of Mamestra brassicae (Lepidoptera:
Noctuidae) to crowding: interactions with disease resistance, colour phase and growth.
Oecologia 104: 416-23.

Hadfield, Jarrod D. (2010). MCMC methods for multi-response generalized linear mixed models: the
MCMCglmm R package. Journal of Statistical Software 33: 1-22.

Heisswolf, A, Klemola, T, Andersson, T, and Ruohomaki, K. (2009). Shifting body weight-fecundity
relationship in a capital breeder: maternal effects on egg numbers of the autumnal moth under
field conditions. Bulletin of Entomological Research 99: 73-81.

Henwood, Barry, Sterling, Phil, and Lewington, Richard. (2020). Field Guide to the Caterpillars of
Great Britain and Ireland. London: Bloomsbury Wildlife.

Hinks, Amy E., Cole, Ella F., Daniels, Katherine J., Wilkin, Teddy A., Nakagawa, Shinichi, and Sheldon,
Ben C. (2015). Scale-dependent phenological synchrony between songbirds and their caterpillar
food source. American Naturalist 186: 84—97.

Hjort, Johan. (1914). Fluctuations in the Great Fisheries of Northern Europe, Viewed in the Light of
Biological Research. Copenhagen, Denmark: Andr. Fred. Hgst & Fils.

Holliday, N. J. (1977). Population ecology of winter moth (Operophtera brumata) on apple in relation
to larval dispersal and time of bud burst. The Journal of Applied Ecology 14: 803.

Holliday, N. J. (1985). Maintenance of the phenology of the winter moth (Lepidoptera:
Geometridae). Biological Journal of the Linnean Society 25: 221-34.

Iler, Amy M., CaraDonna, Paul J., Forrest, Jessica R.K., and Post, Eric. (2021). Demographic
consequences of phenological shifts in response to climate change. Annual Review of Ecology,
Evolution, and Systematics 52: 221-45.

IPCC. (2021). Summary for Policymakers. In Climate Change 2021: The Physical Science Basis.
Contribution of Working Group | to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change, eds. V. Masson-Delmotte, P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger,
N. Caud, et al. In Press., 31.

Kawecki, Tadeusz J., and Ebert, Dieter. (2004). Conceptual issues in local adaptation. Ecology Letters
7:1225-41.

Kerslake, J. E., and Hartley, S. E. (1997). Phenology of winter moth feeding on common heather:
effects of source population and experimental manipulation of hatch dates. The Journal of
Animal Ecology 66: 385.

Kirsten, K., and Topp, W. (1991). Acceptance of willow-species for the development of the winter
moth, Operophtera brumata (Lep., Geometridae). Journal of Applied Entomology 111: 457—68.

Kos, Martine, Tuijl, Maarten A.B., de Roo, Joris, Mulder, Patrick P.J., and Bezemer, T. Martijn. (2015).
Species-specific plant—soil feedback effects on above-ground plant—insect interactions. Journal
of Ecology 103: 904-14.

Kulfan, Jan, Sarvasovd, Lenka, Parak, Michal, Dzurenko, Marek, and Zach, Peter. (2018). Can late
flushing trees avoid attack by moth larvae in temperate forests? Plant Protection Science 54:
272-83.

Laitinen, Marja Leena, Julkunen-Tiitto, Riitta, Tahvanainen, Jorma, Heinonen, Jaakko, and Rousi,

17



Matti. (2005). Variation in birch (Betula pendula) shoot secondary chemistry due to genotype,
environment, and ontogeny. Journal of Chemical Ecology 31: 697-717.

Lavola, A., Julkunen-Tiitto, R., Roininen, H., and Aphalo, P. (1998). Host-plant preference of an insect
herbivore mediated by UV-B and CO2 in relation to plant secondary metabolites. Biochemical
Systematics and Ecology 26: 1-12.

Levins, Richard. (1968). Evolution in Changing Environments: Some Theoretical Explorations.
Princeton: Princeton University Press.

Lindroth, Richard L. (2012). Atmospheric change, plant secondary metabolites and ecological
interactions. In The Ecology of Plant Secondary Metabolites: From Genes to Global Processes,
eds. Glenn R lason, Marcel Dicke, and Susan E Hartley. Cambridge: Cambridge University Press,
120-53.

Macphie, Kirsty Helen. (2022). The Full Phenological Distribution and the Match/Mismatch
Hypothesis. University of Edinburgh.

Macphie, Kirsty Helen, Samplonius, Jelmer M., Hadfield, Jarrod, Higgins, James W. Pearce, and
Phillimore, Ally. (2020). Among tree and habitat differences in the timing and abundance of
spring caterpillars. EcOEvoRxiv.

Maitland Emmet, A., and Heath, John. (1992). The Moths and Butterflies of Great Britain and Ireland:
Volume 7, Part 2. Lasiocampidae - Thyatiridae with Life History Chart of the British Lepdioptera.
Colchester, England: Harley Books.

Mannai, Yaussra, Ezzine, Olfa, Hausmann, Axel, Nouira, Said, and Ben Jamaa, Mohamed Lahbib.
(2017). Budburst phenology and host use by Operophtera brumata (Linnaeus, 1758)
(Lepidoptera: Geometridae) in three Mediterranean oak species. Annals of Forest Science 74.

Mclean, Nina, Lawson, Callum R., Leech, Dave I., and van de Pol, Martijn. (2016). Predicting when
climate-driven phenotypic change affects population dynamics. Ecology Letters 19: 595—608.

Meyrick, Edward. (1895). A Handbook of British Lepidoptera. London: Macmillan.

O’Donnell, Kaitlyn, Elkinton, Joseph, Donahue, Charlene, and Groden, Eleanor. (2019). Host plant
effects on winter moth (Lepidoptera: Geometridae) larval development and survival.
Environmental Entomology.

Pick, J L, Nakagawa, S, and Noble, D W A. (2018). Reproducible, flexible and high-throughput data
extraction from primary literature: the metaDigitise R package. Biorxiv.

Porter, Jim. (2010). Colour Identification Guide to Caterpillars of the British Isles. Stenstrup, Denmark:
Apollo Books.

Reed, Thomas E., Jenouvrier, Stephanie, and Visser, Marcel E. (2013). Phenological mismatch
strongly affects individual fitness but not population demography in a woodland passerine. The
Journal of Animal Ecology 82: 131-44.

Roberts, Adrian M.I., Tansey, Christine, Smithers, Richard J., and Phillimore, Albert B. (2015).
Predicting a change in the order of spring phenology in temperate forests. Global Change
Biology 21: 2603-11.

Robinson, G. S., Ackery, P. R., Kitching, G. W., and Hernandez, L. M. (2010). HOSTS - A Database of
the World’s Lepidopteran Hostplants. Natural History Museum, London.

Roland, Jens, and Myers, Judith H. (1987). Improved insect performance from host-plant defoliation:
winter moth on oak and apple. Ecological Entomology 12: 409-14.

18



Roslin, Tomas, Antao, Laura, Hallfors, Maria, Meyke, Evgeniy, Lo, Coong, Tikhonov, Gleb, Delgado,
Maria del Mar, et al. (2021). Phenological shifts of abiotic events, producers and consumers
across a continent. Nature Climate Change 11: 241-48.

Rubtsov, V .V., and Utkina, I. A. (2011). Long-term dynamics of Operophtera brumata L. in the oak
stands of forest-steppe. Contemporary Problems of Ecology 4: 36—45.

Samplonius, Jelmer M., Atkinson, Angus, Hassall, Christopher, Keogan, Katharine, Thackeray,
Stephen J., Assmann, Jakob J., Burgess, Malcolm D., et al. (2020). Strengthening the evidence
base for temperature-mediated phenological asynchrony and its impacts. Nature Ecology &
Evolution 5: 155—64.

Samplonius, Jelmer M., Kappers, Elena F., Brands, Stef, and Both, Christiaan. (2016). Phenological
mismatch and ontogenetic diet shifts interactively affect offspring condition in a passerine.
Journal of Animal Ecology 85: 1255—64.

Shutt, Jack D, Burgess, Malcolm D, and Phillimore, Albert B. (2019). A spatial perspective on the
phenological distribution of the spring woodland caterpillar peak. The American Naturalist 194:
E109-21.

Singer, Michael C., and Parmesan, Camille. (2010). Phenological asynchrony between herbivorous
insects and their hosts: signal of climate change or pre-existing adaptive strategy? Philosophical
Transactions of the Royal Society B: Biological Sciences 365: 3161-76.

Skinner, Bernard. (2009). Colour Identification Guide to Moths of the British Isles. Stenstrup,
Denmark: Apollo Books.

Stainton, Henry T. (1859). A Manual of British Butterflies and Moths, Vol. 1. London: John van Voorst.
Stokoe, W J. (1948). The Caterpillars of British Moths, Series I. London: Frederick Warne & Co. Ltd.

Thackeray, Stephen J., Henrys, Peter A., Hemming, Deborah, Bell, James R., Botham, MarcS., Burthe,
Sarah, Helaouet, Pierre, et al. (2016). Phenological sensitivity to climate across taxa and trophic
levels. Nature 535: 241-45.

Thomson, G H. (1954). Animal populations and forestry. Nature 174: 813—15.

Tikkanen, O.-P., Niemel3, P., and Keranen, J. (2000). Growth and development of a generalist insect
herbivore, Operophtera brumata, on original and alternative host plants. Oecologia 122: 529—
36.

Tikkanen, O. P., Roininen, H., Niemel3, P., Tahvanainen, J., and Zinovjev, A. (1998). Use of host plants
by Operopthera brumata L. (Lep., Geometridae) during the first recorded outbreak in the
subcontinental boreal zone of Fennoscandia. Journal of Applied Entomology 122: 247-53.

Tikkanen, Olli-Pekka, and Julkunen-Tiitto, Riitta. (2003). Phenological variation as protection against
defoliating insects: The case of Quercus robur and Operophtera brumata. Oecologia 136: 244—
51.

Tikkanen, Olli-Pekka, and Lyytikdinen-Saarenmaa, Paivi. (2002). Adaptation of a generalist moth,
Operophtera brumata, to variable budburst phenology of host plants. Entomologia
Experimentalis et Applicata 103: 123-33.

Vanbergen, Adam J., Raymond, Ben, Pearce, Imogen S. K., Watt, Allan D., Hails, Rosie S., and Hartley,
Susan E. (2003). Host shifting by Operophtera brumata into novel environments leads to
population differentiation in life-history traits. Ecological Entomology 28: 604—12.

Varley, G. C., Gradwell, G. R., and Hassell, Michael P. (1974). Insect Population Ecology - An Analytical

19



Approach. Berkeley: University of California Press.

Visser, Marcel E., Lindner, Melanie, Gienapp, Phillip, Long, Matthew C., and Jenouvrier, Stephanie.
(2021). Recent natural variability in global warming weakened phenological mismatch and
selection on seasonal timing in great tits (Parus major). Proceedings of the Royal Society B 288.

Waring, Paul, Townsend, Martin, and Lewington, Richard. (2017). Field Guide to the Moths of Great
Britain and Ireland. Third Edit. London: Bloomsbury Wildlife.

Weir, Jamie C. (2022). Buffering and trophic mismatch in spring-feeding forest caterpillars. University
of Edinburgh.

Wesotowski, Tomasz, and Rowinski, Patryk. (2008). Late leaf development in pedunculate oak
(Quercus robur): An antiherbivore defence? Scandinavian Journal of Forest Research 23: 386—
94,

Wint, William. (1983). The role of alternative host-plant species in the life of a polyphagous moth,
Operophtera brumata (Lepidoptera: Geometridae). Journal of Animal Ecology 52: 439-50.

York, Heather A., and Oberhauser, Karen S. (2002). Effects of duration and timing of heat stress on
Monarch butterfly (Danaus plexippus) (Lepidoptera: Nymphalidae) development. Journal of the
Kansas Entomological Society 75: 290-98.

20



SUPPORTING FIGURES/TABLES



Table S1. The role of oak in the life of the winter moth: a selection of the phenological literature. There is a general
consensus among widely cited studies that English oak Quercus robur is the most important (and preferred) host-plant of
the winter moth in the field. Number of citations shown underlined after reference, obtained from Google Scholar
(accessed 3 February 2023), provide a rough estimate of the influence of each publication on the field.

Views on the role of oak Quercus robur as a host-plant

“For example, winter moth (Operophtera brumata L., Geometridae) larvae develop into heavier
pupae when fed on young oak leaves than when reared on hazel (Corylus avellana L.) or
blackthorn (Prunus spinosa L.), two species commonly used as host plants in the field (G. R.
Gradwell, personal communication)”

Feeny (1970), 2404

“Larvae of the winter moth are able to feed on a wide range of trees and shrubs, but they are
especially abundant on oaks (Quercus robur), which they sometimes defoliate.”
Varley et al. (1974), 1101

“Most of these losses are related to the degree of asynchrony between larval eclosion and the
bud burst of the primary food-plant (Quercus robur).”
Wint (1983), 143

“The winter moth Operophtera brumata is one of the most common forest insects in Central
Europe. The larvae feed on the oak, Quercus robur, as well as on several other species of broad-
leaved trees.”

Kirsten and Topp (1991), 24

“The synchrony between the emergence of larval winter moth (Operophtera brumata L.) and
budburst of pedunculate oak (Quercus robur L.), its primary host (Wint, 1983), is critical for the
moth’s success.”

Buse and Good (1996), 171

“Operophtera brumata L. [is] one of the most important herbivores of oak.”
Dongen et al. (1997), 139

“Operophtera brumata L. (Lepidoptera: Geometridae) is one of the most abundant insect
herbivores on Q. robur.”
Tikkanen and Julkunen-Tiitto (2003), 174

“Operophtera brumata is a polyphagous moth that is able to feed on a range of tree and shrub
species (Holliday, 1985). In the U.K., oak Quercus spp. (Fagaceae) and other deciduous trees are
regarded as the optimal hosts of this insect (Feeny, 1970; Wint, 1983; Holliday, 1985), but O.
brumata has also been recorded on heather Calluna vulgaris (Ericaceae) where it reaches
outbreak densities (Picozzi, 1981; Kerslake et al., 1996).”

Vanbergen et al. (2003), 55

“Timing of egg hatching in O. brumata is itself under selection for synchronization with bud burst
in oak trees (Quercus robur). Caterpillars of this moth rely on oak leaves for food, and although
the oak trees have been opening their buds earlier, advancement in the date of egg hatching has
been more extreme.”



“Our fitness estimations are based on the assumption that the optimal moment of egg hatch is
determined by the moment of Q. robur bud burst. O. brumata is not a specialist species: it can
also feed on leaves from tree species other than oak.”

van Asch et al. (2007), 252

“Pedunculate oak, Quercus robur, is a favoured host of winter moth”
Singer and Parmesan (2010), 324

“However, caterpillars [of the winter moth] are available to the birds only during a brief period in
spring, as the larvae exploit the newly emerged leaves of their host trees (predominantly oak
Quercus spp.; Varley and Gradwell 1958)”

Hinks et al. (2015), 68

“Pedunculate oak is described as the primary host plant of winter moth throughout its native
range.”
O’Donnell et al. (2019), n/a




Table S2. Taxonomic coverage of the literature on winter moth caterpillar performance across host-plants. Studies are
grouped by those which consider the effects of varying degrees of asynchrony on performance across host-plant species
and those which consider performance at one time point only. Particularly in studies of synchrony, there is a clear bias
towards oak Quercus. The inclusion of a host-plant species in a particular study is indicated by V. Taxa arranged
alphabetically within higher groupings. Performance Metrics used are: S (survival); P (pupal mass); GR (growth rate); DI
(development index); DT (development time); FAb (abundance across host-plants measured in the field); LP (larval choice
experiment); FU (food utilisation or assimilation rate); FP (frass production); F (fecundity); and MO (mass of ova).



GROSSULARIACEAE

ERICACEAE
BETULACEAE
FAGACEAE
SALICACEAE
MALVACEAE
OLEACEAE
PINACEAE
RHAMNACEAE
ULMACEAE
SAPINDACEAE

Sambucus |ADOXACEAE
Crataegus |ROSACEAE

Calluna
Vaccinium
Alnus
Betula
Carpinus
Corylus
Ostrya
Fagus
Quercus
Ribes
Populus
Salix
Tilia
Fraxinus
Picea
Rhamnus
Malus
Prunus
Rubus
Sorbus
Ulmus
Acer

pubescens ssp. czerepanovii
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Performance effects of asycnhrony examined

Feeny 1970 UK P

Wint 1983 UK S, P, DT, LP

Watt 1991 UK S

Hunter 1991 UK P

Kirsten 1991 Germany P, GR, F v

Kerslake 1997 UK S, P, GR, DI

Buse 1999 UK P v

Tikkanen 2002  Finland; Denmark P, DT v

Tikkanen 2003 UK S v

Van Dongen 2006  Belgium P v

van Asch 2007 Netherlands S, P v

Wesotowski 2008 Poland FAb v

Kulfan 2018 Slovakia FAb

Performance at only one time point considered

Cuming 1961 Canada FAb

Warrington 1985 UK P, GR

Roland 1987 Canada P

Kerslake 1996 UK S, P GR, DI

Kerslake 1998 UK S, P GR, DI

Buse 1998 UK P, DT, FU, FP, F, MO

Lavola 1998 Russia LP v

Tikkanen 1998  Russia FAb v v Vv v v v

Tikkanen 1999 Russia S, FAb v v v v v v v

Tikkanen 2000 Finland S, P, GR, DT v v v N4

Ruuhola 2001  Finland GR v

Vanbergen 2003 UK S

Strengbom 2005 Sweden S, P

Wesotowski 2006  Poland FAb

Belsing 2015 Norway S, P

Pepi 2016 Canada S

Mannai 2017 Tunisia S, DT, FAb

O'Donnell 2019 USA S, P, GR, FAb




Table S3. Establishment dates of caterpillar cultures on each host-plant species assayed in the experiment. The phenology
of each host-plant species differed in the field. For each experiment “Time 0” was taken as the timing of the first small
leaves breaking/unfurling, with a recognisable shape. The treatment groups for each host-plant species therefore began on
different calendar dates, as indicated above. Variation in the calendar date timing of each treatment was minimised as far
as possible, so as not to confound host-plant effects with any effect of hatch timing, but was limited based on the observed
phenology of each species in the field. The latest treatments were begun several days after the earliest treatments.

Host-plant Species Date of Establishment
Acer 1 May
Alnus 29 Apr
Betula 1 May
Crataegus 25 Apr
Malus 29 Apr
Prunus 29 Apr
S. alba 29 Apr
S. caprea 2 May

Quercus 4 May




Table S4. Modelling the effects of host-plant on winter moth caterpillar performance, measured as survival to pupation,
pupal mass, and development time. Justification gives the hypothesis tested by each term. A significant Host-
plant:Population interaction would be consistent with local adaptation (though not proof of it)—a significant effect of
population, on the other hand, would perhaps indicate flaws in the experimental procedure, particularly if the performance
was highest in the population most proximate to the rearing site (Edinburgh). ~ indicates as above.

Response
Variable

Random Effect
Term

Justification

Surv/Dev. Time

Mass

Host-plant

Population

Host-
plant:Population

Rearing Culture

Host-plant
Population

Host-
plant:Population

Sex

Rearing Culture

Tests whether performance is consistently higher on
certain host-plant species across all four populations

Tests whether performance is consistently higher in
caterpillars from certain populations across all host-
plant species. This shows whether, for example,
individuals from some populations are performing
consistently better in the common garden environment
(e.g. perhaps populations closer to that site would
perform better than those collected from farther away,
due to, e.g., adaptation to weather conditions, clines in
host-plant traits, etc.)

Tests whether performance on certain host-plants is
population specific, i.e. do caterpillars from one
population perform better on a particular host-plant
species that those from another population

Tests whether performance is consistently higher in
individuals reared in the same captive environment, a
“culture”

Tests whether performance is consistently higher in
one sex compared with the other




Figure S1. Caterpillar rearing containers. Caterpillars were housed when neonates in (a) small 75 x 50 x 15mm transparent
plastic containers. When large enough, usually in the third instar, caterpillars were transferred to (b) larger 175 x 100 x
50mm disposable plastic food containers. Rearing containers were lined with tissue which was replaced each time new
food was added. When new food was added at one end of the container the old food was left in to allow caterpillars to
move onto the fresh plant material as and when they chose. Similarly, (b) when caterpillars were transferred to larger
rearing containers, the whole contents of the smaller container were moved, and new food supplied for caterpillars to
move off onto as they chose. Scale bar in (a) is in centimetres and millimetres.



Figure S2. Host-plant species studied in the experiment. (a) Willow Salix alba, (b) Sallow Salix caprea, (c) Alder Alnus
glutinosa, (d) Birch Betula pendula, (e) Apple Malus domestica, (f) Hawthorn Crataegus monogyna, (g) Oak Quercus robur,
(h) Cherry Prunus avium, (i) Sycamore Acer pseudoplatanus. Image credits: Andreas Rockstein (g, f, g, I), Giuseppe
Morlando (b), Tero Laakso (c), dragonfly201011 (d), Mariya Novikova (e), Karin Rogmann (h). Taken from Flickr.org,
reproduced under a creative commons licence.
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Figure S3. Overall winter moth performance in different populations across host-plants. Performance quantified as (a)
survival probability, (b) pupal mass, (c) development time, (d) rate of development, and (e) estimated fitness. Mean
estimates and 95% credible intervals shown. Global mean for each performance metric shown by solid line.



APPENDIX 1



Appendix 1: Pupal mass, fecundity, and estimating fitness in the winter moth
Operophtera brumata (Lep.: Geometridae)

Introduction

Pupal mass in insects can be a reliable predictor of adult female fecundity (Heisswolf et al., 2009)
and is therefore a very tractable measure of performance under different conditions—larger larvae
produce larger pupae which yield larger females containing greater quantities of ova. Indeed, in the
sizeable literature on the ecology and biology of the winter moth, variation in pupal mass across
treatment groups is frequently interpreted as indicative of differences in fitness (see for example:
Feeny, 1970; Wint, 1983; Kirsten and Topp, 1991; Tikkanen and Lyytikdinen-Saarenmaa, 2002;
Belsing, 2015). In addition, if pupal mass falls below a certain level viability may be affected (Wint,
1983). Across insect species, both the slope of the mass-egg relationship (the correlation coefficient)
and the intercept can vary—and can be affected within a species by environmental conditions.

In analysing this relationship, it is possible that we might find these parameters differing, plastically
or adaptively, within a species, under different conditions, to optimise fitness (for example, by
producing more ova per unit mass on a given host-plant). Methodologically there is further a
distinction to be drawn between potential fecundity (the number of mature oocytes or eggs in the
reproductive tract) and realised fecundity (the number of fertile ova laid by a female during her
lifetime)—the relationship between pupal mass and the latter is often far less precise (see for
example Heisswolf et al., 2009). In the winter moth, only three studies have attempted to quantify
the mass-fecundity relationship experimentally. Both Holliday (1977) and Rubtsov and Utkina (2011)
trapped wild female moths in winter on tree trunks and measured their fresh mass and potential
fecundity. The data obtained by the former are also reported by Singer and Parmesan (2010), though
mistakenly attributed to a later paper (Holliday, 1985). Roland and Myers (1987) also trapped and
weighed wild caught females, then back-calculated pupal mass, and estimated potential fecundity by
dissection.

Here, | analysed the relationship between fecundity and pupal mass in the winter moth using my
own data and that reported by the other studies described above. | tested if the relationship varied
by population and if it was affected by the host-plant on which the caterpillar was reared. From this
relationship | show how a metric of fitness can be estimated when caterpillar survival to pupation
and pupal mass are both measured.

Pupal mass as a predictor of fecundity, and the effects of geographical and trophic factors
Methods

| measured the fresh mass of winter moth pupae raised in this captive rearing experiment one
month after pupation (+/- 5 days). Pupae were then stored at 21°C until 1 September 2020, when
they were placed outdoors in ambient temperature (Stirlingshire, UK; 56.069°N, -3.767°E) in sealed
containers under an open canopy which provided shade. After female eclosion later in winter
(December), they were killed in 75% ethanol and dissected. The potential fecundity of each
individual was measured (no. oocytes/female). To analyse the mass-fecundity relationship in these
data | fitted a general linear mixed effects model in the R v. 4.0.3 package MCMCglmm (Hadfield,
2010). | tested for differences in the mass-fecundity relationship among host-plants by allowing for a
random slope and intercept across host-plants (Model 1. Response: Fecundity; Explanatory Fixed
effects: Pupal Mass, Population; Random effect: Pupal Mass:Host-plant, with random slopes. Default
priors, 500000 iterations with 250000 burn-in, thinning every 50 iterations). Pupal mass was mean
centred at 25mg.



In addition to my own data, | used the R package metaDigitise (Pick et al., 2018) to extract the mass-
fecundity data from the relevant figures in three previous papers which measured the fecundity and
mass of winter moth individuals (Holliday, 1977; Roland and Myers, 1987; Rubtsov and Utkina,
2011). | combined these data with my own to generate an overall model and test for: (i) any
differences in the mass-fecundity relationship between winter moth populations at different
geographical sites; and, (ii) any significant difference in the mass-fecundity relationship between
studies using adult female mass or pupal mass as proxies for fecundity (Model 2. Response:
Fecundity; Explanatory Fixed effects: Pupal Mass, Dataset; Random effects: Host-plant. Default
priors, 500000 iterations with 250000 burn-in, thinning every 50 iterations).

Results and discussion

Those studies which measure female mass, rather than pupal mass, unsurprisingly find that
predicted fecundity at a mass of 25mg (the approx. mean pupal mass) is significantly higher (Holliday
=174.41 ova/female, Cls: 163.92, 184.67; Rubtsov and Utkina = 159.43, Cls: 154.18, 164.26 vs
Roland and Myers = 140.23, Cls: 133.53, 164.26; Weir = 143.68, Cls: 139.24, 148.12) (Figure A1.1).
This may be accounted for by individuals undergoing a loss of mass either during the period of
development from summer to eclosion in winter (e.g. through water loss) or during the process of
eclosion itself, which involves shedding the pupal case. As pupal/female mass increases in my data,
fecundity increases significantly (slope = 9.81, Cls: 9.26, 10.34). The mass-fecundity slope does not
differ significantly between my study and the other datasets (Holliday = 10.20, Cls: 9.46, 10.99;
Roland and Myers = 9.57, Cls: 8.88, 10.25; Rubtsov and Utkina = 9.46, Cls: 9.04, 9.89).

Taking my own data separately, point estimates of the among host-plant species variance in the
intercept (26.24, Cls: 0.00, 108.51; intercept mean-centred at 25mg) and slope (0.86, Cls: 0.00, 3.16)
of the mass-fecundity relationship are small and the lower bounds of the credible intervals approach
zero, suggesting these are non- or marginally significant. Pupal or adult female mass is therefore a
consistent predictor of potential fecundity, with no significant geographical or host-specific variation
across these data (Figure A1.1).

Estimating fitness in the winter moth

Factors such as survival, pupal mass, or development time are informative with regard to caterpillar
performance on different host-plants, but are only a few of the many facets affecting overall fitness.
Interpreting how these interact can be difficult: how does performance on a host species which
yields high mortality but high pupal mass compare with one resulting in low mortality but low final
pupal mass? ldeally, we could measure overall fitness in the field in each case, or as close an
approximation to this as possible, to infer which is the optimal host-plant. Below, | develop a metric
of absolute fitness in the winter.

Assuming the pupal mass-fecundity relationship is linear, we can predict the fecundity of a moth—a
more reliable signpost of fitness—from its pupal mass using the standard equation of a straight line:

y=mx+c
As:
Fecundity = mms * Mass + Cm¢

Where my is the posterior of the slope of pupal mass and potential fecundity found in my own data,
Mass is the pupal mass in a given treatment group, and cm¢ is the intercept of the mass-fecundity



relationship. Using the posterior distributions of each of these terms from Bayesian models of my
own data, | obtain a posterior for the predicted fecundity of an individual for a given pupal mass.

| then combine the predicted fecundity and the posterior of the probability of survival to give an
estimate of fitness:

Fitness = Fecundity * Probability of Survival
Or, more completely:
Fitness = (mms * Mass + cme) * (Survival)

The estimate of absolute fitness here is therefore given as the predicted ova per female in a given
treatment group. From the posterior distributions it is possible to calculate a mean value and 95%
HPD interval on this estimate of fitness.
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Figure Al.1. Relationship of winter moth pupal mass to potential female fecundity across (a) different studies and (b)
across different host-plants in my own data. Regression line shows mean estimates for (a) each study (Slopes: Weir =
9.81, Cls: 9.26, 10.34; Holliday = 10.20, Cls: 9.46, 10.99; Roland and Myers = 9.57, Cls: 8.88, 10.25; Rubtsov and Utkina
=9.46, CIs: 9.04, 9.89) and (b) overall in the data from this study (slope = 9.81, CIs: 9.23, 10.32). Data in (a) were
derived from Weir (this study), Holliday (1977), Roland and Myers (1987), and Rubtsov and Utkina (2011). Weir and
Roland and Myers report fresh pupal mass, while Holliday and Rubtsov and Utinka use fresh female mass. Data in (b)
were derived solely from the present study.
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Appendix 2: The effects of mixed brood cultures on the analysis of caterpillar
performance and geographical divergence

A weakness of the experimental design employed in this study was that, for the sake of logistical
simplicity, several offspring from a single brood (all offspring of one female) were reared across each
mixed brood culture of 20 individuals. This made it impossible to later identify which individual
belonged to which brood. Caterpillars from the same brood will likely be more similar to one
another in terms of their performance across host-plants than to other members of the population,
due to genetic similarity and maternal effects.

In the context of the experimental design and analysis presented here, the variance for a given
population may be under-estimated, relative to the real value in nature, because some of the
individuals within each culture are related. And, since individual identity is not tracked, this is cannot
be controlled for in the statistical analysis. In addition, where similar brood compositions are used
across different experimental treatments it may be expected to bias effects towards the null (i.e. no
effect). Alternatively, biological processes such as diversified bet-hedging among the offspring of
individual females may mean that among brood variances are small relative to among offspring
differences—in this case, we would not expect the results to be biased in the way outlined above.

For analyses conducted at the culture level (e.g. survival) it is possible to include the contributing
broods as a multi-membership random term and to estimate the brood effect, but for analyses that
must be conducted at the individual level (e.g. mass at pupation) this cannot be done. Therefore, to
assess the sensitivity of the statistical inferences presented in this study to brood effects of different
magnitudes | conducted extensive simulations.

To recap, the two main aims of this study were:

a) To quantify variation in caterpillar performance among nine host-plant species
b) To quantify host-by-population variation in caterpillar performance (suggesting geographical
divergence)

Based on the anticipated impact of among-brood variance on model parameters, it follows that if
the variation in performance among broods is substantial then this design and analysis will tend to
have a high false positive rate for detecting among population differences, and reduced power to
detect among host-plant and host-by-population effects. The aim of the simulations presented here
was to assess the sensitivity of these effects, under the focal experimental design, with different
magnitudes of among-individual and among-brood variance.

Simulated data and analyses

To explore the implications of the experimental design presented here on the expected outcome of
the analyses (variance estimates and false positive rates), | generated a simulation of the study in R
(assuming a Gaussian response) and manipulated the variance of each of the main parameters. The
data and model structure followed that used in the study, including the difference in brood number
between Edinburgh and the remaining three populations. Across simulations | assessed the
sensitivity of inferences to different magnitudes of variance among individuals, broods, populations,
host-plants, and host-by-population interactions (Table A2.1). The among culture variance was set at
0.005 for all simulations. The simulation code is provided at the end of this appendix. For each
parameter combination | conducted 500 simulations. For each of the variance terms that are critical
to the hypotheses being tested (population, host-plant, host-by-population) | quantified: the median
variance estimate across simulations to assess bias; and, the proportion of simulations returning a



significant p-value (< 0.05, based on a likelihood ratio test) to assess the false positive (type | error)
rate.

From these simulations we can see that under certain circumstances the design can produce a high
rate of false positive effects of population (Fig. A2.1). However, this only occurs in a limited set of
situations, with the severity of the issue increasing as the among-brood variation increases relative
to among-individual variation. Variance estimates have broad confidence intervals, but are generally
not significantly different from the true value in each simulation. For the remaining parameters—
including, crucially, the host-plant by population interaction term—the design and model are very
conservative. This is even the case when among-brood variation is much greater than among-
individual variation (a situation which | think unlikely to be the case in nature, and which is
inherently more likely, under this design, to produce spurious population effects).

Conclusions

Although these simulations suggest that, under some circumstances, the experimental design is
prone to false positives for an effect of population, none of the results presented in this paper show
such an effect. More importantly, the simulations demonstrate that the design and model generate
very conservative estimates of the variance and significance of both the effect of host-plant species
(Aim A) and the host-plant by population interaction (Aim B). This evidence, taken collectively,
demonstrates that this experimental design is appropriate for addressing the stated aims of this
study.



Table A2.1. Parameters used in simulations of the study design. Each combination (‘Scenario’) of among population,
among host-plant, and host-plant by population variance used in the simulations are assigned a lettered code, referred to
in Figure A2.1.

Variance
Among Among Among Among Among Host-plant:
individual females/ rearing populations  host-plants  population  Scenario
broods cultures inter.
1 1 0.05 0 0 0 a
1 1 0.05 10 0 0 b
1 1 0.05 0 10 0 c
1 1 0.05 0 0 10 d
1 1 0.05 10 10 0 e
1 1 0.05 0 10 10 f
1 1 0.05 10 0 10 g
1 1 0.05 10 10 10 h
10 1 0.05 0 0 0 a
10 1 0.05 10 0 0 b
10 1 0.05 0 10 0 c
10 1 0.05 0 0 10 d
10 1 0.05 10 10 0 e
10 1 0.05 0 10 10 f
10 1 0.05 10 0 10 g
10 1 0.05 10 10 10 h
1 10 0.05 0 0 0 a
1 10 0.05 10 0 0 b
1 10 0.05 0 10 0 c
1 10 0.05 0 0 10 d
1 10 0.05 10 10 0 e
1 10 0.05 0 10 10 f
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Figure A2.1. True and false positive rate of term significance and the variance estimates (£95%) in simulated
analyses, shown for Population term (Pop), Host-plant term (HP), and Host-plant by population interaction term
(HP:Pop). For details of each simulated scenario (lettered a to h), see Table A2.1. Each scenario is shown simulated
with four levels of among-individual and among-brood variance.



Annotated R Code for Simulations

population<-as.factor(rep(rep(1:4,each=100),9))

#populationl==Edi

tray<-as.factor(rep(1:180,each=20))

hostplant<-as.factor(rep(1:9,each=400))

female<-rep(NA,3600)
female[1:100]<-female[401:500]<-female[801:900]<-female[1201:1300]<-female[1601:1700]<-
female[2001:2100]<-female[2401:2500]<-female[2801:2900]<-female[3201:3300]<-1:100

females2<-c(126:141,126:129)

females3<-c(142:155,142:147)

females4<-c(156:174,156)

plusx<-100
female[plusx+1:100]<-female[plusx+401:500]<-female[plusx+801:900]<-female[plusx+1201:1300]<-
female[plusx+1601:1700]<-female[plusx+2001:2100]<-female[plusx+2401:2500]<-
female[plusx+2801:2900]<-female[plusx+3201:3300]<-rep(females2,5)

plusx<-200
female[plusx+1:100]<-female[plusx+401:500]<-female[plusx+801:900]<-female[plusx+1201:1300]<-
female[plusx+1601:1700]<-female[plusx+2001:2100]<-female[plusx+2401:2500]<-
female[plusx+2801:2900]<-female[plusx+3201:3300]<-rep(females3,5)

plusx<-300
female[plusx+1:100]<-female[plusx+401:500]<-female[plusx+801:900]<-female[plusx+1201:1300]<-
female[plusx+1601:1700]<-female[plusx+2001:2100]<-female[plusx+2401:2500]<-
female[plusx+2801:2900]<-female[plusx+3201:3300]<-rep(females4,5)

female<-as.factor(female)

hostbypop<-as.factor(as.numeric(as.factor(paste(hostplant, population))))

sims<-data.frame(ind=numeric(), brood=numeric(), culture=numeric(), pop=numeric(),
hp=numeric(), hp.pop=numeric(), fp_pop=numeric(), fp_hp=numeric(), fp_hp.pop=numeric(),
var_m_pop=numeric(), var_m_hp=numeric(), var_m_hp.pop=numeric(), var_|_pop=numeric(),
var_u_pop=numeric(), var_|_hp=numeric(), var_u_hp=numeric(), var_|_hp.pop=numeric(),
var_u_hp.pop=numeric())

r<-1

individualvar<-sim_data[r,1]
femalevar<-sim_data[r,2]
trayvar<-sim_data[r,3]
populationvar<-sim_datalr,4]



hostplantvar<-sim_datalr,5]
hostbypopulationvar<-sim_data[r,6]

resp<-
0+rnorm(4,0,sqrt(populationvar))[population]+rnorm(9,0,sgrt(hostplantvar))[hostplant]+rnorm(36,0,
sqrt(hostbypopulationvar))[hostbypop]+
rnorm(174,0,sgrt(femalevar))[female]+rnorm(180,0,sqrt(trayvar))[tray]+rnorm(3600,0,sqgrt(individua
Ivar))

library(Ime4)

pval_population<-c()
pval_hostplant<-c()
pval_hostbypop<-c()
varpop<-c()
varhost<-c()
varhostbypop<-c()

for (sim in 1:500){

resp<-
0+rnorm(4,0,sqrt(populationvar))[population]+rnorm(9,0,sqrt(hostplantvar))[hostplant]+rnorm(36,0,
sqrt(hostbypopulationvar))[hostbypop]+
rnorm(174,0,sqrt(femalevar))[female]+rnorm(180,0,sqrt(trayvar))[tray]+rnorm(3600,0,sqgrt(individua
Ivar))

model<-Imer(resp~1+(1|population)+(1|hostplant)+(1| hostbypop)+(1|tray))
model_nointer<-Imer(resp~1+(1|population)+(1|hostplant)+(1]|tray))
model_nohost<-Imer(resp~1+(1|population)+(1| hostbypop)+(1|tray))
model_nopop<-Imer(resp~1+(1|hostplant)+(1| hostbypop)+(1|tray))

pval_hostbypop[sim]<-anova(model, model_nointer)["Pr(>Chisq)"]1[[1]][2]
pval_hostplant[sim]<-anova(model, model_nohost)["Pr(>Chisq)"][[1]][2]
pval_population[sim]<-anova(model, model_nopop)["Pr(>Chisq)"]1[[1]][2]

varhostbypop[sim]<-VarCorr(model)Shostbypop[1]
varhost[sim]<-VarCorr(model)Shostplant[1]
varpop[sim]<-VarCorr(model)Spopulation[1]

}

par(mfrow=c(3,2))



##Plotting each effect, evaluating median estimates relative to true value, and false/true positive
rates

hist(pval_population)
hist(varpop)
abline(v= populationvar,col="red")

hist(pval_hostplant)
hist(varhost)
abline(v= hostplantvar,col="red")

hist(pval_hostbypop)
hist(varhostbypop)
abline(v= hostbypopulationvar,col="red")

##To calculate proportion f/positives

sims[nrow(sims) + 1,] = c(individualvar, femalevar, trayvar, populationvar, hostplantvar,
hostbypopulationvar, sum(pval_population<0.05)/500, sum(pval_hostplant<0.05)/500,
sum(pval_hostbypop<0.05)/500, median(varpop), median(varhost),
median(varhostbypop), quantile(varpop, c(0.05, 0.95)), quantile(varhost, c(0.05, 0.95)),
quantile(varhostbypop, ¢(0.05, 0.95)))



