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Abstract
1. Understanding species' habitat preferences are crucial to predict organisms'
responses to the current climate crisis. In many insects, maternal habitat selection for oviposition essentially determines offspring performance. Whether future changes in climatic conditions may generate mismatches between oviposition
preference and offspring performance, when mothers continue to prefer microhabitats that might threaten offspring survival, is an open question.
2. To address this gap, we tested if oviposition preferences of the Glanville fritillary butterfly Melitaea cinxia females put offspring at risk when plants are under
drought stress conditions. Mainly, we focus on identifying the microhabitat determinants for oviposition and the variation of conditions experienced by the sessile
offspring, using field observations from 12 populations collected over 2015–2018.
These data are combined with 10 years of larval nest and precipitation data to understand within-population patterns of habitat selection. We tested whether the
preferred microhabitats maximized the extended larval performance (i.e. overwinter survival).
3. We found that females preferentially oviposited in microhabitats with higher host
plant abundance and higher proportion of host plants with signs of drought stress.
In most years, larval nests had higher survival in these drought-stressed microhabitats. However, in an extremely dry year, only two nests survived over the
summer.
4. Our results highlight that a failure to shift habitat preference under extreme climate conditions may have drastic consequences for the survival of natural populations under changing climatic conditions.
KEYWORDS
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F I G U R E 2 Probability of nest presence for a 10-year period. Relationships of host plant abundance (a), the mean proportion of host
plants with signs of drought stress (i.e. drought stress) (b), PC1 (c) and PC2 (d) with the probability of nest presence for 2009–2018. Vertical
ticks at zero and one show nest absence and presence respectively. Solid black lines are prediction of fixed effects from the spatiotemporal
binomial model and dashed lines show 95% credibility intervals. PC, principal component
This indicates that nests are more likely to be found in microsites of

Poisson nest counts, while PC2 was negatively related to nest counts

high host plant abundance and areas that are more prone to drought

(see Table S11). This indicates that a higher abundance of nests tends

stress, on south-west facing slopes (PC1) and in shallow soils and

to be found in sites of high host plant abundance that are more prone

open canopies (PC2). The model additionally showed positive effects

to drought stress, and in shallow soils with open canopies (PC2) and

of June precipitation on nest presence, and an interaction between

flatter sites with higher vegetation (PC3).

drought stress and May precipitation. This suggests a higher probabil-

Nest observations were highly correlated in time (temporal

ity of occupancy in wet years or wet patches, but also that nests were

autocorrelation was 0.93 and 0.76 for binomial and hurdle model

more likely to be found in drought-prone microsites in drier years

respectively; Table 1; see Table S11), suggesting that females tend

(Figure 3). The credibility intervals of abundance of nectar plants and

to put nests in the same microsites year after year. Nest observa-

PC3 overlapped with zero, indicating that these variables were not

tions were significantly spatially autocorrelated (i.e. clustered) up

good predictors of nest presence/absence. In the hurdle model, zero-

to a range of 67 m in the binomial model, and 50 m in the hurdle

inflation probability was explained by the same covariates as the bi-

model.

nomial model (see Table S10). Host plant abundance, drought stress,

The same factors (host plant abundance, drought stress, PC1

June precipitation and PC3 were positively related to truncated

and PC2) were identified as having significant effects on nest

|
TA B L E 2 Posterior mean estimates (M), standard deviations
(SD) and 95% credibility intervals from binomial Integrated Nested
Laplace Approximation model on overwinter survival using nest
presence/absence data (2009–2017). Host plant abundance and
the proportion of host plants with signs of drought stress represent
mean values across 4 years of field measurement per cell (2015–
2018). Parameter values in bold are significant

Probabilty of nest
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M
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F I G U R E 3 Probability of nest presence according to May
precipitation. Relationship between mean proportion of host
plants with signs of drought stress, May precipitation, and
the probability of nest presence for 2009–2018. Solid lines
are predictions of the fixed effects from the model including
an interaction between drought stress and May precipitation.
May precipitation was divided into: dry years, which includes
precipitation values below one standard deviation of the mean;
average years, which includes values within one standard
deviation of the mean and wet years, which includes values
above one standard deviation from the mean. Vertical bars
at zero and one are observed nest absences and presences
respectively
presence in the binomial model that included per-year measures of
host plant coverage and drought stress using the 4-year data for
which these measures were available (see Table S11). This suggests

PC1

−0.06
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−0.35, 0.23
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−0.06

0.16

−0.39, 0.25

Abbreviation: PC, principal component.
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that averaging of drought stress and host plant abundance values
in the long-term model had little influence on the results. We did,

stress and PC2 on nest abundance and found a significant negative
effect of PC1 (see Table S11). Models using summer nest locations,
autumn nest locations and a mix of autumn (2015–2017) and summer nests locations (2018) provided similar results (see Table S11),

0.4

0.6

Mean drought stress

however, find some differences in estimates of nest abundance;
namely, the 4-year model found no significant effect of drought

SD

95%
credibility
interval

1.4

Intercept

0.25

Probabilty of nest survival
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F I G U R E 4 Probability of overwinter nest survival. Relationship
between the mean proportion of host plants with signs of drought
stress and overwinter nest survival for 2009–2017. Points are observed
proportions of surviving nests per cell. The solid black line is the
prediction from a spatiotemporal binomial Integrated Nested Laplace
Approximation model. Dotted lines show the 95% credibility interval

suggesting that our use of autumn nest locations from the longterm survey data can be taken to reflect nest locations during the

zero, indicating that they were not good predictors of overwinter

oviposition period.

survival.

3.4 | Effects on nest survival

4 | D I S CU S S I O N

Overwintering survival was high, with 72% of nests surviving winter

In this study, we show that female oviposition preference for micro-

over 2009–2017, and yearly survival rates ranging from 57% to 85%.

habitats with higher host plant abundance and higher proportion of

The spatiotemporal binomial model indicated that the probability of

host plants with signs of drought stress increases offspring survival

overwinter survival was positively related to the proportion of host

in normal years. However, the failure of females to shift their prefer-

plants with signs of drought stress in the cell (Table 2; Figure 4). In

ences during the summer of intense drought resulted in a dramatic

comparison, all other covariates had credibility intervals overlapping

decrease in offspring survival.

|
4.1 | Variation in host plant abundance and
drought stress
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host plants and can further select sites based on the quality of the
microhabitat (Janz, 2003). In the UK, the distribution of larval groups
of the Glanville fritillary are similarly restricted to warmer areas, as

Variance partitioning showed that most of the variation in host

the mothers prefer host plants that are warmer than the ambient

plant abundance was within populations, observed as high variation

temperature (Curtis & Isaac, 2015). This choice of warmer micro-

among cells. Meanwhile, considerable variation in the proportion

habitat can increase the performance of offspring by helping with

of host plants showing signs of drought stress occurred between

thermoregulation and increasing the metabolism, resulting in faster

years (Figure 1). In contrast, the variance component of drought

developmental times (Curtis & Isaac, 2015). We found that, in all

stress for cell was near zero. This, however, does not indicate a

years except 2018, nests in microhabitats that were more prone to

lack of variation. Rather, we found that drought stress varied so

drought stress were more likely to survive overwinter. Interestingly,

much between the four measured time points per year that there

of all the factors tested, only the drought stress affected overwinter

was no difference in cell means. This makes sense considering that

survival, and host plant abundance was not an important predictor

drought stress values tended to be low or zero during wetter time

despite the strong preference for ovipositing in areas of high host

periods and high during drier periods. Taking values from only the

plant abundance. The fact that host plant abundance was not im-

driest time period per year, we observed considerable variation

portant could indicate that there is no limitation of food resource

among cells within populations (see Figure S6). Together our re-

within these populations, and that even in microhabitats with low

sults suggest that the habitats of the Glanville fritillary in Åland

host plant abundance there is enough host to feed on. Considering

vary in space and time, with high fluctuations in the quality of host

the life cycle of the butterfly, the larval instars during the summer

plant over space and time, and high variation in the quantity of the

are still relatively small, and even though they live gregariously they

host plants in space. Furthermore, plant populations can vary in age

rarely consume large number of plants at this stage. The mater-

and size (not assessed), which can further impact the interactions

nal choice of high host plant abundance sites may also reflect the

with herbivores and their hosts (Thompson, 1988). At fine scales,

offspring needs in the following spring. At this stage the postdia-

habitat structure and topography can be essential in determining

pause larvae consume more host plants and often run out of food

both resource availability and the microclimatic conditions (Wilson

(M. Saastamoinen, pers. observ.).

et al., 2015).

Our finding that female choice and larval survival was positively linked to how prone a site is to drought stress in the field,

4.2 | Testing for oviposition site preference and
effects on larval survival

may simply result from these microhabitats being also warmer and
thus inducing faster larval development (Roy & Thomas, 2003).
However, several lines of evidence support an important role for
drought stress over local thermal conditions. First, although we

We further established the factors that determine habitat selec-

did not measure temperature of microsites directly, we did mea-

tion for oviposition. Our models showed that host plant abun-

sure several aspects of topography and vegetation that should re-

dance, drought stress, PC1 and PC2 predicted the presence of

flect local temperatures (e.g. low values of PC1 and PC2 reflected

the nests within populations, which can be linked to maternal

southwestern facing slopes with open canopies). These measures

oviposition choice. The oviposition preference within the habitat

were uncorrelated with our measure of drought stress, suggesting

increased with a higher proportion of host plant abundance and

that they fundamentally capture different aspects of the micro-

a higher proportion of host plants with signs of drought stress.

habitat or microclimate. Second, while we did find that females

Meanwhile, it increased with a higher transformed field aspect

prefer to oviposit in microsites associated with warmer thermal

(tasp) and slope corrected transformed aspect (tasl; reflected in

conditions (i.e. nest presence showed significant negative relation-

PC1) and decreased with canopy coverage and soil depth (PC2),

ships with PC1 and PC2) in addition to sites with higher host plant

suggesting that females prefer to oviposit on south-facing slopes

coverage and drought stress, neither PC1 nor PC2 were found to

and in open microhabitats with shallow soils respectively. While

be related to overwintering survival. Finally, we have some exper-

host plant abundance and PC1 predicted the number of nests

imental evidence that suggests that feeding on drought exposed

in the model including 4 years of data, host plant abundance,

host plants does, at least in some families, directly increases

drought stress and abiotic microhabitat characteristics (PC2 and

larval performance (prediapause larvae: Rosa et al., 2019 and

PC3) predicted the number of nests found in microhabitats using

postdiapause larvae: Salgado & Saastamoinen, 2019) that seems

the long-term data. This discrepancy indicates that certain factors

to even translate to increased adult performance (Salgado &

were only important in some years, or that their effects on the

Saastamoinen, 2019). Even though the impact of drought on host

number of nests are small and only detectable with more data.

plant quality was not assessed here, previous studies on other sys-

Nevertheless, our results indicate that different factors are impor-

tems have shown that plants under drought stress often accumu-

tant for determining nest presence versus nest abundance.

late nutrients, such as carbon and nitrogen, that can enhance the

Our results are in hand with previous observations that ovipos-

performance of insect herbivores (Gutbrodt, Mody, & Dorn, 2011;

iting herbivorous insects aggregate in areas with high abundance of

Mattson & Haack, 1987). We note, however, that as previous
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laboratory studies in M. cinxia (e.g. Ahola et al., 2015; Kallioniemi

The failure of females to shift their preferences during the sum-

& Hanski, 2011; Kvist et al., 2013) have shown temperature to

mer drought of 2018 had drastic results, with only two larval nests

play a central role in larval development, as expected for any ec-

surviving to autumn (instead of 87, 88 and 54 in the previous years).

totherm, it is also possible that we failed to find this relationship

The two surviving nests were found in a cell that had a mean drought

in the field because our topographic and vegetation variables cap-

stress value within the lowest quartile of all microhabitats used by

ture only a part of the local thermal conditions. Therefore, further

females that year (see Figure S13), highlighting that microhabitat can

experiments are required to validate the specific aspects of host

play an important role in buffering populations from extreme events,

plant quality and abiotic conditions that serve as cues for oviposi-

but only when accompanied by enough variation in oviposition pref-

tion and that affect offspring survival.

erences (Derhé et al., 2010; Scheffers et al., 2014). If flash drought,

We found that weather conditions played an important role in

which appears with no warning intensifies rapidly within a season

predicting the presence and number of nests. We found a posi-

(Cook et al., 2018) and starts to become more and more common in

tive relationship between June precipitation and nest presence

the next years, the entire metapopulation could be at risk. If the ma-

and count, suggesting that while females prefer dry microhab-

ternal oviposition preferences are heritable then it is possible that

itats, they also tend to lay more clutches in wetter patches or

the extreme drought could select for females that prefer to oviposit

years. This could be linked to the physiological needs of the larvae.

in slightly moister areas, which will contribute for a greater devel-

Kahilainen et al. (2018) showed that growth rates of populations

opment and survival of the offspring (Thompson & Pellmyr, 1991).

were strongly positively correlated with spring precipitation, indi-

The observed dynamics are evidence of the importance of the inter-

cating that moist conditions are important for larval development.

action between abiotic and biotic factors on habitat selection and

We note that in most years, patches that received more rain in June

the implications for the species and their ecological consequences

were also warmer on average (see Figure S12), which might suggest

under novel environmental conditions (Martin, 2001).

that a more complicated combination of temperature and moisture
determines ideal conditions for oviposition, egg hatching rates or
larval survival at early stages of development. While we found no

5 | CO N C LU S I O N S

evidence of a direct effect of May precipitation on nest presence
or count, May precipitation interacted with drought stress to in-

This study shows that females of the Glanville fritillary have strong

fluence oviposition choices. Specifically, the positive relationship

oviposition preferences linked to microhabitats with high host

between nest presence and whether the host plants within the

plant abundance and proneness to harbour drought stressed host

site were prone to drought was strongest in the driest years and

plants. In most years, these preferences appear to be adaptive as

weakest in wet years. A potential explanation for this is that host

larval nests in drought-prone microhabitats were more likely to

plants do not experience drought stress under wet conditions lead-

survive overwinter. However, with only two nests surviving in a

ing to low spatial variability within populations, and thus females

year of extreme drought, our results suggest that this preference–

have no opportunity to be choosy. May precipitation appears to be

performance can be disrupted by extreme climatic events. Sudden

important because it impacts food abundance and quality of host

and unpredictable alterations in environmental conditions (e.g.

plants in the next months, which are crucial for the development

temperature and precipitation) that consequently impact strate-

of the prediapause larvae. Another possibility is that females can

gies evolved to fine-tune maximization of individual's performance

use May precipitation as a predictor of host plant quality in the

can thus have devastating consequences. With drought becoming

future months.

more frequent and severe, number of species could be at risk be-

Crucially, our results showed that females did not shift their pref-

cause of insufficient plastic responses (Caillon et al., 2014; Cook

erences in times of extreme drought (i.e. 2018). This is surprising

et al., 2018; Roy & Thomas, 2003) allowing shifts in strategies that

as by the time mothers were ovipositing, the host plants were ex-

have become maladapted due to climate change. Such lack of varia-

tremely dry due to unusual weather conditions in May 2018 (i.e. high

tion in site preference may even play a role in the recently reported

thermal conditions combined with extremely low precipitation lev-

insect declines world-wide.

els; van Bergen et al., 2020). This may suggest that the females lack
the ability to shift their microhabitat preferences. Previous studies
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