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Abstract

In tree canopies, incoming solar radiation interacts with leaves and branches to generate
temperature differences within and among leaves, presenting thermal opportunities and risks for
leat-dwelling ectotherms. Although leaf biophysics and insect thermal ecology are well
understood, few studies have examined them together i single systems. We exammned
temperature variability in aspen canopies, Populus tremuloides, and its consequences for a
common herbivore, the leaffmining caterpillar Phyllocnistis populiella. We shaded leaves in the
field and measured effects on leaf temperature and larval growth and survival. We also estimated
larval thermal performance curves for feeding and growth and measured upper lethal
temperatures. Sunlit leaves directly facing the incoming rays reached the highest temperatures,
typically 3 — 8 °C above ambient air temperature. Irradiance driven increases i temperatures,
however, were transient enough that they did not alter observed growth rates of leaf miners.
Incubator and ramping experiments suggested that larval performance peaks between 25 and 32
°C and declines to zero between 35 and 40 °C, depending on duration of temperature exposure.
Upper lethal temperatures during one-hour heat shocks were 42 — 43 °C. When larvae were
active in early spring, temperatures generally were low enough to depress rates of feeding and
growth below their maxima, and only rarely did estimated mine temperatures rise beyond
optimal temperatures. Observed leaf or mine temperatures never approached larval upper lethal
temperatures. At this site during our experiments, larvae thus appeared to have a significant
thermal safety margin; the more pressing problem was inadequate heat. Detailed information on
mine temperatures and larval performance curves, however, allowed us to leverage long-term
data sets on air temperature to estimate potential future shifts in performance and longer-term

risks to larvae from lethally high temperatures. This analysis suggests that, in the past 20 years,



larval performance has often been limited by cold and that the risk of heat stress has been low.
Future warming will raise mean rates of feeding and growth but also the risk of exposure to

mjuriously or lethally high temperatures.
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Introduction

Small, terrestrial ectotherms live in climatic conditions occurring at small spatial scales
(microclimates) immediately around the organism (Pincebourde and Woods 2020), which arise
as broader-scale climates interact with objects in the local ecosystem, including plants, rocks,
soils, water, and other animals (Woods, Dillon, and Pincebourde 2015). Because the
arrangement, size, and properties of those objects can be complex, microclimatic variation can be
high, even over relatively small spatial extents. For example, variation in surface temperatures
within a few square meters may exceed variation in air temperatures at 2 m height occurring
across hundreds or thousands of kilometers (Helmuth et al. 2006; Scherrer and Korner 2010).
Similarly, steep gradients in air temperature may exist over just a few millimeters away from the
surfaces of sunlit objects (Kaspari et al. 2015; Pincebourde, Dillon, and Woods 2021; Sommer
and Wehner 2012). Quantifying these microclimatic mosaics is key to anticipating ecological
responses to environmental changes, especially given that their range can surpass the amplitude

of change at regional or global scales.

Among herbivorous insects, especially small ones immersed deeply in boundary layers,
body temperatures are strongly influenced by leaf temperatures (Pincebourde and Woods 2012;
Pincebourde, Dillon, and Woods 2021; Woods 2013). In turn, leaf temperatures are influenced
by a wide variety of climatic factors, plant structural and physiological traits (Campbell and
Norman 1998; Dong et al. 2017; Gates 1968; Nobel 1999; Perez and Feeley 2020) and insect
activities (Pincebourde and Casas 2019). Leaves of many plants exhibit a kind of ‘limited
homeothermy’ or ‘biophysical homeostasis’ (Dong et al. 2017; Linacre 1964, 1967; Michaletz et

al. 2015, 2016; Potter, Davidowitz, and Woods 2009), in which leaf temperatures (of well-



watered plants) are higher than air temperatures when the air is cool but cooler than air
temperatures when the air is warm. Limited homeothermy may provide at least some protection
from unsuitable or dangerous temperatures at both cold and hot ends of the temperature
distribution (see Potter, Davidowitz, and Woods 2009). In addition, plants often generate strong
mosaics of temperature within and among leaves (Jones 1999; Leuzinger and Korner 2007;
Pincebourde and Suppo 2016; Saudreau et al. 2017; Woods, Saudreau, and Pincebourde 2018;

Miller et al. 2021).

Solar radiation is especially important, as it can dominate local heat budgets of sunlit
objects compared to other heat-transporting processes (Gates 1980; Vogel 2009) and can drive
enormous variation in temperature —on the order of 10 to 20 °C — in microhabitats relevant to
small organisms. This is true for habitats generally (Oke 2002; Sears, Raskin, and Angilletta
2011; Stoutjesdijk 1977) and for variation within and among plants (Kaspari et al. 2015; Linacre
1967, 1964; Pincebourde and Suppo 2016; Woods, Saudreau, and Pincebourde 2018; Miller et
al. 2021). Local microclimates may be diverse enough that insects can shift their body
temperatures significantly by moving just a few centimeters (Faye et al. 2017; Pincebourde et al.
2016; Willmer 1982; Woods 2013; Woods, Dillon, and Pincebourde 2015; Pincebourde, Dillon,
and Woods 2021; Caillon et al. 2014). Another potentially important phenomenon is transient
episodes of direct solar radiation in otherwise shaded conditions (sunflecks). Sunflecks can result
m many-fold elevations in the mntensity of solar radiation arriving at surfaces. The mmplications
for leaf functions are relatively well known: sunflecks may alter the carbon balance of understory
plants, and can drive rapid, transient rises in leaf temperature to 10 — 20 °C above ambient air
temperature (Schymanski, Or, and Zwieniecki 2013). The implications of sunflecks for insects

are less well known, although some species are known to utilize them to raise their body



temperatures in otherwise cool habitats (Schultz 1998) or to avoid them in warm habitats
(Kaspari et al. 2015; Meisel 2006). The effects of sunflecks on immobile, leaf-dwelling mnsect

herbivores are largely unknown, and we hypothesize that they may constitute a valuable thermal

resource in cool environments while raising the risk of overheating in warm environments.

Insects themselves also can drive significant variation in local temperatures both by
building structures and by influencing leaf energy budgets. For example, msect feeding damage
can alter rates of leaf transpiration (Aldea et al. 2005; Cockfield and Potter 1986; Welter 2019;
Zangerl etal. 2002), which can raise or lower temperatures (Pincebourde and Casas 2019). Other
species alter local temperatures by building structures (Lill and Marquis 2007), including leaf
mines, galls, rolls, and structures made from silkked or tied leaves (Henson 1958; Pincebourde
and Casas 2006). These physiological and physical manipulations are forms of niche
construction (Odling-Smee, Laland, and Feldman 2003; Pincebourde and Casas 2019; Woods et
al. 2021). Such species typically do not thermoregulate by moving across the microclimate
mosaic but rather by modifying plant tissues to limit overheating in warm conditions or to obtain

more heat in cold conditions.

For insect herbivores, the significance of microclimatic variation depends on the
distribution of realized insect body temperatures in relation to the thermal performance curve
(Figure 1). Compared to shaded surfaces in cool locations or seasons (e.g., early spring), sunlit
surfaces can provide suitable or even optimal thermal conditions (Topt) without imposing a
significant risk of reaching critical thermal maxima (CTwmax). By contrast, in hotter locations and
times of year, sunlit surfaces may impose significant thermal risk while shaded surfaces remain
suitable if not optimal. These relative risks are also modified by whether the insect is mobile.

Mobile insects can avoid uncomfortably hot locations, and, indeed, such behaviors may mitigate



selection on high-temperature tolerance (Huey, Hertz, and Sinervo 2003; Bogert 1949; Muioz
and Bodensteiner 2019). By contrast, relatively immobile msects — leaf mmers, gall makers, stem

borers, stages that cannot move including eggs and pupae — may not be able to escape hot

conditions and may therefore experience more frequent selection on high-temperature tolerance.

Although biologists increasingly recognize that microclimatic diversity is important
(Denny et al. 2011; Kaspari et al. 2015; Pincebourde and Casas 2019; Potter, Woods, and
Pincebourde 2013; Perez and Feeley 2020), little is known about actual patterns of microclimatic
variation experienced by small ectotherms in the wild, or its consequences for organisms and
populations (Kingsolver 1979). We therefore examined a tractable terrestrial system — aspens
(Populus tremuloides) and one of its common herbivores, the aspen leaf miner (Lepidoptera:
Phyllocnistis populiella). Larval leaf miners, which spend their entire pre-adult phase on a single
aspen leaf, have little or no opportunity for behavioral thermoregulation (though some leaf
mining insects can thermoregulate over very small scales; see (Pincebourde and Casas 2006)).
Rather, they depend on choices made by their mothers (Stahlschmidt and Adamo 2013), evolve
mechanisms for tolerating more extreme temperatures, or engneer their local microclimates to
avoid risk and enhance exposure to optimal conditions (Pincebourde and Casas 2019; Ma, Ma,
and Pincebourde 2021; Woods et al. 2021). Our goals are to understand (i) temporal and spatial
(microscale) patterns of thermal variation within and among leaves and (ii) the effects of those
patterns on the thermal performance of leaf-mining caterpillars, focusing particularly on effects
on growth and risk of high-temperature njury arising from sunflecks. In addition, we evaluate
how climate warming may affect future performance and thermal risks in tree canopies
characterized by complex, highly transient radiative environments (Ma, Ma, and Pincebourde

2021).



Materials and Methods

Study site and species.

The study site was located on a privately owned, 80-hectare study site on the east side of the
Swan Valley in Western Montana (47°31'20"N, 113°40'6"W, elevation 1230 m). Historically,
vegetation at the site was consistent with the Rocky Mountain dry-mesic montane mixed conifer
forest (Vance and Luna 2017), and the primary disturbance was fire. Burns created openings in
the forest and allowed quaking aspen (Populus tremuloides), a species that grows poorly under
the shade of conifers, to persist for centuries. After the current owner purchased the property in
2004, aspen stands were dominated by a few mature stems. Fences were built around existing
aspen stands to protect them from herbivory by ungulates, which encouraged the growth of new
ramets. In suitable locations, new aspen stands were planted and fenced. After more than 10
years inside these fences, aspen ramets in both existing and planted aspen stands have flourished,

creating ideal conditions to study associations between aspens and insects like aspen leaf miners.

Aspens occur broadly across boreal North America and south along the Rocky Mountains
and the Sierra Nevada. The herbivore Phyllocnistis populiella (Lepidoptera: Gracillariidae) also
appears to be broadly distributed (Condrashoff 1964) and can occur at high densities in some
sites (Wagner et al. 2008). Adult females of P. populiella emerge from leaf litter in spring, find
males and mate, and then oviposit on young aspen leaves. The eggs subsequently sink mnto the
leaf tissue and hatch soon after leaves flush in early to mid-May. The caterpillars consume the
epidermal cell layer (lying between cuticle and mesophyll) as they grow through four instars
(Condrashoff 1964; Wagner et al. 2008), and within several weeks (depending on temperature)
they form a pupal case by foldng a small edge of the leaf over themselves, which they secure

with sikk. The pupal stage lasts for approximately one month, after which adults emerge,



typically i July. The adults persist through the summer, fall, and winter. Mortality of larvae and
pupae from predation and parasitism can be very high (> 50%) in some populations in some

years (Condrashoff' 1964); at our site, we have observed parasitism rates, by eulophid wasps, of ~

35% over three years (unpubl observations).

Because P. populiella are confined to single leaves as eggs, larvae, and pupae, they likely
cannot engage in significant behavioral thermoregulation. In addition, they occur at moderate
densities at our field site in Montana (occurring on 0 —25% of leaves in aspen saplings), and the
damage they cause (each one makes its own silvery mine, Figure 2A) is easy to spot from a
distance. At our site, a large majority of mines were on the stomatous abaxial side (underside).
This positioning contrasts with populations observed in Alaska, in which most mine damage was

on the astomatous adaxial side (Wagner, Wheeler, and Burr 2020).

Climate data collection.

In 2017, we set up a weather station (Campbell Scientific) on the MPG-North property that has
been collecting data every minute almost continuously on air temperature, relative humidity,
wind direction, and wind speed (from a WS600-UMB weather sensor) at 3.5 m height and
precipitation and solar radiation (rotating shadowband radiometer, RSR2) at 2 m height. The
station is located at 47°31°24.12”N, 113°40°20.75”W at an elevation of 1213 m, ~500 m

northwest of our main aspen study site.

Temperature and growth measurements.

Leaf temperatures were measured using thermocouples fixed to leaf surfaces, which provide high
frequency temporal time series but poor spatial coverage; and using an infrared imaging camera,

which provides high spatial resolution but poor temporal coverage. Leaf temperatures were



measured by fixing fine type-T thermocouples (0.13 mm wires) to leaves using a small strip of
clear tape placed across the unsoldered base of the thermocouple, near the leaf petiole, with the
wire tip bent so that the junction rested against the leaf surface. Thermocouples were connected
to Hobo 4-channel data loggers (UX120-014M) sampling every 5 min. Infrared images were
obtaned with a FLIR T540 camera (464 x 348 pixel, 7.5 — 14 pum sensitivity, 17 mm lens) in
either normal or macro mode. Leaf emissivity was assumed to be 0.95, and tests in which leaves
were measured simultaneously with thermocouples showed that this value gave a close match,
under a variety of conditions, between thermocouple temperature and the temperature estimated
by the camera. Leaves or mines were imaged with the infrared camera always from the same
distance (~30 cm), to avoid potential systematic shifts in estimated temperature arising from
changes in the distance between object and camera (Faye, Dangles, and Pincebourde 2016). Files
were exported nto the FLIR Tools+ software package (v 6.4.18039.1003) and analyzed using

spot and line tools.

Because it is not possible to remove larvae from mines and then to reintroduce them, we
could not measure growth rates from direct measurements of change i larval mass. We instead
estimated larval mass from mine area by constructing a mass-area calibration curve. We
collected 54 mined leaves in 2017 and 106 in 2018. Each was photographed (Nikon D7100 with
105 mm macro lens) in a standard orientation, with a ruler in the field of view, then its larva was
extracted and weighed (= 1 pg) on a Sartorus MC-5 microbalance. The area of each mine was
estimated in ImageJ (v. 1.52A) by first setting the scale of the image from the ruler then by
tracing around the mine with the polygon selection tool. Larval mass was regressed against mine

area, and the relationship was modeled using least-squares regression.

Effects of sun versus shade on leaf temperatures and caterpillar growth.



A primary goal was to estimate how solar radiation drives spatial and temporal patterns of
temperature variation across aspen canopies, and to assess the consequences of that variation for
caterpillar growth. We assessed the importance of solar radiation by comparing leaf temperatures
and caterpillar growth rates in pairs of mines, one exposed to natural light and the other

experimentally shaded.

The experiment was run twice, both times for three days. The first experiment was started
on May 21, 2018, with 16 pairs of mines. Pairs were located < 1.5 m height from the ground on
the south sides of aspen saplings at MPG North (1 pair per tree, with one mine of the pair
experimentally shaded and the other not). Leaves had steep leaf angles (hanging 45 - 90°)
vertically from their petioles with faces oriented in a wide distribution of directions. Note that
even experimentally unshaded leaves were shaded a significant fraction of the time by other parts
of the canopy. Experimental shades consisted of a rectangular piece of foil-covered plastic
mounted with a post and bracket (Figure 2D) so that direct sunlight was blocked between 9 am
and 4 pm. The other mine of the pair was exposed to natural lighting, Visual images (Olympus
Tough TG-5) were taken of each mine on the evening of the first day, then at ~12 h intervals
through the morning of May 24. Ten of 16 pairs were fitted with thermocouples as described
above. The experiment was run a second time, with new pairs of larvae, starting on May 25,

2018.

During the first experiment, light levels (lux) were measured with pendant light loggers
(Onset MX2202) hung vertically (like many leaves) facing south. The spectral response of the
loggers closely matches the sensitivity of the human eye (400 — 700 nm, peaking near 550 nm).
In addition, logger response varies as a function of angle of illumination, with response falling

off approximately as a cosine curve (highest sensitivity with incoming light orthogonal to the



sensor surface). Four pairs of loggers were mounted near four haphazardly chosen pairs of
experimental leaves, with one logger mounted above the shade (to measure unmanipulated light

levels) and the other hanging at leaf height below the shade. Larval growth rates were estimated

from images of mine area as described above.

Leaf temperature as a function of angle to the sun.

To infer the thermal diversity generated by leaf geometry variation across canopies, we
experimentally altered leaf geometry and measured surface temperature using the thermal
imaging camera. In early June 2019, individual leaves (still attached to their tree) were fixed,
using small pieces of clear tape, to the central cutout of a small rectangle of plastic. This
arrangement permitted airflow around the leaf but prevented leaf fluttering, which likely
decreases convective heat transfer between the leaf and air (Roden and Pearcy 1993); our
measurements thus provide an upper estimate for potential leaf temperatures under the conditions
prevailing on measurement days. The plastic rectangle was mounted to a camera tripod fitted
with a protractor, and the leaf was positioned initially with its face orthogonal to the sun
(designated as 0°). After waiting several minutes for leaf temperature to stabilize, we imaged it
in IR from a distance of ~30 cm. This process was repeated for angles of 30, 60, and 85° to the
sun. Leaf temperatures were extracted as the mean temperature from a linear transect across the
middle of the leaf, and excess leaf temperatures (Texcess) were calculated as Tieaf— local Tair at the

time of measurement.

Leaf temperature of mined versus unmined tissue.

Temperatures of leaf mines may differ systematically from temperatures of unmined tissues and

leaves, either because mines act as greenhouses (Pincebourde and Casas 2006) or because larva-



leaf interactions alter stomatal opening and therefore local rates of cooling by transpiration
(Pincebourde and Casas 2006, 2019). Wagner et al. (2020) examined these potential effects for
Alaskan populations and found complex effects of mines on aspen leaf transpiration. When
mines were abaxial (the stomatous side), they tended to reduce total water loss by disrupting
stomatal function, leading them to close; when mmes were adaxial (astomatous), they had no
effect on stomatal conductance but increased rates of transpiration through adaxial cuticle. Given
that most of the mines in our population are abaxial, we expected mined tissues to show lower

rates of transpiration and therefore warming.

We examined these possibilities by imaging 110 aspen leaves in IR on June 4, 2019
(between 13:30 and 15:00), of which 68 were mined. For a subset of these mined leaves (N =
42), we also imaged a nearby unmined leaf with a similar orientation from the same branch
within 60 s. For all leaves, we noted, prior to imaging, whether they were in full sun, partial
shade, or full shade. We analyzed extracted leaf temperatures in two ways. First, we compared
temperatures of mined versus unmined tissues within the same leaves. Second, to examine
whether mining affects the temperature of nearby unmined tissues on the same leaf, we

compared temperatures of unmined tissues from mmed and unmined leaves.

Upper lethal temperatures.

Customized battery-powered heating devices (built by the SensorSpace group at the Flathead
Lake Biological Station, Univ. of Montana) were used to heat shock larvae i the field without
removing them from their leaves (Figure 2B, C). Each device had an Arduino computer
controlling power to a piece of heater tape positioned inside a small, plastic box that was
clamped over a single leaf still attached to the tree. Temperature feedback was provided by a

thermistor mounted inside the box, and a small computer fan circulated air to minimize mternal



temperature gradients. The duration and severity of the heat shock was programmable, and the
computer logged the realized box temperature (1 Hz). Mine-containing leaves were positioned,
using a small piece of tape, so that larvae were directly above the box’s thermistor, and
additional measurements using fine type T thermocouples confirmed that set and measured

temperatures usually were within 0.5 °C of one another.

The devices were used to heat-shock 52 larvae m the field. Shocks were conducted
during the daytime, between 9 AM and 5 PM, for one hour at haphazardly chosen temperatures
between 38 and 48.4 °C. Heaters generally reached their set points within 5 minutes, and held
temperatures to within 0.5 °C of the set point (see Appendix S1: Figure S1). At the end of the
hour-long heat shock, the box was removed from the leaft We then marked the position of the
front of the larval mine with a small dot of black Sharpie and photographed the mine (Olympus
Tough TG-5). Mines were photographed on the two following days, and images were analyzed
to determine whether larvae constructed additional mine area beyond the marked front. Larvae
were assumed to be killed by heat shock when the mined area remained unchanged after two

days. Often larvae also showed other changes associated with death, including discoloration and

shriveling.

Thermal performance curves for growth from short-term incubator experiments.

Growth rates of larvae were measured over single 8-hour periods at different constant
temperatures. Mined leaves were collected at MPG North, and their petioles were placed into
water (N = 152 total, collected over four days to avoided generating confounding changes in leaf
characteristics). Leaves were returned the same day to the University of Montana and put
overnight into incubators set to a nighttime temperature of 10 °C. The lights came on the

following morning at 6 AM, and the daytime temperature went to one of nine temperatures (5,



10, 15, 20, 25, 30, 33, 35, 37 °C, with total N per treatment of 11, 21, 18, 27, 18, 27,9, 14, and 9,
respectively). Starting at 8 AM, leaves were removed briefly from their incubator, laid flat on a
laboratory bench under a tripod-mounted digital camera (Nikon D7100), and photographed, then
were rapidly placed back nto their experimental incubator. The imaging process was repeated
for each leaf 8 hours later. Larval mass at the beginning and end of the 8-hour growth period was
estimated from the imaged mines as described above. Mass-specific growth rates were calculated

as final minus initial mass, divided by the mitial mass and the total time between measurements.

Thermal performance curves for feeding in acutely imposed temperatures.

Feeding rates of larval miners were also measured for a range of temperatures. Larvae of leaf
miners have dorsoventrally flattened bodies and heads, with a pair of sclerotized mandibles that
they use to feed on the epidermal cell layer of their leaf. When observed through a
stereomicroscope and lit from below, ndividual bites can be seen and counted. To construct a
thermal performance curve for feeding, in 2019 we measured bite rates of 41 larvae exposed to
series of fixed temperatures. Mined leaves were detached from their tree and returned
immediately to a nearby shed in which we had set up a stereomicroscope (Nikon SMZ1500).
Leaves were mounted one ata time in one of the Sensorspace heater boxes (described above),
and ramped from room temperature through a series of higher temperatures. The lowest possible
temperatures were set by the shed temperature, which varied by day and warmed throughout any
given day (10 —20 °C). At a given temperature, larvae were given several minutes to adjust, then
bites were counted for 5 minutes. The temperature was then increased by ~ 5 °C and the process
repeated. Bite rate (per second) was estimated as number of bites divided by the total number of

seconds of observation. For individual larvae, we measured bite rate at 2 — 6 temperatures (mean



3.95), and the highest temperatures were between 35 and 42 °C. Larval mass was subsequently

estimated from mine size as described above.

Analyses.

All analyses were done using scripts written in R (v 3.6.1) (R Development Core Team 2019).
Individual analyses are described in greater detail below. Many experiments, however, involved
repeated measurements of individual larvae over time or at different temperatures. In these cases,
we generally accounted for the non-independence of data using mixed effects models
implemented in the R package n/me (Pinheiro et al. 2019). Data from the incubator growth
required additional modeling approaches (described below and in Appendix S1: Section S1) to

account for effects of larval molting on patterns of growth.

Modeling current and future thermal risks and opportunities.

The data and models described above provide information on (i) spatial and temporal patterns of
temperature variation that larvae are likely to experience in the wild and (i) thermal performance
curves for larvae, including upper limits for performance and survival. We used this information
to estimate both current risks to larvae and future risks and opportunities arising from +3 °C of

warming during climate change.

To estimate risks, we first extracted empirical distributions of Texcess (Tieaf — Tair) from
shaded and sunny leaves separately (see Figure S6). We then superimposed the extra warming
generated by the mines (+ 1 °C for shaded leaves, + 1.6 °C for sunny leaves, see Results) and
applied these distributions of temperature differences to long-term time series of air temperature.
In particular, we leveraged a long-term data set (back to 1999) from a weather station in Condon,

MT (a RAWS station on the Western Regional Climate Center network, 3.8 km WNW of the



field site, 1126 m elevation), for which mean daily air temperatures and maximum daily
temperatures were highly correlated with those we measured at MPG North during the years
2017 - 2019 (Appendix S1: Figure S7). Using these relationships, we estimated patterns of
thermal stress during May — August from 1999 — 2020. For each day of each year during the
focal period, we estimated the proportion of mines that exceeded our estimated values of CTmax

and ULT using both measured values and with +3 °C of warming.

To evaluate the magnitude of potential positive effects of warming, we used our fitted
thermal performance curve for growth to simulate mean larval growth rates over a 4-week period
from mid-May to mid-June in 2017 - 2019. We then reran the simulations with +3 °C of
warming added to each temperature trace. Because the model is stochastic, we obtained

distributions of growth rates from 10,000 model simulations.

Results

Spatial and temporal variability in leaf temperature.

During the daytime, peak illuminances outside the shades (unmanipulated leaves on the sunny
side of the tree) were about 3 — 5% higher than the illuminances under the shades (20,000 —
50,000 lux versus < 10,000 lux) (see Appendix S1: Figure S2). Over the course of the two 3-day
experimental periods, we measured leaf temperatures of 20 pairs of shaded and sun-exposed
leaves. In most pairs, leaf temperatures were similar during late evening, night, and early
morning (in some cases, shaded leaves were slightly warmer at night, probably because they
were shielded from exposure to the clear night sky). During the day, the sun-exposed leaf of each

pair was often similar in temperature to the shaded leaf, but with distinct, rapid spikes up to



temperatures 3 — 8 °C warmer than the shaded leaves (an example shown in Figure 3A). This
represents the contribution of direct sunlight to leaf temperature, with additional variability
imposed by passing clouds, changes in wind speed, and positioning of focal leaves in relation to
nearby leaves and stems. The term ‘sun-exposed’ leaf refers to its experimental status as ‘not
shaded,” which does not mean that it was necessarily fully illuminated by the sun. Indeed,
because aspen canopies are so complex, ‘sun-exposed’ leaves were often shaded by other leaves

in the canopy while being illuminated mtermittently by sunflecks.

To visualize the entire data set, we constructed density plots for each temperature trace,
and then estimated the mean and error (standard errors) within each treatment (sun or shade)
(Figure 3B, C). The densities of leaf temperatures from the sunny treatment showed an extended

right tail, corresponding to the short periods of elevated temperatures.

Environmental drivers of variation in leaf temperature.

We analyzed logged leaf temperatures in relation to data on air temperature, global horizontal
solar radiation (direct plus diffuse), and wind speed collected from the nearby weather station.
Because nighttime leaf temperatures clearly were driven by air temperature (see Figure 3A), we
focused these subsequent analyses on daytime temperatures between 9 am and 4 pm during the

periods of the two sun/shade experiments (May 22 — 28, 2018).

During the daytime, leaf temperatures increased linearly with air temperature, and, at the
highest air temperatures also showed the largest deviations to higher temperatures, reaching in a
few instances temperatures that were 10 — 15 °C warmer (Figure 4A). We analyzed these
differences using a linear mixed-effects model with air temperature and treatment (sun-exposed

or shaded) as main effects plus their interaction, and with the ID of the leaf pair as a random



factor. The intra-pair difference between sun-exposed and shaded leaves also showed a
significant positive relationship with air temperature (F1,3453=85.6, P < 0.0001). This likely
reflects that the highest air temperatures occurred in mid-afternoon when intense solar radiation
and occasional lulls in the wind combined to raise leaf temperatures significantly above local air
temperatures, especially for sun-exposed leaves (see Vogel 2009). Finally, a significant number
of leaf temperature observations were 1 — 3 °C below observed air temperatures, likely reflecting
slight cooling from transpiration by leaves in the shade. In addition, the weather station and the
main aspen site were separated by ~500 m. Given the complexity of air flowing over the
landscape, it would not be surprising if local air temperatures at the aspen site temporarily fell

several degrees below those measured at the station.

Leaf temperature also showed weak patterns in relation to global solar radiation and wind
speed (Appendix S1: Figure S3). Basic considerations of heat-exchange (Gates 1980) suggest
that both solar radiation and wind speed must nfluence leaf temperatures mteractively. In our
data set, however, their influences were small, likely because of complex microspatial effects
(shading and intra-canopy patterns of airflow), and because of spatial and temporal correlations

among environmental factors.
Leaf temperature as a function of angle to the sun.

Leaf temperatures (N = 7) were assessed on two days, June 5 and June 12, 2020, between 13:30
and 15:00. On June 5, mean air temperature was 22.3 °C (range 21.6 — 23.4), mean maximum
wind speed was 5.3 m/s (2.6 —5.8), and mean global irradiance was 661 W/m? (212 — 1138). On
June 12, mean air temperature was 26.2 °C (range 25.7 —26.6), mean maximum wind speed was
4.3 m/s (3.2 -6.1), and mean global irradiance was 759 W/m? (621 — 884). Leaf Texcess was

highest (2.5 — 6 °C) when the leaf surface was orthogonal to direct solar radiation and decreased



linearly to approximately zero as the leaf approached edge-on to the sun (angle of 85°)
(Appendix S1: Figure S4). We analyzed these data using a linear mixed-effects model, with leaf
ID as a random effect. The effect of leaf angle on Texcess was highly significant (Fi,20=112,P <

0.0001).

Leaf temperature of mined versus unmined tissue.

Infrared imaging revealed that mined tissues were significantly warmer than unmined tissues,
with the relative difference depending on level of illumination (Table 1, Figure 5). Overall,
leaves were 3.6 °C warmer in the sun than in the shade. In shaded leaves, mines were 1.0 °C
warmer than nearby unmined tissues on the same leaf, whereas in sunny leaves, mines were 1.6

°C warmer. Leaves in partial shade showed intermediate values.

To examine whether mining activity on a leaf alters the temperature of nearby unmined tissue,
we compared temperatures of unmined tissues from pairs of leaves (N = 42 pairs) positioned
near one another on the same branch and of which one was mined and the other was not.
Although light condition had effects like those observed in Figure 5, there was no difference in
temperature between unmined portions of the mined leaf and its pair that was completely
unmined (F1,37=1.30, P =0.26). These data suggest that mines and leaf-miner activity do not

mfluence the physiology (e.g., stomatal conductance) of nearby unmined tissues.

Larval size and growth rates calculated from mine areas.

Mine area and larval mass were highly correlated (Figure 6), and initial analyses showed that
there was no significant main effect of year or an interaction between year and mine area. We

therefore fit a single linear model to the pooled data (logio larval mass =0.294 + 0.992 logio



mine area, R? = 0.96). This relationship was used subsequently to estimate larval mass from

immages of mme area.
Growth rates of larvae on sun-exposed versus shaded leaves.

From the images made every morning and evening of paired mines in the sun-vs-shade
experiment, we extracted mine areas digitally and used the relationship established above (Figure
6) to estimate larval mass. Together with nformation on times that images were taken, we
estimated mass-specific larval growth rates during each half-day period during the three-day
experiment (3 evening/nights and 2 days). Preliminary analysis suggested that homoscedasticity
was improved by log-transforming both initial mass and growth rates, so log-transformed values
were used in all subsequent analyses. In addition, we excluded individuals from further analysis

if during particular intervals they effectively did not grow (defined as growth rates less than 5

ng/mg/hour).

Growth rates were highly variable (Figure 7), likely reflecting the combined effects of
many unmeasured and uncontrolled factors (leaf-to-leaf variation in nutritional content,
secondary chemistry, parasitism, etc.). In addition, larvae go through periodic molts, during
which time they do not feed or grow. Because larvae were small and partially obscured under the
leaf cuticle, we were unable to determine whether individuals were molting at given imaging
times (see analysis below of incubator growth rates for more on the effects of molting on growth
estimates). Despite these complications, larvae clearly grew more rapidly during the daytime

than at night, but sun-exposed larvae grew no faster than shaded larvae (Table 2).

Upper lethal temperatures.



Upper lethal temperatures (Figure 8) were estimated first by fitting a logistic regression model
that depicted survival as a function of mean logged temperature during the 1-hour heat shock.
Temperature was a significant predictor of outcome (z-value -3.007, P <0.005), and the
estimated LTso (temperature that killed 50% of larvae) was 42.09 + 0.43 (sem). Clearly, some
larvae experiencing lower temperatures also died, probably from other causes like diseases or
parasitoids. Alternative sources of mortality, when they are common (as they appear to be at our
field site), will have the statistical effect of biasing the estimated LTso downward (see
simulations of this effect n Appendix S1: Figure S5). A reasonable bounded estimate of the
upper lethal temperature may be the highest recorded temperature at which a larva survived (43.1

°C), and the true ULT thus lies between 42.1 and 43.1 °C.

Thermal performance curves from short-term incubator experiments.

Larval growth rates were measured from change in mine area in constant-temperature incubators
over 8 hours, using established relationships between mine area and larval mass (see Figure 6).
Using this approach, growth rates and feeding rates (measured as change in mine area per unit
time) are effectively equivalent. At any given temperature, growth rates were highly variable, but
with a clear upper limit to growth (Figure 9). The highest observed growth rate occurred at 30

°C, and growth rates were similarly high between 25 and 35 °C.

Even when accounting for initial body mass, the data were multimodal, with one of the
modes near zero across all temperature treatments (Figure 9). A likely explanation for the mode
near zero is that a fraction of the population was molting — and therefore not leaf mining — during
some or all of the 8-hour measurement period. The other mode was likely generated by

mndividuals that were not molting during this period and thus mming normally.



Because larvae were very small, we could not determine the individual states (molting or
not molting) during the measurement period. Nevertheless, it is straightforward to account for
multiple states using a mixture model, which assumes measurements are drawn from two or
more data-generating processes and for which inferences about these processes are possible even
when it is not known a priori which process generated which measurement. In our case, we
assumed there were two processes: (1) molting, in which larvae are not consuming leaf tissue
(ie., performance equals zero, regardless of temperature) and (2) non-molting, in which larvae
are consuming tissue and the amount mined is a non-negative function of temperature (ie.,
thermal performance function). For added realism, we also assumed that larvae beginning the
measurement period in one state had a chance of switching to the other. Based on these
assumptions, we formed a likelihood function and used numerical optimization to find the
parameters of the mixture model (including the thermal performance function) that maximized

the likelihood. Further details on the mixture model are in Appendix S1: Section S1.
Thermal performance curves for feeding in acutely imposed temperatures.

Preliminary analyses indicated that bite rate was positively related to larval mass (Figure 10A;
bites per second = 0.148 + 0.589 x logio larva mass, R?> =0.73, P136<0.0001). To account for
this effect, we divided estimates of bite rate by logio of body mass and plotted mass-specific bite
rate as a function of temperature (Figure 10B). Larval feeding rate increased from the lowest
temperatures (10 — 15 °C) up to a broad maximum between 20 and 32 °C, before declining
steeply at temperatures of 35 °C and above (Figure 10B). The two smallest larvae in the data set
(masses of 1.96 and 2.20 pg) had anomalously high estimated bite rates, probably because we
divided by very small logio values of mass. These two larvae were excluded as outliers from the

curve fitting described below.



To characterize the overall pattern of performance by temperature, we fit a four-

parameter version of the equation used by Deutsch et al. (Deutsch et al. 2008):

2 2
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where Zmax is the maximum performance, Topr is the temperature giving the highest
performance, o characterizes the width of the Gaussian rise from lower temperatures toward
TopTt, and CTmax identifies the temperature above Topt at which performance goes to zero. We
fit the equation using a non-linear mixed-effects approach implemented in the R package nime,
with larval ID as a random effect within Zmax. The fit identified Zmax as 0.66 (95% CI 0.59 —
0.74), Toprt as 25.5 °C (95% C122.6 —28.4), 0 as 7.77 (95% CI1 3.76 — 11.78), and CTmax as

39.9 °C (95% CI 38.5 —41.3).
Modeling current and future thermal risks to leaf miners.

Analyses of long-term records of air temperature (1999 —2020) indicate that mine temperatures
over the past several decades have rarely surpassed high temperature thresholds (CTmax =39.9
°C and ULT =42.6 °C) during the main larval growth period, from mid-May to mid-June

(Figure 11). Future climate warming, however, will result in significantly more days on which
mine temperatures exceed larval CTmax, and a few additional days on which they exceed ULT.
Our analysis showed that, during this period, there were 1 - 14 additional days per year in which
high-temperature thresholds were exceeded (average of 6). From mid-June to the end of July,
high temperatures thresholds were surpassed much more frequently, and on some days more than

50% of mine temperatures exceed CTwmax. Late season risks are magnified even more by 3 °C of



future warming, with 100% of mine temperatures predicted to exceed CTwmax on some days and
up to 50% of mines exceeding ULT. During this period, there were 2 — 16 additional days per
year in which high-temperature thresholds were exceeded (average of 8). These seasonal patterns

may explain our observations (unpublished) that leaf miner pupae, which construct pupation

chambers on leaves in June and that persist through July, have higher ULT than do larvae.

Warmer springs will also accelerate rates of feeding and growth. On average, leaf
consumption in 2017 - 2019 was 34% higher under the warming scenario (Figure 12). Future leaf
temperatures will depend on many factors, including patterns of cloud cover and hydrological
cycles —e.g., more frequent or severe droughts may reduce stomatal opening and rates of
transpiration, providing less evaporative cooling to leaves. Regardless, these simulations suggest

that rates of feeding will rise significantly, with associated increases in rates of larval growth and

earlier pupation.

Discussion

Small terrestrial ectotherms mhabit microclimates in which temporal and spatial thermal
variation can be quite different from climatic conditions at larger scales. For these organisms, the
partial decoupling of micro- from macroclimate complicates the problem of predicting potential
effects of climate change. Progress on these questions has been made in a variety of ecosystems
—notably, for mvertebrates i rocky mtertidal communities (e.g., (Denny et al. 2011; Denny,
Miller, and Harley 2006), ectothermic vertebrates in deserts (e.g., (Parlin, Schaeffer, and Jezkova
2020; Sears et al. 2016), and plants in the understory of forests (Zellweger et al. 2020). In

addition, the macroecological and evolutionary consequences of microclimatic diversity and



behavioral thermoregulation have begun to receive significant attention (Kearney, Shine, and

Porter 2009; Sunday et al. 2014).

Using a combination of lab- and field-based approaches, we exammned the thermal
ecology of an important plant-herbivore interaction. Aspen is the most broadly distributed tree
species in North America (Little 1971), occurring from Mexico to Alaska and across boreal
Canada. In this range, aspens play ecologically diverse roles (Mueggler 1988), support a broad
diversity of insect herbivores (Bailey and Whitham 2002), and employ a diverse set of secondary
compounds as defenses, especially phenolic glycosides and condensed tannins (Lindroth and St.
Clair 2013). Aspen leaf miners are only one of many Lepidoptera that attack aspen, but they
occur widely throughout the range of aspens (Condrashoff 1964) and during outbreaks can reach
high densities, damage leaves extensively, and reduce tree growth rates (Wagner et al. 2008).
They thus represent a case study that can be leveraged for insight into the thermal experiences of
other aspen-associated insects across the range of aspens. In this study, we integrated
mnformation on temporal and spatial patterns of temperature variation in aspen leaves with
information on thermal performance curves and thermal limits of aspen leaf miners. Collectively,
these data and models allow us to predict how much larval performance may shift in the future

and the frequencies with which leaf miners approach or exceed their thermal limits in current and

future climates.

Temporal and spatial patterns of temperature variation within aspen canopies at scales relevant

to leaf miners.

Leaf temperatures varied diurnally from ~5 °C at night to 20 — 30 °C during the day, largely
following diurnal variation i air temperature (see also Kingsolver, 2000). During the day,

however, leaves showed occasional brief excursions to temperatures of 3 - 8 °C above air



temperature. Similar or larger excess leaf temperatures have been observed in other species
(Pincebourde et al. 2007; Singsaas et al. 1999; Young and Smith 1979), including Populus
tremula and hybrids between P. tremula and P. tremuloides (Hiive et al. 2019). These
temperature excesses reflect that leaves are small, with little heat storage but large energy fluxes
through the component pathways of the heat budget—primarily radiation, convection (sensible
heat), and evaporation (latent heat)—such that some combinations of conditions result in rapidly
rising leaf temperatures (Hiive et al. 2019; Vogel 2009). In particular, leaves facing the sun (high
incoming solar radiation) in conditions of little or no wind (small convective losses to the air)
and with low rates of transpiration (evaporative cooling) can reach temperatures that are high

enough to damage leaf tissues or to stress or kill insects living in or on the leaves (Hiive et al.

2019; Pincebourde and Casas 2019; Singsaas et al. 1999).

In aspens, the effects of solar radiation were obscured by a suite of competing processes.
In the sun-shade experiment, sunny leaves showed frequent short excursions to temperatures up
to 8 °C above ambient air temperature (Figure 3), and leaf temperatures rose higher (Appendix
S1: Figure S4) when face-on to the sun compared to other orientations (Medina, Sobrado, and
Herrera 1978). The overall distributions of leaf temperatures, however, were similar for
experimentally unshaded and shaded leaves (Figure 3). Second, compared to other factors, global
radiation did not strongly predict leaf temperatures or temperature differences between unshaded
and shaded leaves within a pair (Appendix S1: Figure S3). These (non)effects reflect the
complexity of leaves in their natural orientation — often shaded by nearby stems and leaves even

when in the ‘unshaded’ treatment, and even when illuminated they often were oriented so that

the leaf face was far from orthogonal to the sun.



A key component of leaf heat budgets is transpiration, which cools leaves by carrying
away the latent heat of evaporation. Aspens have relatively high potential rates of transpiration,
as measured by canopy conductance estimated from eddy co-variance (Bernier et al. 2006;
Blanken et al. 1997) and sap-flow techniques (Hogg and Hurdle 1997; Loranty et al. 2008).
Realized conductance m aspens, however, depends on light levels, vapor pressure deficit, and
drought status. In particular, stomatal conductance rises linearly with incoming solar radiation
(Bernier et al. 2006). In addition, transpiration rate rises lnearly with vapor pressure deficits
between 0 and 1 kPa and then stabilizes at nearly constant values at higher vapor pressure
deficits (Hogg and Hurdle 1997; Hogg et al. 2000)—implying that stomatal conductance
declines at the high vapor pressure deficits occurring on hot, dry days. This implies further that
transpiration does not contribute increasingly to cooling aspen leaves at the highest temperatures
(Dong et al. 2017). Rather, progressive stomatal closure at high temperatures should contribute
to further warming. Finally, stomatal conductance and rates of transpiration are positively related
to soil water content (Bernier etal. 2006), suggesting that leaf temperatures should cool less
from transpiration in drier sites or during droughts. Experimentally, this effect has been observed
directly in the European aspen (P. tremula) and in hybrids between P. tremula and P.
tremuloides (Hiive et al. 2019). In this study, leaves of drought-stressed P. tremula reached
maximum temperatures that were on average 8 °C above air temperature (with extremes up to 15
°C greater). Leaf temperatures of potted hybrid plants subjected to experimental drought stress
for two weeks reached leaf temperatures up to 20 °C greater than air temperature (maximum leaf

temperatures of 44 - 45 °C), with the greatest increases on sunny, calm days.

For leaf miners, a final factor contributing to variation in temperature is the mine itself

On average, mines illuminated by direct sunlight were 1.6 °C warmer than adjacent leaf tissues



(Figure 5), but the temperatures of unmined tissues on a mine-containing leaf were no different
than temperatures of unmined leaves. These patterns indicate that mines do not have systematic
effects on nearby unmined tissues. Two mechanisms may contribute to local mine heating —
changes in how mines interact with radiation and changes in stomatal conductance of mined
tissues. In a detailed study of the biophysics of mine temperature of the apple leaf miner
(Phyllonorycter blancardella) on apple leaves (Malus communis), Pincebourde & Casas (2006)
found that, compared to unmined tissues, mined tissues absorbed greater proportions of imcoming
long-wave radiation and exhibited greater stomatal closure at high levels of incoming solar
radiation. Together, these effects led mines to warm significantly, and the authors’ biophysical
model predicted mine temperatures up to 5 °C above temperatures of nearby unmined tissues.
This deviation is larger than the mean deviation (1.6 °C) we observed in our system under field
conditions, which probably reflects differences in mine and leaf morphologies between the two
systems. For aspens, Wagner et al. (2020) showed that leaves mined abaxially (but not adaxially)
by P. populiella also exhibit stomatal closure. They did not measure energy budgets of mined

versus unmined leaves—but, all else being equal, stomatal closure should lead to mmne warming.

Current and future thermal performance and thermal risks.

A fundamental, non-thermal risk for leaf mmers is the decline of aspens i the Intermountain
West. Aspens have declined gradually through the past century with additional diebacks in recent
years (Rehfeldt, Ferguson, and Crookston 2009). The causes are diverse but include changes in
patterns of fire, ungulate browsing, competition with conifers, snowpack, drought, and
temperature (Anderegg etal. 2013; Coop et al. 2014; Kretchun et al. 2020; Rogers, Eisenberg,
and St. Clair 2013; Rogers et al. 2014; Seager, Eisenberg, and St. Clair 2013; Shinneman et al.

2013; Yang et al. 2015). A number of studies now predict that declines will accelerate as climate



change deepens (Anderegg et al. 2013; Rehfeldt, Ferguson, and Crookston 2009). For example, a
bioclimatic niche model of aspens in western North America predicts that populations will
contract over the remainder of the century due to shifts in patterns of moisture availability
mteracting with rising temperatures (Rehfeldt, Ferguson, and Crookston 2009). For aspen stands
that persist, however, data from this study provide msight mto how changing climates may alter

the thermal performance of leaf miners. The data suggest two main conclusions.

First, future warming will accelerate rates of larval feeding and growth and likely will
advance the phenology of egg-to-larva and larva-to-pupa transitions. Adult females of P.
populiella are active early in spring, emerging from protected overwintering sites in the leaf litter
to mate and lay eggs as leaves are flushing (Condrashoff 1964). A key challenge for eggs and
larvae in early spring is madequate heat. Larvae spend approximately half of their time at night,
during which temperatures i our study varied between 3 and 13 °C, low enough to strongly
depress rates of feeding (Figure 10) and growth (Figures 7, 9) (Kingsolver 2000). Leaf
temperatures during daytime were higher but still fell within the range of 15 — 30 °C, which is
below or near temperatures supporting maximal rates (25 — 32 °C). The highest measured leaf
temperatures were ~ 35 °C (including measurements from two other springs, in 2018 and 2020),
which are nearing temperatures that depress feeding and growth but still are far from the
measured ULT of 42 - 43 °C. In the moderate conditions prevailing during our experiments,
which were similar to May conditions in most years, a few degrees of warming may thus
significantly improve performance (see Figures 9, 10, 12). The fitted two-state stochastic model

(see Figure 12) suggests that +3 °C of warming will increase rates of feeding and growth by

34%.



Second, at the same time, future, warmer temperatures will also increase the probability
that mine temperatures rise above CTmax or ULT. We estimated the proportion of mines
exceeding critical thresholds based on the empirical relationships observed among leaf, mine,
and air temperatures at MPG North (Figure 11). During the main larval growth period at our
study site (mid-May to mid-June), the proportions of leaves exceeding CTmax were very low for
sun-exposed leaves and even lower for shaded leaves; proportions exceeding ULT were
exceedingly low for both leaf types. Under the +3 °C warming scenario, however, probabilities
of exceeding CTwmax were substantially higher (above 5% for shaded leaves and 20% for sunny
leaves in some years). Likewise, estimated probabilities of exceeding ULT in sunny leaves

increased from virtually zero without warming to 5 — 10% in some years.

After the main larval growth period, which ends in mid-June, the probability that mine
temperatures exceed larval thermal thresholds rises steeply in current conditions and to even
higher levels with warming. These patterns suggest strong constraints on the timing of
oviposition and growth: females must oviposit early enough in May, or larvae must growth fast
enough, to have reached the end of the growth phase by mid-June. Our data suggest that spring
warming will contribute to the latter effect: by accelerating feeding and growth, future warming
likely will result in earlier pupation, all else being equal. Warming may also drive earlier
oviposition. Condrashoff (1964), for example, showed that adult activity, including mating and
oviposition, depended on temperature and occurred most frequently at temperatures between 10
and 15 °C. If these thresholds are reached earlier in spring, oviposition may also start earlier. The
timing of vernal leaf-flushing, however, appears to be relatively temperature-insensitive (Creed
et al. 2015), suggesting potential future mismatches between adult activity and mitial leaf

availability.



Finally, will climate-driven shifts in insect herbivory contribute to aspen declines? The
answer will depend on the net effects of the temperature-dependent mnfluences outlined above.
Higher temperatures may indeed support higher insect performance and survival, larger
population sizes, and greater impacts on local aspen populations, with minimal additional
mortality from thermal stress. Alternatively, once mine temperatures regularly approach or
exceed CTmaxand ULT, climate warming likely will depress population sizes of miners and
reduce the damage they cause. We suspect that the former scenario is more likely i the coming
decades (more damage from accelerated larval growth), as even +3 °C of warming will not kill
more than 50% of the population in most years during the main larval growth period. In addition,
warmer nightimes during climate change are likely to increase rates of feeding—because
nighttime temperatures lie below the optimal temperature and therefore well below CTmax
(Barton and Schmitz 2018), suggesting a net positive impact of warming. These conclusions,
however, stem from our data on the larval phase, which is just one of four life stages -- and
population responses may depend on climate effects in other stages (Kingsolver et al. 2011;
Williams, Henry, and Sinclair 2015). Risks to pupae and adults, for example, mnclude reaching
ULT during high mid-summer temperatures and the energetic demands of prolonged
summertime exposure to elevated temperatures. Moreover, climate change may drive

phenological mismatches between aspens, leaf miners, and the parasitoid wasps that are one of

their major sources of mortality (Shah et al. 2020, Shah et al. unpublished).

Extensions: thermal opportunities and risks across time and space.

Our conclusions about thermal opportunities and risks reflect data collected at a single site in
western Montana. How significant are opportunities and risks in other places and over longer

time scales, and how will climate change alter their balance? Potential approaches to answering



this question include using biophysical models of leaf and mine temperature (for an example, see
(Pincebourde and Casas 2006) and the fealeaves package m R (Muir 2019)) or statistical models
that estimate the risk of climatic coincidences that generate unusually high leaf and mine
temperatures (Denny et al. 2009; Vogel 2009) — e.g., high air temperatures, intense solar
radiation, and very low wind speeds. At present, we lack the requisite biophysical details and
long-term climatic records to support such models. Nevertheless, elucidating responses at other
sites will require fine-scale climatic data (increasingly available) and information on variation in
the heat budgets of aspen leaves and larval thermal performance across their respective
geographic ranges. A tractable approach to this problem would be to use a space-for-time
approach — to examine larval performance in aspen stands distributed across strong spatial
gradients in abiotic conditions, ie, across latitudinal gradients within the range of aspens or

across within-drainage elevational gradients in the Rocky Mountains.
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Tables

Table 1. ANOVA summary of linear mixed-effects model examining the main effects tissue type

(mined or unmined), light condition (shade, partial shade, or full sun), and theirr mteraction for 68

leaves.

numDF denDF F P
Intercept 1 65 0.3 0.59
Tissue (mined vs 1 65 174.6 <0.0001
unmined)
Light condition 2 65 63.7 <0.0001
Tissue x light condition 2 65 4.1 0.022




Table 2. ANOVA summary of linear mixed-effects model examining the effects on logio growth
rate of initial larval mass, treatment (whether leaves were experimentally shaded or not), time of

day, and the interaction between treatment and time of day. Initial mass did not interact

significantly with other predictors and therefore interactions were not included.

numDF | denDF F P
Intercept 1 142 1346.5 <0.0001
logio Initial mass 1 142 386.8 <0.0001
Treatment (shaded or 1 27 0.2 0.65
not)
Day or night 1 142 22.4 <0.0001
Treatment % Day or night 1 142 1.8 0.18




Figure Legends.

Figure 1. (A) Thermal performance curve, showing performance rising from zero (at CTmin,
near 0 °C) to a maximum value at Toprt. Performance falls rapidly at temperatures above Topr,
reaching zero at CTwmax. (B) Distributions of locally available body temperatures (shown as
density plots) available spatially among microsites. In cold conditions (blue), e.g. in early in
spring or during cold weather, insects may be so cold that performance is strongly depressed or
approaches zero (CTwmin). Likewise, in warm conditions (red), e.g. in mid-summer or during
particularly hot weather, insects may be so hot that performance declines to zero. Mobile insects
may be able to move short distances and achieve much more favorable body temperatures,
especially if sunny and shady locations are available. Immobile nsects (pupae, or larvae that are
restricted to mines, galls, or other structures) may be able to anticipate and minimize the effects
of extreme microclimatic conditions by building structures or engineering the tissues of their

host plants.

Figure 2. Mine and larva on aspen leaf. The larva has completed feeding and growth and is
about to construct a pupation chamber on the leaf margin (A). Box containing battery and
computer that controls the heating box used to heat shock larvae (B). Close up of mined leaf and
larva nside a heating box (C). A parr of leaf mines, one shaded by a rectangle of plastic and foil

(D).

Figure 3. Temperature distributions of leaves that were experimentally shaded or not. (A)
Example trace of a pair of leaves during the first experimental period (May 22 — 25, 2018). Over
much of the diurnal cycle, temperatures of sun-exposed (orange) and shaded (gray) leaves were
similar and were driven by diurnal changes in air temperature. During the daytime, however, the

temperature of the sun-exposed leaf sometimes spiked higher. (B and C) Distributions of leaf



temperatures (shown as density plots, smoothing bandwidth = 1) for each of 10 sun-exposed
(orange lines) and 10 shaded leaves (gray lines), with means shown in black for shaded and dark
orange for exposed leaves. The bimodal shape reflects that nighttime temperatures are centered
at 10 °C and daytime temperatures at 20 °C. The daytime spikes to higher temperatures in sun-

exposed leaves are indicated by right-shifted orange lines above 25 °C.

Figure 4. (A) Leaf temperature and (B) difference in temperature between paired sun-exposed

and shaded leaves as functions of air temperature measured at a nearby weather station.

Figure 5. Temperatures of mined and unmined tissues on single leaves (N = 68) in three

different lighting conditions, shade, partial shade, and full sun.

Figure 6. Logio larval mass as a function oflogl0) mie area. For analyses, data were pooled
from 2017 (filled symbols) and 2018 (empty symbols). In 2017, we analyzed primarily larger

mines and larvae; in 2018, we extended the size ranges to include small mines and larvae.

Figure 7. (A) Box plots of mass-specific growth rates of shaded (black) or sun-exposed (orange)
larvae during five successive day-night periods (N = 55 larvae), excluding those that grew less
than 5 pg/mg/hour over the course of the experiment. (B) Growth rates of each larva in each time
period (daytime in red, nighttime in blue) plotted as a function of its mass at the beginning of the
period. Gray lines connect subsequent measurements within each larva. Those for which there

are fewer than five ponts died or disappeared during the experiment.

Figure 8. Response (alive or dead) of leaf-miner larvae subjected to a 1-h heat shock in situ in
their leaf still connected to the tree. Mortality was assessed 48 h later. To improve visibility, data
points are jittered vertically. A fitted logistic regression estimated that the LTso (temperature

killing 50% of larvae) was 42.1 °C, and the highest temperature survived was 43.1 °C.



Figure 9. Growth rates of larval P. populiella during 8 hours of exposure to constant
temperatures in incubators. Mined leaves were picked from trees at our field site the day before
and returned to the lab and held overnight at a common temperature (10 °C) before
measurements. Violin plots show the prediction densities for maximum rates (non-molting, red)
and for realized switching rates (with transitions between molting states, green), derived from the

fitted two-state model. See Appendix S1 for details.

Figure 10. The size (A) and temperature (B) dependence of bite rate by aspen leaf miners.
Larvae were observed under a stereomicroscope and bites per minute determined. (A)
Considering bite rates (N = 41 larvae) obtained just between 22 and 28 °C, larger larvae ate
significantly faster than did small larvae. (B) Larval bite rates were highest near 25 °C, with a
broad optimum, and bite rates fell to zero between 35 and 40 °C. Gray dots and lines are for
individual larvae, and the black line is the fitted thermal performance curve (N =39 larvae). The

dot and error bars near 40 °C estimate the mean and 95% CI of CTmax (39.9 °C, 38.5 — 41.3 °C).

Figure 11. Proportion of sun-exposed or experimentally shaded mines exceeding high-
temperature thresholds between 1999 and 2020. Filled dots show the proportion of mines in
which temperatures exceed thresholds when the actual daily maximum air temperatures were
used. Open dots show the proportion of mines under a warming regime, in which 3 °C was added
to the recorded daily maximum temperatures. Shaded polygons track the maximum proportion
among all years under the actual temperature scenario (dark gray) and the warmed temperature
regime (light gray). To improve clarity, proportions of zero were excluded. 4048 values are
possible for each panel (92 days each year, 22 years, 2 temperature regimes). From top-left to
bottom right, the number of values that exceed zero are 923 (23%), 2086 (52%), 493 (12%), and

1578 (39%).



Figure 12. Distributions of simulated daily leaf consumption (highly correlated with growth, see
Figure 6) by leafmining larvae based on mean hourly measured air temperatures from the
weather station at MPG-North for the years 2017 — 2019 (mid-May to mid-June only).
Simulations used the fitted two-state feeding/growth model shown in Figure 9 and described in

Appendix S1: Section S1.
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