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Abstract. The impact of warming on the persistence and distribution of ectotherms is
often forecasted from their warming tolerance, inferred as the difference between their upper
thermal limit and macroclimate temperature. Ectotherms, however, are thermally adapted to
their microclimates, which can deviate substantially from macroscale conditions. Ignoring
microclimates can therefore bias estimates of warming tolerance. We compared warming
tolerance of an insect across its ontogeny when calculated from macro- and microclimate
temperatures. We used a heat balance model to predict experienced microclimate temperatures
from macroclimate, and we measured thermal limits for several life stages. The model shows a
concomitant increase in microclimate temperatures and thermal limits across insect ontogeny,
despite the fact that they all share the same macroclimate. Consequently, warming tolerance,
as estimated from microclimate temperature, remained constant across ontogeny. When
calculated from macroclimate temperature, however, warming tolerance was overestimated by
7–108C, depending on the life stage. Therefore, errors are expected when predicting persistence
and distribution shifts of ectotherms in changing climates using macroclimate rather than
microclimate.

Key words: biophysical ecology; ectotherms; global warming; heat tolerance; herbivores; insect
ontogeny; leaf temperature; life cycle; microclimate; Phyllonorycter blancardella; upper thermal limit;
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INTRODUCTION

Not all species will experience global warming

equally. First, organisms live in microclimates, the

temperatures of which can deviate substantially from

macroclimate temperatures (Gates 1980, Angilletta

2009). Second, the physiological performance and

tolerance of organisms filters microclimate conditions,

often nonlinearly (Huey and Kingsolver 1993, Huey et

al. 2012). Consequently, the impact of warming on the

persistence and distribution of species cannot be inferred

solely from macroclimatic observations. Instead, what is

required is a mechanistic understanding of both

microclimate and the physiological tolerance of species

(Williams et al. 2008, Helmuth et al. 2010). For instance,

tropical ectotherms were predicted to suffer the most

from global warming because they already live close to

their thermal limits, whereas temperate ectotherms

would benefit from a higher warming tolerance: a larger

difference between macroclimate temperature and ther-

mal limits (Deutsch et al. 2008, Tewksbury et al. 2008).

Recently, a study showed that equilibrium body

temperatures of most ectotherms at all latitudes are

higher than both their thermal limits and ambient air

temperature (inferred as the highest monthly mean of

daily maximum air temperature), suggesting the need to

thermoregulate for the maintenance of populations

(Sunday et al. 2014). However, the importance of

microclimates is often neglected in studies on warming

tolerance of ectotherms, as we will detail (Potter et al.

2013, Scheffers et al. 2013a).

Warming tolerance (WT) is calculated as the devia-

tion between the thermal limit—e.g., the critical

maximal temperature, CTmax, or the upper lethal

temperature, ULT—and the habitat temperature, which

usually is taken as a monthly or annual average of

macroscale air temperature (Deutsch et al. 2008). On

that basis, a direct relationship between warming

tolerance and absolute latitude is expected in ectotherms

because macroclimate temperature increases from the

poles to the equator and there is no clear pattern of

CTmax or ULT over latitudes (Addo-Bediako et al.

2000, Deutsch et al. 2008, Sunday et al. 2011, Diamond

et al. 2012, Araújo et al. 2013). Frequently, this

latitudinal pattern of warming tolerance is used to

forecast potential distribution shifts in ectotherms

caused by global warming (Sunday et al. 2012). Macro-

climate temperature, however, can be uninformative

regarding the actual relationship between physiological

tolerance and latitude, because the pertinent variable

often is the microclimate temperature (Fig. 1; see Huey

et al. 2012, Sunday et al. 2014). Two lines of evidence

suggest that lack of knowledge on microclimates
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prevents a better understanding of global patterns in

thermal limits. First, studies on Drosophila show that the

physiological limit correlates with the temperature

actually experienced by the insect (Hoffmann et al.

2013). Second, microclimate variability is known to

drive thermal adaptations at the local scale along sharp

environmental gradients in rocky intertidal zones

(Stillman and Somero 2000) and in tropical forests

(Scheffers et al. 2013a, b).

Microclimate can be highly heterogeneous in space

due to the interactive influences of abiotic variables and

physical characteristics of a given habitat, such as

topography, nature of the substratum, and architecture

of the elements composing the habitat (Gates 1980,

Helmuth 1998, Kearney et al. 2010b). Deviations of

microclimates from macroscale conditions seem to be

the rule rather than the exception (e.g., Gates 1980,

Kearney et al. 2014). Fortunately, microclimate tem-

perature can be predicted using mechanistic biophysical

models. These mechanistic models operate at the

individual level, by translating macroclimate tempera-

ture into microclimate temperature and further into

performance metrics, or by calculating a threshold for

persistence from thermal limits. They operate at the

population level, too, by incorporating life histories or

energetics to predict population dynamics (Buckley et al.

2010). Biophysical ecology proposes the most integrative

approach by modeling species niches using physical laws

for heat transfer between the organism’s body and its

environment (Gates 1980), and by incorporating phys-

iological traits such as thermal limits and performance

relationships (Fig. 1; see also Kearney et al. 2010b). The

coupling of a biophysical model and physiological limits

was shown to be successful at predicting microclimatic

or body temperature patterns from climatic data and

inferring thermal stress or potentially lethal exposure in

various systems (Sunday et al. 2014), including crusta-

ceans in the intertidal zone (Helmuth et al. 2006, Denny

et al. 2009), lizards (Kearney 2013), insects (Pincebourde

et al. 2007, Kearney et al. 2010a), and mammals (Natori

and Porter 2007). Here, we applied this biophysical

modeling approach to an insect–plant relationship to

gain insight into the link between the thermal limits and

the microclimate temperatures across the life cycle of an

insect. Thermal limits can vary for each life stage in

ectotherms, but these are rarely integrated into biophys-

ical frameworks of climate change impacts (Kingsolver

et al. 2011, Briscoe et al. 2012). This comprehensive

approach is necessary, however, because the most

sensitive life stage will be the one defining the range of

sustainable variations for the species.

We compared the thermal limits and the microclimate

temperatures across the life cycle of the spotted tenti-

form leaf miner, Phyllonorycter blancardella (see Plate

1), to (1) identify the most and the least tolerant life

stages, and (2) to test the hypothesis that each stage is

thermally adapted to its microenvironment: warming

tolerance should then remain constant across insect

development, despite varying thermal limits. The larva

of this ecosystem engineer develops within apple leaf

tissues, inside a gallery called a mine. This species is

nearly sessile (i.e., a larva completes development inside

a unique mine), meaning that there is little opportunity

for behavioral thermoregulation to influence thermal

responses. The moth experiences microclimatic warming

by the end of its larval development as the mine reaches

temperatures up to 108C above ambient when in full

sunlight (Pincebourde and Casas 2006a, Pincebourde et

al. 2007). This phenomenon is caused by feeding

behavior, which both increases the portion of infrared

radiation absorbed by the mine and induces stomatal

closure, in particular during the two last larval stages.

Indeed, among the five larval stages, the first three larval

stages (L1–3) are sap-feeders and the damage that they

cause to leaf tissues is barely visible. For this reason, the

early larval stages (L1–3) were considered as equivalent

to the ‘‘egg stage’’ in this study. Therefore, we predict

that the microclimatic change increases in amplitude

between the two groups, one consisting of eggs and

larvae L1–L3, and the other consisting of the older

larval stages (L4–5) and pupae. We further hypothe-

sized that the thermal limit (ULT) of each stage follows

this microclimate trend. Thus, we compared a ‘‘habitat-

specific’’ warming tolerance, defined as the difference

between microclimate temperature and ULT, to a

‘‘naı̈ve’’ warming tolerance as derived from macro-

climate temperature and ULT (Fig. 1; see Scheffers et al.

2013a). Our approach was based on the development of

FIG. 1. Conceptual framework for studying warming
tolerance of ectotherms. Because of the lack of knowledge
about the microclimate experienced by most organisms,
warming tolerance is usually inferred from macroclimate
temperatures; warming tolerance is then called ‘‘naı̈ve’’
(Scheffers et al. 2013a). This naı̈ve approach can lead to
erroneous forecasts of distribution shifts in species range, which
are overestimated or underestimated if the microhabitat
amplifies or buffers maximal environmental temperatures,
respectively. In contrast, using microclimate temperature and
knowledge about behavioral thermoregulation strategies, one
can predict a ‘‘habitat-specific’’ warming tolerance and hence
predict a realistic distribution shift. The gray arrows indicate
the inverse approach, allowing one to estimate the microclimate
variables from thermal limits (see Discussion).
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a heat budget model to predict the temperature within a

mine from the macroclimate, the stomatal behavior, and

the damage caused by the feeding activity of the larvae

(Fig. 2 displays the different steps of our study). We first

parameterized the model with measurements of stomatal

conductance and feeding activity. Then we validated the

model by comparing predictions and experimental

measurement of mine temperatures for each life stage

(egg, L4, L5, and pupae). Finally, we combined thermal

limit measurements and model simulations to calculate

warming tolerance for each life stage across a range of

macroclimate temperatures.

METHODS

The plant and insect species

The life cycle of the spotted tentiform leaf miner

Phyllonorycter blancardella (Fabricius 1781) includes the

egg, five larval stages, the pupae, and the adult (see Plate

1). The adult lays eggs individually at the lower surface

of apple leaves. The first-stage larva (L1) penetrates leaf

tissues. The first three larval stages (L1–3) are sap-

feeders. The L3 outlines the mine within which the two

last larval stages (L4 and L5) and the pupae will further

develop. L4 and L5 are tissue-feeders. This feeding

behavior results in the formation of translucent spots at

the upper leaf surface, called feeding windows (Djemai

et al. 2000). Feeding windows are adjacent to green

patches, which correspond to the chlorophyll-containing

tissues that have not been consumed by the larva. Leaf

mines are small structures of ;1 cm2, although with a

large volume relative to L5 body size due to the

tentiform shape of the mine (Pincebourde et al. 2006).

Phyllonorycter blancardella was reared on 1–3 year-old

apple seedlings (Malus domestica, Golden cultivar) in a

greenhouse in Tours, France (47821 0 N, 0842 0 E).

Initially, populations were collected in the vicinity of

Tours in 2003 and maintained for several years. In the

greenhouse, the daily amplitude of change of conditions

was similar from day to day during spring, in particular

daily air temperature (from minimum to maximum 14.58

to 38.58C, mean 24.48C), daily relative humidity (29.5–

95%, mean 74%), and radiation load, which was up to

875 W/m2. Insects from spring generations were used in

all experiments. Apple seedlings were planted in

earthenware pots (11.5 cm in diameter) and watered

every two days. A nutritive solution was added to the

water once per month (volume fractions: 6% nitrogen,

6% P2O5, and 6% K2O).

The biophysical model of microclimate temperatures

We used a biophysical model to understand the

mechanisms underlying the microclimatic temperature

patterns over the course of leaf miner ontogeny. The

heat budget of a L5 mine was first developed by

Pincebourde and Casas (2006a). It was tested and

validated under both fully controlled experimental

conditions and field conditions (Pincebourde et al.

2007). Briefly, this model computes heat transfer

between a L5 mine and its surroundings, including (1)

radiation absorption and emission, (2) convective heat

loss, (3) conduction of heat between a mine and the

adjacent intact leaf tissues, and (4) latent heat loss

during evapotranspiration via stomata. The model first

computes the temperature of intact leaf tissues adjacent

to a mine (Campbell and Norman 1998, Nobel 1999),

and then the temperature within a mine according to

numerous parameters belonging to leaf and mine

allometries, stomatal conductance, absorbance values,

and environmental variables (Pincebourde and Casas

2006a). The parameters that vary during ontogeny

concern the radiative energy and the latent heat terms.

The latter is based on the Jarvis (1976) submodel for

stomatal conductance (see Appendix: Eqs. A.1–3).

Feeding behavior alters the optical properties of leaf

tissues, and hence absorbance values vary (Pincebourde

and Casas 2006a, b). Also, stomata in the mine

integument respond differently to environmental

FIG. 2. Workflow of the necessary steps leading to the
estimation of warming tolerance for different life stages.
Dashed boxes represent experimental measurements, gray
boxes concern the model, and solid-outlined boxes are for
model outputs. The model was parameterized using measure-
ments of maximal stomatal conductance and feeding dynamics.
Feeding dynamics measurements were necessary to estimate
absorbance values. The heat balance model was tested by
comparing predictions and microclimate temperature measure-
ments. The validated model was run to simulate microclimate
temperature to determine further warming tolerances over a
wide range of macroclimate temperatures, in combination with
measurements of thermal limits. This entire sequence of actions
was repeated for the different life cycle stages of the spotted
tentiform leaf miner, Phyllonorycter blancardella: egg, larvae
(L4, L5), and pupae.
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changes (Pincebourde et al. 2006). The parameters for

the other heat budget terms were given elsewhere

(Pincebourde and Casas 2006a). The biophysical model

was thus modified to compute the microclimatic

temperature of L4 mines and pupae. For eggs, we

considered that their microclimatic temperature match-

es the temperature of intact leaf tissues. This assump-

tion was later validated by direct temperature

measurements. We also considered that the microcli-

mates of stages L1, L2, and L3 were similar to that of

intact leaf tissues, and therefore to eggs, because at

these stages (1) the mine is not tentiform, (2) there are

no feeding windows, and (3) the mine is barely visible

from the lower leaf surface.

Feeding dynamics during insect ontogeny

Eggs and stages L1 to L3 do not make feeding

windows. Feeding behavior was recorded along the

development of L4 and L5 to test if it generates a shift

in microclimate temperature across ontogeny. We used

feeding dynamics further to parameterize the heat

budget model. Feeding was quantified by measuring

the rate of appearance of feeding windows at the mine

surface. Feeding dynamics were followed on 23 mines

from eight different apple seedlings. The mines were

held under greenhouse conditions throughout the

experiment, with a mean ambient temperature of

24.48C (see The plant and insect species). At the same

time every day, a digital picture of the upper mine

surface was taken under a binocular (zoom 53).

Pictures were analyzed in Scion Image software (Scion,

Frederick, Maryland, USA) to measure the total mine

surface area and the portion of feeding windows every

day. All plants were grown in the greenhouse through-

out the experiment, which ended when the surface area

of feeding windows remained constant, suggesting that

pupation had started. The surface area of feeding

windows was expressed as a function of the portion of

development time, which corresponds to the total

duration of L4–L5 development. A logistic regression

analysis was performed to describe the temporal

dynamics of the portion of feeding windows using

TableCurve software version 5.01 (SYSTAT 2002,

Chicago, Illinois, USA). The inflexion point of the

logistic model was used to distinguish between the two

stages L4 and L5 (Fig. 3A). From this relationship, we

inferred that the middle of stages L4 and L5 occurred

at 30% and 70% of total development time, respective-

ly.

Dynamics of absorbance during insect ontogeny

To parameterize the biophysical model, absorbance

values were estimated for all stages. Absorbance in the

FIG. 3. (A) Dynamics of the feeding windows’ surface area
as a percentage of total mine surface area across the
development of L4 and L5 larval stages, where developmental
time is expressed as a percentage of the total time needed to
achieve the L4–L5 development. The nonlinear fit is the logistic
regression model. Arrows indicate the approximate location of
the middle of the L4 and L5 stages. (B) The dynamics of mine
surface absorbance in the visible (aVIS

i ; open circles) and near
infrared (aNIR

i ; solid circles) across life stages; absorbance values
taken from Pincebourde and Casas (2006a) were obtained using
a spherical spectrometer. Measured values are indicated as

 
mean 6 SD; values in the gray bands are estimates. (C)
Dynamics of maximal stomatal conductance in the mine
integument (mean 6 SD) across life stages.
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visible (aVIS
i ) and near-infrared (aNIR

i ) ranges of the solar

spectrum are known for intact apple leaf tissues and L5

mines (Pincebourde and Casas 2006a). These values,

combined with the temporal dynamics of window

formation, were used to infer absorbance values at the

L4 and pupae stages (see Appendix). Our method

assumes that the decrease in absorbance in the visible

range is proportional to the decrease in the portion of

green patches remaining in a mine, whereas the increase

in absorbance in the near-infrared range correlates with

the increase in the portion of feeding windows.

Dynamics of stomatal conductance during insect ontogeny

The latent heat term of the biophysical model was

parameterized by measuring the maximal stomatal

conductance (gsmax
i ) at egg stage (intact leaf tissues),

and L4, L5, and pupae mines. Gas exchange was

measured with an infrared gas analyzer equipped with

a 2 3 3 cm leaf chamber system (LI-6400, LI-COR,

Lincoln, Nebraska, USA) and with an external light

source (6400-02B, LI-COR) following the method given

in Pincebourde et al. (2006); see Appendix. Leaves were

cut and scanned after measurements. Scans were

analyzed using ImageJ software version 1.47 (available

online)2 to measure mine areas in order to express

stomatal conductance per unit of transpiring surface.

Microclimate temperature measurements for

model validation

To test model predictions, we measured the microcli-

mate temperature for eggs, L4, L5, and pupae.

Environmental conditions during measurements were

typical for mines exposed to solar radiation in spring in

France (Pincebourde et al. 2007): i.e., air temperature

258C, relative humidity 65%, radiation level at leaf

surfaces ranging between 516 and 565 W/m2, and wind

velocity 0.3 m/s. Microclimatic temperatures were

recorded by placing apple seedlings containing leaf

mines in a Conviron chamber (VB 1014-A, Vötsch,

Balingen Frommern, Germany) which allowed full

control of the environment. Two metal halide lamps

(250 W; Sylvania Britelux HSI-T SX clear) mimicked the

solar spectrum. We measured microclimate tempera-

tures using fine thermocouples as in Pincebourde and

Casas (2006a); see Appendix. The chamber setup

allowed us to follow the temperature of, at best, four

leaves or mines at the same time. The same procedure

was followed each time: apple seedlings were put in the

chamber under the conditions mentioned previously,

and thermocouples were positioned. After an acclima-

tion period of 1.5 h, microclimatic temperatures were

sampled every minute for 30 minutes, and we calculated

an average over this period of the assay. We recorded

microclimatic temperatures for 10 eggs, 10 L4 mines, 13

L5 mines, and 10 pupae. We tested the validity of the

biophysical model for each leaf miner stage by

comparing the microclimatic temperature measurements

to the predictions of the model. We calculated the root

mean square of error of predictions (RMSEP) as a

quantitative estimate of model accuracy.

Upper lethal temperatures

We measured the upper lethal temperature (ULT) of

eggs, L4, L5, and pupae. ULT is defined here as the

temperature causing a mortality rate of 50% in a given

group (lethal dose, LD50) after exposure for 1 h. Both

experimental and modeling studies showed that the daily

maximal temperature experienced by the leaf miner lasts

for about 1 h (Pincebourde et al. 2007, Saudreau et al.

2013). A ramping temperature assay was applied to

simulate realistic thermal conditions (see Discussion, on

the influence of methodology on thermal limit determi-

nation). Field measurements showed that the tempera-

ture in mines exposed to solar radiation can change at a

rate of 0.378C/min, on average, with a range of 0.11–

3.358C/min (Pincebourde et al. 2007). This fast rate of

temperature increase arises when a mine is suddenly

exposed to solar radiation after being in the shade or

under cloudy conditions. The experiments were com-

pleted within the same week in spring 2004, and all

insects experienced very similar daily temperature

conditions in the greenhouse during the two weeks prior

to the tests (i.e., mean daily air temperature 25.38C,

mean daily minimum air temperature 18.18C, and mean

daily maximum air temperature 34.88C). The procedure

was to put a group of 6–13 individuals of a given stage

within the climatic chamber (VB 1014-A, Vötsch) to

measure mortality after 1 h of exposure to a given

experimental temperature. Insects were extracted from

their mines in the morning, when air temperature was

around 258C, and were put immediately into a petri dish

just before the experiment started. The petri dish was

equipped with a fine copper-constantan thermocouple

(type T, 0.2 mm in diameter; TCSA, Dardilly, France)

measuring the temperature inside the dish close to the

insects. A wet piece of cotton generated high humidity

within the sealed petri dish such that insects did not

desiccate. After an acclimation period of 15 min at 298C,

the temperature was ramped up at 0.328C/min until

reaching the experimental temperature, which was

maintained for 1 h. Survival was assessed 15 h after

the treatment; during that time, insects were conserved

within the petri dishes at 258C. The test consisted of

touching larvae and pupae with a fine needle. If alive,

they respond by moving violently, which is a defense

against parasitoids (Djemai et al. 2000). Each group was

exposed to a single temperature treatment. Overall, 461

individuals in total were processed. For each life stage,

nonlinear regression was used to estimate ULT. We

fitted a logistic dose response model using the software

TableCurve (SYSTAT), composed of four parameters

including the LD50 value (Pincebourde et al. 2007,

2008).2 http://imagej.nih.gov/ij/
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Model exploration

The biophysical model was used to reveal the

mechanisms underlying the shift in microclimate tem-

perature across leaf miner ontogeny. This exploration

focused on the impact of varying radiation level, because

it is the only environmental variable shared between the

equations describing the insect-induced modifications in

radiation and latent heat terms. The parameterized

biophysical model ran for each leaf miner stage from

radiation level 0 to 900 W/m2. The other environmental

variables were kept constant (macroclimate temperature

258C, relative humidity 65%, wind speed 0.3 m/s). The

portions of radiation corresponding to the PAR and

NIR were kept at 0.37 and 0.63, respectively (Conviron

chamber conditions). Parameters other than those

measured here are given in Pincebourde and Casas

(2006a). Finally, we back-calculated the net radiation

term, to quantify the impact of changes in absorbance

on the radiative energy acquired during each leaf miner

stage, as well as the latent energy term, to quantify the

impact of changes in stomatal behavior on the energy

lost during evapotranspiration (see relevant equations in

the Appendix).

Predicting warming tolerance across ontogeny

We used the biophysical model to quantify the

impact of macroclimate warming on microclimate

temperatures and on warming tolerance of each leaf

miner stage. First we computed microclimatic temper-

atures as a function of macroclimate temperature from

258C to 388C with a 18C increment, while keeping all

other variables constant to match natural conditions

(relative humidity 65%, radiation level 810 W/m2, ratio

VIS/NIR of 0.82). Second, we calculated the warming

tolerance of each leaf miner stage at each air

temperature increment. A ‘‘habitat-specific’’ warming

tolerance was calculated as the difference between

microclimate temperature (i.e., temperature within a

mine) and ULT for a given stage. We also calculated a

‘‘naı̈ve’’ warming tolerance for each stage, based this

time on macroclimate temperature and not on the mine

temperature, to quantify the error of prediction due to

neglecting the microclimatic component (Scheffers et

al. 2013a). A positive warming tolerance indicates that

the insect can sustain a given amplitude of warming

before 50% of the population dies. In contrast, a

negative warming tolerance suggests that the tolerance

threshold has already been exceeded.

RESULTS

Dynamics of feeding, absorbance, and stomatal

conductance across ontogeny

The combined L4 and L5 stages needed 9–12 days to

develop, with the exception of a single larva that needed

15 days. The appearance of feeding windows during

these stages followed a nonlinear relationship with time

(Fig. 3A; logistic regression model: r2 ¼ 0.90, F2, 231 ¼

1028.65, P , 10�5). The surface area of feeding windows

(SFW) increased slightly during the L4 stage. Then, the

rate of feeding window formation increased as the larva

entered the L5 stage. The consequence of this nonlin-

earity was lower absorbance of visible wavelengths, and

higher absorbance in the near infrared, as the larva

develops (Fig. 3B).

Maximal level of stomatal conductance (gsmax)

decreased over the course of the leaf miner ontogeny

(Fig. 3C; ANOVA: F3,60 ¼ 57.86, P , 0.001). While

gsmax in L4 mines and intact leaf tissues was comparable

(Tukey HSD multiple comparisons, P ¼ 0.048), the

levels dropped in L5 and pupae mines (Tukey HSD

multiple comparisons, P , 0.01 for all comparisons

involving L5 and pupae). At the pupae stage, gsmax

reached an extremely low mean level of 0.052

mol�m�2�s�1.

Validation of the microclimate temperature model

Overall, the model accurately predicted microclimate

temperatures across life stages in the mine temperature

range of 27–358C (Fig. 4; RMSEP ¼ 0.808C), although

this varied slightly between life stages, with the RMSEP

ranging from 0.588C for pupae to 0.938C for eggs (Fig.

4). Overall, microclimatic temperatures were always

higher than ambient air temperature, and they increased

across leaf miner ontogeny, despite identical environ-

mental conditions (see Appendix: Fig. A1).

Microclimatic shift across ontogeny

The biophysical model predicted an increase in

microclimate temperatures with radiation level at the

leaf surface for all stages (Fig. 5A). Eggs and L4 larvae

were predicted to experience similar microclimatic

temperatures up to 78C above ambient air (at 258C) at

high radiation level. In contrast, a much warmer

microclimate was predicted for L5 larvae (temperature

FIG. 4. Validation of the biophysical model by comparing
predicted microclimate temperatures to the microclimate
temperatures measured experimentally for the life stages: eggs
(E; circles), L4 (crosses), L5 (squares), and pupae (P; triangles).
The line indicates 1:1 equality.
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excess up to 128C) and for pupae (temperature excess up

to 158C). The net radiative energy term showed that the

mines of older stages absorb more radiative energy than

the younger stages (Fig. 5B). In addition, the latent heat

term (the energy lost during evapotranspiration) indi-

cated that the mine of L5 larvae and pupae lost much

less energy than the other stages (Fig. 5C) because of the

stomatal closure when radiation level increases (see Fig.

A2). Increased radiation absorption and lowered evapo-

transpiration both contribute to the microclimatic shift

during insect ontogeny.

Upper lethal temperature shift across ontogeny

The thermal limit (ULT) increased across ontogeny

(Fig. 6). The logistic dose response regression analysis

(P , 0.001 for all; r2 ranged from 0.97 to 0.99)

positioned the ULT (defined as LD50) at 38.078C,

38.358C, 41.868C, and 44.198C for eggs, L4, L5, and

pupae, respectively. Therefore, a given microclimate

temperature can be lethal for an early stage without

causing mortality in a later stage.

Predicting warming tolerance across ontogeny

Naı̈ve warming tolerance was larger than the habitat-

specific warming tolerance by 7–108C (Fig. 7). The naı̈ve

warming tolerance was predicted to increase, following

the change in thermal limits, across leaf miner life stages.

In contrast, our model simulations showed that the

habitat-specific warming tolerance was conserved across

developmental stages. The slope of the decrease in

warming tolerance as ambient air temperature increased

was also similar among these stages because the

microclimate temperature increases at a similar rate

with ambient warming (see Appendix: Fig. A3). All

developmental stages (egg, L4, L5, and pupae) were at

risk under high-radiation-level at air temperatures of

31–328C and above (Fig. 7).

DISCUSSION

Thermal limits are available for a large number of

species, and for several life stages in some species (Addo-

Bediako et al. 2000, Araújo et al. 2013, Scheffers et al.

2013a). Recently, these data were used to infer the

FIG. 5. Microclimate shift as function of radiation level at
the leaf surface and at ambient air temperature 258C across the
leaf miner life cycle. The biophysical functioning of a mine is
driven by the dynamics of (A) microclimate temperature, (B)
radiative energy absorbed, and (C) latent heat lost for the
different life stages: eggs (E; solid lines), L4 (dotted lines), L5
(dashed lines), and pupae (P; long-dashed lines).

FIG. 6. The shift in thermal limits across ontogeny. Survival
rate is shown as function of experienced temperature for each
life stage: eggs (E; circles), L4 (crosses), L5 (squares), and pupae
(P; triangles). The horizontal dashed line represents a 50%
survival threshold.
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warming tolerance of ectotherms across latitudes,

typically by taking the difference between thermal limits

and macroclimate temperatures (Deutsch et al. 2008,

Diamond et al. 2012, Sunday et al. 2012, Kingsolver et

al. 2013). In P. blancardella, the assessment of warming

tolerance from the thermal limits alone would suggest

that, a priori, the egg is the stage at which the species is

the most vulnerable to warming. However, we show that

the thermal limits of the leaf miner are tightly linked to

the experienced microclimate temperature instead of the

macroclimate temperature. Thermal limits and micro-

climatic temperatures increase concomitantly during

ontogeny so that all stages share the same level of

tolerance to warming. The mechanistic modeling ap-

proach has the advantage of detailing precisely the

physical and physiological consequences of warming on

microclimatic temperatures actually experienced, and

hence the vulnerability of ectotherms to climate change.

The model includes two trophic levels (the plant and the

insect) across the ontogeny of the insect, an infrequent

combination (Pincebourde and Casas 2006a).

Assumptions and simplifications are inherent to any

modeling approach. Here, the most important assump-

tion is about the setting of thermal limits, a critical step

when estimating warming tolerance (Fig. 2). The

methodology is well known to influence the determina-

tion of thermal limits (Terblanche et al. 2011, Rezende

and Santos 2012). Heating rate and exposure time are

among the main factors influencing the thermal limit

measurement (Ribeiro et al. 2012, Rezende et al. 2014).

We used a heating rate of 0.328C/min and an exposure

time of one hour for several reasons. First, these values

are representative of the microclimate temperature

patterns measured in the field (Pincebourde et al.

2007). Second, fast rates of temperature increase are

often preferred to avoid confounding effects such as

starvation (Rezende et al. 2011, Santos et al. 2011).

Third, transient exposure in our temperature assays was

more realistic than sustained exposure because maximal

temperatures within a mine in the field are normally

reached around midday, when solar radiation is high

and air temperature peaks (Pincebourde et al. 2007).

Nevertheless, the upper lethal threshold we measured

may not represent an accurate physiological limit to

prolonged exposure (.1 hour) to sublethal tempera-

tures, which may happen during heat wave events, for

example.

A second assumption is that our model focused on the

environmental conditions leading to the highest micro-

climate temperatures (daily maximum) to compute a

standardized warming tolerance for distinct life stages.

Thermal history and acclimation, however, are well

known to influence physiological limits (Terblanche et

al. 2011). Short exposure to high, but nonlethal,

temperatures tends to increase subsequent resistance of

terrestrial ectotherms to heat, although the upper

thermal limits are strongly constrained genetically

(Hoffmann et al. 2013). Furthermore, our biophysical

model excluded the possibility for phenotypic plasticity

in larvae; thermal history at a given life stage may

impact the thermal response of the subsequent stages.

For example, the temperature experienced by eggs of

Manduca sexta alters initial larval growth rate, but it has

no persistent effect across all larval stages (Potter et al.

2011). Similarly, the microclimate temperature experi-

enced during larval stages influences the adult pheno-

type and further survival and/or fitness (Crill et al. 1996,

Roberts and Feder 1999). Therefore, the effect of

thermal history across life stages in the leaf miner may

cause an increase of the upper thermal limit in the older

stages (e.g., L5, pupae), leading potentially to an

increase in warming tolerance across insect ontogeny.

Generally, however, the effect of thermal history and

short-term responses to temperature cause variations of

a few degrees in the upper thermal limit (e.g.,

Nyamukondiwa and Terblanche 2010), at best. This

remains far below the amplitude of the thermal limit

shift that we report across ontogeny of the leaf miner

(.78C).

Daily maximal microclimate temperature is probably

the most direct thermal factor influencing survival, but it

does not describe the whole interaction between climate,

microclimate, and organisms in itself. Individuals are

exposed to daily thermal fluctuations in their habitat.

Fluctuating temperatures impact several key parame-

ters, including critical maximal threshold (Paaijmans et

al. 2013), metabolic rate and molecular traits (Folguera

et al. 2011), developmental time (Kingsolver et al. 2009),

FIG. 7. Habitat-specific, well-informed warming tolerance
(upper lethal temperature, ULT, minus microclimate temper-
ature; solid lines) and naı̈ve warming tolerance (ULT minus
macroclimate temperature; dashed lines) as function of macro-
climate temperature across ontogeny: eggs (E; black lines), L4
(blue lines), L5 (green lines), and pupae (P; red lines). Positive
and negative values indicate the ranges of tolerable and critical
(gray portion) temperatures, respectively.
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feeding rate (Pincebourde et al. 2012), and population

dynamics (Estay et al. 2011, 2014). These effects of daily

fluctuating regimes are often well explained by the shape

of the nonlinear reaction norm where the upper thermal

limit is often closer to the optimum than the lower limit

(Foray et al. 2014). Predicting the effect of microclimate

variations on physiological rates, including developmen-

tal, ingestion, and assimilation rates, and ultimately on

fitness and demographic performance, therefore requires

the integration of daily fluctuations and reaction norms

including physiological limits.

The biophysical model of microclimate temperature

provides a good mechanistic understanding of the

microclimate shift in a leaf mine across its inhabitant’s

life cycle. Under identical environmental conditions in

full sunlight, the L5 mine of P. blancardella has

microclimate temperatures up to 68C above those

experienced by the eggs at the leaf surface or by young

L4 larvae. The microclimatic change in L5 mines and

pupae is related to the amount of incoming radiation

transmitted by the feeding windows (Pincebourde and

Casas 2006b). The mine surface absorbs much more

near-infrared radiation than do intact leaf tissues

(Pincebourde and Casas 2006a). In addition, the

response of stomata in the mine integument (i.e. closing

above moderate radiation levels) amplifies the warming

effect (Pincebourde et al. 2006). This microclimatic

change put this leaf miner at greater risk in warming

climates, compared to other insect species living in

microhabitats that buffer environmental extremes (Sau-

dreau et al. 2013). The feeding activity of this herbivore,

therefore, drives directly the micro-environmental con-

ditions that it experiences. Complex feedbacks between

microclimate temperature and the insect responses are

expected because the feeding dynamics may differ

according to microclimate temperature. The leaf miner

never eats more than ;50% of the total mined area,

supposedly to use the remaining tissues as a shield

PLATE 1. The life cycle of the leaf miner Phyllonorycter blancardella. The egg is deposited on the lower surface of an apple leaf.
The first three larval stages (L1–3) are sap feeders and the damage is barely visible (leaf surface image). Then, the larva starts
feeding on tissues at the fourth larval stage, creating feeding windows (white patches on the leaf surface after opening the mine).
More feeding windows appear at the fifth larval stage, as the larva eats at a faster rate. Finally, the insect pupate within the mine,
and the adult eventually emerges from its mine. The image in the center of the cycle shows two L5 mines at the apple leaf surface.
Photo credits: S. Pincebourde.
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against parasitoid attacks (Djemai et al. 2000). Feeding

more or less than this portion would increase or decrease

the temperature within a mine, respectively, but it is not

known whether this threshold shifts with environmental

conditions.

Although leaf miners are particular in that they have

an intimate relationship with plants by living inside

them, we expect a strong coupling between microhab-

itat and thermal ecology across ontogeny in externally

feeding insects as well. For example, the eggs and

young larvae of the moth Manduca sexta are protected

against heat in the desert by living at the leaf surface,

whereas older caterpillars experience higher body

temperatures by living out of the leaf boundary layer

(Woods 2013). Thermal limits are not precisely known

for all Manduca stages, but eggs are less tolerant than

larvae by about 1–28C (Casey 1976, Potter and Woods

2012). Interestingly, pupae have a lower tolerance

threshold than eggs and larvae. The pupa, however, is

found 5–30 cm deep into the soil, where the extreme

environmental temperatures are buffered (Kingsolver

et al. 2011). Each life stage is therefore specifically

adapted to its microenvironment. This exemplifies the

difficulty of laying out a general pattern on the role of

ontogeny and aging in the evolution (or acclimation)

of insect thermal tolerance (Bowler and Terblanche

2008). Various trends of thermal adaptation across

ontogeny are expected according to microclimate shifts

caused by changes in life histories occurring during

growth.

Microclimate temperatures experienced during ontog-

eny remain unknown for a vast majority of organisms

(Suggitt et al. 2011, Pincebourde and Woods 2012,

Potter et al. 2013, Caillon et al. 2014). Data on

microclimate shifts across ontogeny of ectotherms are

even more sparse (Briscoe et al. 2012, Scheffers et al.

2013a, Woods 2013). Continuous measurements of

microclimate temperatures at each locality within species

distributions, and for each life stage, are logistically

difficult. Alternatively, the known thermal limits could

be used to infer the highest microclimatic temperatures

that a species experiences during its development. Then,

this inferred microclimate pattern reflects whether the

microhabitat buffers (e.g., forest undercover; Scheffers

et al. 2013b) or amplifies (e.g., leaf surfaces; Pincebourde

and Woods 2012) the macroclimate temperature fluctu-

ations (Fig. 1). This inverse approach was used recently

to infer temperature patterns at local scales from the

distribution and thermal needs of 872 plant species

(Lenoir et al. 2013). This study revealed that the thermal

variability within 1 km2 strongly buffers the amplitude

of future global warming in Northern Europe. The

inverse approach provides a pertinent alternative to

extensive microclimate sampling for estimating micro-

climate temperatures and hence warming tolerance of

ectotherms.

Warming tolerance would appear to be a straight-

forward metric that indicates the vulnerability of

organisms to global warming (Deutsch et al. 2008,

Diamond et al. 2012). We show, however, that

accurately assessing the warming tolerance of terrestri-

al ectotherms involves more than coupling macro-

climate temperatures to thermal limits. Rather, it

involves understanding the microclimate temperatures

experienced by ectotherms (Kearney 2013). Naı̈ve

warming tolerance, which ignores microclimates

(Scheffers et al. 2013a), is likely to give erroneous

predictions on distribution shifts at the warm boundary

of species ranges, depending on the microhabitat

characteristics (Fig. 1). For example, when microcli-

mate reaches temperatures higher than macroclimate

temperature, as it is the case for leaf miners, a species

may disappear from a given geographic area even if its

thermal limit remain well above macroclimate temper-

ature. In this case, the habitat-specific warming

tolerance gives more alarming forecasts than does the

naı̈ve warming tolerance in terms of species persistence.

Conversely, species living in microhabitats that buffer

extreme macroclimate temperatures can persist in a

given geographic area despite macroclimate tempera-

ture that is already above their upper thermal limit.

And here forecasts of species persistence are less

alarming when based on the habitat-specific warming

tolerance rather than on the naı̈ve warming tolerance.

We show that the naı̈ve approach overestimated by at

least 78C (and up to 118C) the warming tolerance of the

leaf miner (Fig. 7), a bias that is half of the naı̈ve

warming tolerance expected in general for insects at

latitudes around 408 N (Deutsch et al. 2008). Fortu-

nately, an extensive suite of biophysical models is

available to simulate microclimate temperatures over

the long term for major habitats (Kearney and Porter

2009), including soil layers (Kearney et al. 2014), leaf

surfaces (Pincebourde et al. 2007), or fruit volumes

(Saudreau et al. 2009). Knowing the life histories of

each species, one could then use the adequate habitat

model for each life stage to simulate the microclimate

temperature experienced over the entire life of an

organism. These approaches are among the most

promising candidates to form the basis for predictive

mechanistic models of climate change impacts that are

needed to estimate shifts in distribution range and

species persistence in the future.
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