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Summary

1. The timing of tree flushing follows strong phenotypic and genetic clines across environmental
gradients. It may be seen as an adaptive response to abiotic (escape of spring frost and maximizing
growing season length) and biotic (escape of pest and disease) hazards. However, few studies have
investigated jointly both types of hazards.

2. We assessed exposure to both abiotic (spring frost) and biotic (powdery mildew) hazards within
and between sessile oak populations along elevation gradients, during the flushing period in several
years. For each population and phenological phenotype (early- vs. late-flushing trees), we estimated
safety margins, defined as the time period separating budburst from the hazard occurrence (spore
emission, spring frost).

3. We observed that powdery mildew phenology (initiation of spore release in spring) was less
responsive to the elevation gradient than oak phenology (budburst) and that it was not correlated
with tree phenology within populations. The spring frost and disease safety margins varied consider-
ably between oak populations as a function of elevation and within populations in relation to tree
phenological phenotype. For both hazards, safety margins decreased significantly with increasing
elevation. The safety margin for spring frost was mostly positive (i.e. escape), whereas the safety
margin for powdery mildew was mostly negative (i.e. exposure), leading to infection. The abiotic
and biotic hazards interact in opposite directions with phenology, especially at low elevations
(< 500 m) where early flushing enabled trees to escape disease while late flushing provided a higher
safety margin against late frost.

4. Synthesis. The observed patterns suggest that oak populations are better adapted to escape spring
frost than pathogen exposure all along the elevation gradient. The combination of the biotic and abi-
otic selective pressures may have contributed to the maintenance of phenological diversity within
low-elevation tree populations. As tree and pathogen respond differently to environmental cues, cli-
mate change is likely to affect the phenological (a)synchrony between host and parasite, both within
and between populations.

Key-words: abiotic and biotic hazards, flushing, phenology, plant—climate interactions, powdery
mildew, Quercus petraea, resistance, synchrony

Introduction

The timing of spring life-history events is crucial to the fit-
ness of trees in regions with seasons (Fenner 1998; Bennie
et al. 2010). In particular, the timing of flushing determines
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growing season length and is, thus, a major determinant of
growth (Dickson 1989) and survival (Morin, Viner & Chuine
2008). Many phenological studies essentially address the
question: ‘Why now, rather than earlier or later?” (Fenner
1998), particularly in the context of climate change. There is
wide agreement that environmental stresses, such as cold and
drought in seasonal environments, are a strong selective force
on the timing of life-history events in plants (Pau et al
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2011). The timing of flushing follows strong geographic pat-
terns of variation associated with elevation, latitude or longi-
tude (Conover, Duffy & Hice 2009; Kremer, Potts & Delzon
2014). Moreover, the timing of flushing may differ consider-
ably between trees from the same population (Baliuckas et al.
2005; Kremer et al. 2010; Salmela er al. 2013). Phenotypic
variation in leaf phenology can occur as a result of pheno-
typic plasticity (Kramer 1995; Vitasse et al. 2010), which
enables a single genotype to express different phenotypes in
response to environmental variations (Fordyce 2006; Whitman
& Agrawal 2009). Genetic variation is also involved (Duc-
ousso, Guyon & Kremer 1996; Jensen & Hansen 2008), at
the individual and/or population level, and this variation is
maintained by heredity (Wagner, Booth & Bagheri-Chaichian
1997; Elzinga et al. 2007; Donnelly et al. 2012).

The timing of flushing is widely considered to reflect an
evolutionary trade-off in response to two opposite abiotic
forces: adjustment to the likelihood of frost occurrence, that
is escape of freezing temperatures, to decrease the risk of
frost damage to actively growing parts of the plant, and
adjustment to the duration of the growing season, to maxi-
mize carbon assimilation and biomass production (Lockhart
1983; Leinonen & Hanninen 2002; Gomory & Paule 2011).
However, the timing of flushing in temperate trees may also
be seen as an adaptive response to biotic interactions since
susceptibility to herbivores and pathogens changes with
ontogeny (Rathcke & Lacey 1985; Fenner 1998; Tikkanen
& Julkunen-Tiitto 2003; Ghelardini & Santini 2009). Interac-
tions with pollinators, herbivores or pathogens (for instance,
escape of disease) may modulate or negate patterns of selec-
tion controlled by the physical environment (Elzinga et al.
2007; Pau et al. 2011). Moreover, a major difference
between abiotic and biotic constraints is that biotic agents,
such as insects and pathogens, can adapt to the host traits
involved in interactions, including phenology. Co-evolution-
ary processes would therefore be expected to lead to pheno-
logical synchrony between parasites and their hosts (Combes
2001; van Asch & Visser 2007).

The relative contributions of biotic and abiotic selective
forces to phenology may depend on local conditions, particu-
larly along environmental gradients (Pau et al. 2011). At high
latitudes or elevations, strong directional selection due to
freezing temperatures is expected to occur on the timing of
leaf flushing (Alberto et al. 2011; Pau er al. 2011) while pest
and disease may exert a lower pressure, due to host density
and climatic factors being less favourable for the development
of large insect and pathogen populations than at lower lati-
tudes or elevations (Busby er al. 2014). Abiotic and biotic
constraints frequently act in opposite directions on local popu-
lations, because the main physical constraints linked to low
temperatures act upstream from flushing, whereas interactions
with many insects and pathogens exert their effects after
flushing has occurred. Most investigations to date have dealt
with the relationship of either biotic or abiotic factors to phe-
nology (but see Lobo et al. 2003). There is therefore a need
for experimental investigations considering both types of fac-
tors simultaneously (Elzinga et al. 2007; Pau et al. 2011).

The aim of the study was to quantify differences in expo-
sure to both abiotic (spring frost) and biotic (powdery mil-
dew) hazards between and within populations of sessile oak
(Quercus petraea L.), during the period of flushing, along ele-
vation gradients. Previous studies along the same transects in
the Pyrenees showed considerable variability in flushing phe-
notype between populations (Vitasse et al. 2009a,b), due to
both phenotypic plasticity (Vitasse et al. 2010) and genetic
population differentiation (Vitasse et al. 2009¢; Alberto et al.
2011). Considerable phenotypic variation for leaf flushing
was also observed within populations, associated with the
maintenance of genetic diversity for this trait at local scale
(Alberto et al. 2011). This local genetic differentiation for
flushing was shown to decrease with increasing elevation
(Alberto et al. 2011). In order to assess the temporal escape
of abiotic and biotic hazards by trees, we estimated safety
margins, defined as the time period separating budburst from
the period of hazard occurrence (spore emission, spring frost).
The hypothesis that safety margins remain positive (i.e. stress
escape) and constant along the elevation gradient if popula-
tions are locally adapted to their environment was tested. We
then determined whether exposure to spring frosts and pow-
dery mildew differed within populations, as a function of
variations in individual tree phenology. We tested whether
powdery mildew and spring frost escape favours similar or
opposite phenological phenotypes (late- vs. early-flushing
trees). Finally, we assessed whether differences in the dura-
tion of exposure to powdery mildew had a noticeable effect
on tree infection rates.

Materials and methods

MODEL SYSTEM

Sessile oak is a broad-leaved deciduous tree species occurring over
most of Europe and of high environmental, cultural and economic
value. The timing of oak flushing depends mostly on temperature (Vi-
tasse et al. 2009a; Laube er al. 2013), with only a secondary role of
photoperiod (Basler & Korner 2012). Indeed, budburst follows a dor-
mancy period encompassing an endodormancy phase in early winter
which is generally released by chilling (cold) temperatures, and an ec-
odormancy phase in early spring which is sensitive to forcing (warm)
temperatures (reviewed in Lang 1987). Powdery mildew is one of the
most common fungal diseases of oaks in Europe (Mougou, Dutech &
Desprez-Loustau 2008) and the main source of biotic damage in the
study area (personal observations). Powdery mildew fungi are obli-
gate biotroph parasites, infecting photosynthetic organs (Glawe 2008).
In oaks, the disease is caused by a complex of several closely related
species: Erysiphe alphitoides, E. hypophylla, E. quercicola and Phyl-
lactinia guttata, with E. alphitoides currently highly predominant but
probably of exotic origin (Mougou, Dutech & Desprez-Loustau 2008;
Mougou-Hamdane et al. 2010). Oaks display ontogenic resistance to
powdery mildew: only young expanding leaves are susceptible to the
disease (Edwards & Ayres 1982). Like oaks, the fungus is affected
by seasonality. Oak powdery mildew mostly overwinters as chasmo-
thecia (sexual fruiting bodies acting as dormancy organs), which
release the ascospores that form the primary inoculum in spring. The
timing of ascospore release in spring was shown to be related to
winter temperature, with earlier ascospore release after milder winter
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conditions (Margais et al. 2009). Infection results in the production of
a mycelium, which produces huge numbers of conidiospores (asexual
spores) at the leaf surface. Conidiospores constitute the secondary
inoculum, with subsequent infection cycles during the course of the
season resulting in a build-up of fungal populations. The continuous
availability of susceptible leaves in an oak stand during the growing
season results both from differences in flushing time between trees
and the occurrence of several growth flushes in a tree during one sea-
son. Foliar infection causes a decrease in net photosynthesis and a
more general change in metabolism, which may affect tree growth
and survival, especially for seedlings (Hewitt & Ayres 1975; Margais
& Desprez-Loustau 2014).

STUDY AREA

The study was carried out in two valleys of the Pyrenees in southern
France (from 43°15'N, 00°44'W to 42°52'N, 00°07'E) (Vitasse et al.
2009b). A first transect was set up in the Gave valley (Hautes
Pyrénées), and a second was established in the Ossau valley
(Pyrénées Atlantiques) (Fig. 1) (Table 1). These two valleys, located
30 km apart, are parallel and display an increase in elevation from
north to south. The region is characterized by a temperate oceanic cli-
mate (see Table 2 and Fig. S1 for meteorological details). Mean
annual temperatures decrease linearly with elevation, by about
0.43 °C for every 100 m increase in elevation (mean from 2005 to
2011). In total, 14 natural established oak populations on south-facing
slopes were monitored for the different experiments, from 131 to
1630 m above sea level, in hill and mountain vegetation belts (see
Table 1). The range of elevation extended over 1499 m in the Gave
valley and 1355 m in the Ossau valley. We used the terms ‘low ele-
vation’ (< 500 m asl), ‘medium elevation’ (500-1000 m asl) and
‘high elevation’ (> 1000 m asl) to describe populations.

METEOROLOGICAL MEASUREMENTS

Air temperature was recorded with data loggers (HOBO Pro RH/
Temp, Onset Computer Corporation, Bourne, MA, USA) at each
study site (14 sites). All sensors were intercalibrated in the laboratory
before installation. At each site, sensors were installed 1.5 m above

(A
TN T

Escape of spring frost and disease in oak 3

the ground in an open area close to the studied population (10-100 m
away from the plot, at the same elevation). Sensors were protected by
a white plastic shelter, to prevent exposure to rain or direct sunlight.
Data were recorded hourly, from 1 January 2005 to 31 October 2012.
Several weather stations suffered short periods of technical failure.
Years for which spring data were missing were not considered in the
spring frost analyses.

OAK PHENOLOGY MONITORING

The timing of flushing was monitored along the two elevation gradi-
ents, for 7 years (2005-2007 and 2009-2012) on adult trees and
2 years (2011-2012) on seedlings (Table 1). In each of the 14 popu-
lations, 10-34 dominant adult trees of similar height (about 15 m)
were monitored. The mean distance between studied trees within a
population was 109 m in the Gave valley and 50 m in the Ossau val-
ley. Trees were also selected for their phenology (first assessed in
2005), with the aim of capturing the widest possible variation (i.e.
earliest and latest trees) for each population. We monitored 60-80
natural seedlings (20-30 cm high) protected in enclosed plots of 20
seedlings in the two low-elevation populations in the Gave valley.
Bud development was monitored at 10-day intervals, in each popula-
tion, from March to June. Observations were made by one or two
trained observers with binoculars (magnifying power: x10), about
15 m away from adult trees. At each date, the proportion of buds at a
given phenological stage was assessed for each adult tree (Vitasse
et al. 2009a). We considered two successive stages of interest in
terms of frost and disease damage: budburst and leaf unfolding. The
date of budburst was defined as the day on which 50% of the tree
buds had burst and the first leaves had started to emerge (first stage
of low freezing resistance) (Lenz et al. 2013). The date of leaf
unfolding was defined as the date on which the first leaves of 50% of
the buds had unfolded (beginning of the period of high susceptibility
to powdery mildew) (Edwards & Ayres 1982). For seedlings, we con-
sidered only the stage of the apical bud (i.e. budburst was the date on
which the apical bud burst and its first leaves began to emerge, and
leaf unfolding was the date on which the first leaf of the apical bud
was unfolded). The dates of the two stages were estimated, for each
selected adult tree and seedling, by linear regression between two
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Table 1. Description of the oak populations studied along the elevation gradients in the Pyrenees. We show elevation (elev, rounded to the near-

est 50 m asl), geographic coordinates (coordinates), mean spring temperature from the February 1 to the May 31 for the 2005-2007 and 2009—
2012 periods (Tmean, °C), mean number of frost events (T < 0°C) per year from the January 1 to the June 30 (nb_frost), minimum-maximum
number of trees monitored per year for phenology over seven years (pheno_tree — we selected the first and last quartiles to represent the early-

and late-flushing trees, respectively, per population and per year, for both budburst and leaf unfolding dates), number of trees studied for spore
dispersal (by filter trapping in this study over 2 years (spor_filter) or by biological trapping in a previous study (Desprez-Loustau et al. 2010) also
over 2 years (spor_biol)), number of trees studied for the scoring of infection (inf), number of seedlings studied for phenology (pheno_seedling —
one enclosed plot with one filter trap for 20 seedlings) and number of years studied for spring frost calculations (frost_years, years)

Elev Tmean Nb_ Pheno_ Spor_ Spor_ Pheno_ Frost_
Valley Site (m asl) Coordinates (°O) frost tree filter biol Inf seedling years
Gave Laveyron 150 43°45'N, 00°13'W 11.11 26 10-28 8 1 8 60-80 7
Ibos 400 43°15'N, 00°00'W 10.51 17 10-25 8 8 60 7
Adé 450 43°08'N, 00°00'W 10.37 29 10-34 1 6
Pierrefitte 650 42°56/'N, 00°03'W 9.68 27 10-22 6
Cheze 800 42°55'N, 00°02'W 8.70 36 10-25 8 1 8 7
Bourdalats 1100 42°54'N, 00°06'W 7.19 44 10-29 7
Gedre Bas 1250 42°47'N, 00°01'E 7.08 59 10-28 8 1 8 7
Geédre Haut 1350 42°47'N, 00°02'E 5.96 62 10-27 7
Péguere 1650 42°52/N, 00°07'E 4.69 58 10-27 8 1 8 4
Ossau Josbaig 250 43°15'N, 00°44'W 11.27 17 10-26 8 5
Bager 400 43°07'N, 00°32'W 11.69 18 8
Le Hourcq 850 42°54'N, 00°26'W 7.03 73 1022 8 5
Gabas 1200 42°53'N, 00°25'W 6.40 56 10-34 8 6
Artouste 1600 42°53'N, 00°24'W 4.22 78 11-15 8 7

Table 2. Meteorological details at low (Lourdes) and high (Artigues) elevation in the Pyrenees, over a period of 50 years (1931-2011 at Lourdes,
1959-2013 at Artigues) and during the study (2005-2011) (Météo France). We show winter mean temperature (Tean Winter, °C), mean number

of frost events (T < 0°C) by year from March to May at Lourdes and from April to June at Artigues (spring frost events, n) and date of the last
spring frost event (last spring frost event). Lourdes: 43°06'18"°N, 00°03’42""W, 400 m asl; Artigues: 42°55'42"N, 00°12'18"E, 1200 m asl

Tiean Winter (°C)

Spring frost events (n)

Last spring frost event

Over 50 years 2005-2011 Over 50 years 2005-2011 Over 50 years 2005-2011
Lourdes 7.0 7.9 4 April 2 March 14
Artigues 2.3 2.5 11 7 May 9 May 6

measurement campaigns. Finally, for each population, budburst and
leaf unfolding dates were calculated as the means for the adult trees
sampled. We selected the first and last quartiles as representative of
the early- and late-flushing trees, respectively, per population and per
year, for both budburst and leaf unfolding dates. Finally, the date of
leaf senescence (i.e. the time point at which 50% of the leaves of the
tree had changed colour or fallen) was monitored similarly along the
two gradients, from September to December. The canopy duration
was thus estimated as the difference in days between the date of leaf
senescence and the date of leaf unfolding.

POWDERY MILDEW PHENOLOGY MONITORING

Phenological observations focused on spore release in spring in five
Gave valley populations, assessed by passive trapping (see Table 1).
First data were acquired previously (Desprez-Loustau et al. 2010) by
using biological traps and infection counts data. In that case, young
seedlings grown in a pathogen-free environment until susceptible
stage were exposed to natural inoculum in each of the five stands
along the altitudinal gradient in 2006 and 2007. For practical reasons,
only one trap composed of 13 seedlings (approximately 200 cm? of
susceptible area), changed every 10 days, could be used at each date

and altitude from early April to the end of June (see complete
description in Desprez-Loustau et al. 2010). In order to obtain data in
more years and to tackle variation in fungal phenology within stands,
this previous study was extended in 2011 and 2012 with a modified
trapping method. Here, we used a simple trap device constituted of
Whatman® filter paper (24 cm in diameter), sprayed with Tris-EDTA
buffer (dilution 4X, pH = 8) before exposure to improve trapping
capacity and spore preservation, that was fixed on a horizontal woo-
den support, in combination with molecular specific detection of the
fungus (Schweigkofler, O’Donnell & Garbelotto 2004; Garbelotto,
Smith & Schweigkofler 2008). This allowed us to use several traps in
each site at each exposition period. In each oak stand (see Table 1),
eight traps were hanged in the canopy of trees, at a height of about
10 m above ground level. In order to take into account the possible
variation in fungal phenology linked to tree phenology, four early-
and four late-flushing trees, distributed throughout the stand, were
selected (based on 2005-2007 and 2009-2010 assessments). One trap,
fixed to a 50-cm-tall wooden stake, was also placed in each enclosed
plot of seedlings used for phenology monitoring. Filters were changed
at regular intervals (15 days on average), from March to September
in 2011, and from March to July in 2012. At the end of the exposure
period, filters were individually placed in paper bags and brought
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back to the laboratory. Upon arrival, each filter was dried at ambient
air temperature and then individually placed in a plastic bag and
stored at —80 °C until further processing. The spores were washed
off the filters, by dispensing 40 ml of Tris-EDTA buffer warmed at
65 °C into each plastic bag (Schweigkofler, O’Donnell & Garbelotto
2004; Garbelotto, Smith & Schweigkofler 2008). A spore suspension
was generated by backward and forward movements and friction.
This suspension was poured into a Falcon® 50-ml tube (washings
from 1 filter per tube). Tubes were stored at —20 °C. We concen-
trated the spores on a support that could be used for DNA extraction,
by filtering them with a filtration pump (Combisart® Systems from
Sartorius Stedim Biotech). For each tube, the spores were filtered on
a 47-mm-diameter sterile nitrocellulose membrane with 0.45-pm-
diameter pores (Sartorius Stedim Biotech), a diameter smaller than
that of the spores. The membranes were cut into two equal halves
with a scalpel, and each half was placed in a 2-ml Eppendorf® tube
with two 2-mm-diameter steel beads. The samples were lyophilized
and shaken for 2 min, at 30 Hz, in a Qiagen Tissue Lyser®. DNA
was then extracted with a kit, used according to the manufacturer’s
instructions (Invisorb® Spin Plant Mini Kit from Invitek). For the
amplification of specific fragments targeting E. alphitoides, E. querci-
cola and E. hypophylla, the oligonucleotide primers ery-F (5 CTC
AGT CGT GGC ATC TGC T 3') (Mougou-Hamdane et al. 2010)
and o-micro-rev (5’ CGC CTC CAG CCG AAA CC 3') (Heuser &
Zimmer 2002), binding to the ITS1 region of rDNA, were used for
PCR. For each sample, we used 1.5 pl of pure and 1:10-diluted DNA
extracts (to dilute out potential PCR inhibitors) for PCR. A mixture
of the following components was added to each DNA extract, for a
final volume of 20 pl: 13.55 pl of distilled water, 2 pl of 10 x PCR
buffer (Life Technologies, Karlsruhe, Germany), 1.2 pl of 25 mM
MgCl,, 0.8 pl of dNTP, 0.4 pl of each primer and 0.15 pl of Tag
DNA polymerase (Life Technologies, Karlsruhe, Germany). PCR was
performed over 45 cycles (30 s at 94 °C, 40 s at 55 °C, 50 s at
72 °C) preceded by a primary denaturation phase (3 min at 94 °C)
and followed by a terminal elongation phase (7 min at 72 °C). The
presence or absence of DNA was determined by agarose gel electro-
phoresis (2% polyacrylamide gel, migration for 25 minutes at 100 V).
In order to determine the Erysiphe species involved, two samples of
PCR products were selected per tree, from 2011 and 2012, which
were sequenced with the same oligonucleotide primers, by the Sanger
method (dye terminators), on an Applied Biosystems® 3730 sequen-
cer (Life Technologies, Karlsruhe, Germany).

Powdery mildew spores were considered to be present in a given
trap filter for a given exposure period if at least one of the four PCR
tests (2 membranes x 2 dilutions) was positive for the exposed filter.
For each positive filter, the date of trapping was defined as the date
in the middle of the filter exposure period. In each tree canopy, the
beginning of the sporulation period was defined as the date corre-
sponding to the first positive filter. For several traps, we were unable
to determine this date because some filters were absent or destroyed
due to poor weather conditions.

SAFETY MARGINS

The budburst date of a tree is not informative per se of the tree ability
to escape the impact of biotic and abiotic hazards in its local environ-
ment, since this also depends on the dates of hazard occurrence. In
order to obtain a tree-centred relevant variable, we calculated ‘safety
margins’ at tree level in each population and year as the time separat-
ing the budburst date from the date of hazard occurrence (spore emis-
sion, spring frost). The safety margin quantifies the stress escape,

Escape of spring frost and disease in oak S

with low or negative safety margins indicating a high probability of
exposure to the biotic or abiotic stress concerned and positive safety
margins indicating a high probability of escaping stress by the trees.

For abiotic hazard related to spring frost, safety margins (SMys)
were calculated as follows:

SMy¢ = Dy, — Dt

where Dy, is the budburst date of a given tree (Julian days) and Dy
is the date (in Julian days) of the last spring frost event of the tree
site. Choosing a temperature threshold to define a frost event is not
straightforward. A standard and conservative definition of a frost
event by a daily minimum temperature below 0 °C was used in sev-
eral studies (Alberto et al. 2011; Anandhi er al. 2013). However,
when assessing risks of frost damage to plants, a more relevant
threshold should refer to the temperature actually experienced by
leaves and causing physiological damage. Slightly negative tempera-
tures (around —3 °C) were defined as LT50 (lethal temperatures at
which 50% of the samples died) for oak leaves during flushing under
controlled conditions (Liepe 1993; Lenz et al. 2013; Vitasse et al.
2014b). However, in our study, in situ leaf temperature is variable in
different parts of the crown and for seedlings compared to trees. In
particular, crown temperature may be slightly colder than the temper-
ature recorded by the on-site meteorological sensors put at 1.50 m
above soil level and below a shelter (Kollas et al. 2014). We there-
fore calculated safety margins with two values: the conservative stan-
dard value of 0 °C and the —3 °C value. The same were used for all
trees, whatever the site and the phenological ranking (early versus late
flushing), in the absence of any data showing within-species genetic
differentiation for frost hardiness during flushing in oaks. The spring
frost safety margins were calculated for 13 populations along the
Gave and Ossau gradients, from 2005 to 2012 (see Table 1 for
details).

For biotic hazard related to powdery mildew, safety margins
(SM,,,) were calculated as follows:

SMpm = Dy, — (Dyy + 20)

where Dy, is the date on which powdery mildew sporulation began
(Julian days), defined for each site and year as the date for which
spores were trapped in at least 75% of the traps placed in adult trees
(as determined by observation or interpolation between two exposure
campaigns), and D), is the leaf unfolding date (Julian days) plus
20 days, to account for the period of susceptibility of young leaves to
powdery mildew (Edwards & Ayres 1982 and personal observations).
Powdery mildew safety margins were calculated for six populations
along the Gave gradient, in 2006-2007 and 2011-2012 (see Table 1
for details and Desprez-Loustau et al. (2010) for additional data for
powdery mildew sporulation dates in 2006-2007).

Finally, a safety window was estimated as the difference in days
between the date of the beginning of powdery mildew sporulation
(Dyp) and the date of the last spring frost event (Dyy).

ASSESSMENT OF POWDERY MILDEW INFECTION

Powdery mildew infection was assessed at the end of July, in five
populations in the Gave valley (2011 and 2012) and five popula-
tions in the Ossau valley (2012) (see Table 1). For the Gave valley
populations, we monitored the same trees and seedlings as were
used for spore trapping. For the Ossau valley populations, we moni-
tored four early- and four late-flushing adult trees (based on 2005—
2007 and 20092011 assessments). For each studied oak, we
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collected a single twig from each of the four cardinal points (north,
south, east and west) in the canopy, at a height of about 10 m,
with a pole pruner, when possible. Two leaves were randomly cho-
sen from the first growth cycle on each shoot (second flushes were
quite rare). The infection of each leaf was visually assessed, by
trained observers, as the percentage of the leaf area covered by
mycelium. A magnifying glass was used to facilitate this assessment
if necessary. The infection percentage per tree was calculated as the
mean infection level of the eight leaves. For the seedlings, infection
was estimated as the percentage of the leaf area covered by myce-
lium, for the whole plant.

STATISTICAL ANALYSES

We used a general linear model to test the effects of elevation,
phenological phenotype (early vs. late flushing) and their interac-
tion on frost and powdery mildew safety margins (for both seed-
lings and adult trees) (PROC GLM, SAS). For adult trees,
infection was also analysed, with a general linear model, after data
log transformation, with phenological phenotype, elevation, valley x
year interaction, valley x year x elevation interaction and phenolog-
ical phenotype x elevation interaction as effects. We carried out
Tukey’s test to compare mean infection values between sites. For
seedlings, infection was analysed as a binary variable (0: unin-
fected; 1: infected, due to the small number of seedlings infected,
with low levels of damage), with a logistic model, with
phenological phenotype, site x year interaction and site x year x
phenological phenotype interaction as effects (PROC LOGISTIC,
SAS). If interaction with phenological phenotype was found to be
significant in infection and safety margin models, separate analyses
were carried out by site. We investigated whether safety margin
was a good predictor of damage (i.e. infection), by carrying out a
general linear model analysis, by site, for both seedlings and adult
trees. The distribution of residuals was analysed by Q-Q plots, the
plotting of a distribution histogram, skewness, kurtosis and Shap-
iro-Wilk tests (PROC UNIVARIATE, SAS) and by comparisons
of predicted vs. observed data plots, to check the validity of the
models. The correlation between leaf unfolding and the start of
powdery mildew sporulation dates within populations was analysed
by calculating a Pearson’s correlation coefficient from the
centred-reduced values per tree (mean and standard deviation calcu-
lated for each site and year) (PROC CORR, SAS). For compari-
sons of sporulation start dates between seedlings and trees, we
used a general linear model per year and per elevation. All statisti-
cal analyses were performed with sas 9.2 software (SAS Institute
Inc. 2011).

Results

PHENOLOGICAL VARIATIONS WITHIN AND BETWEEN
POPULATIONS

The dates of budburst and leaf unfolding were strongly corre-
lated (slope = 1.009, » = 0.99, P < 0.0001), with a mean of
4 days between the two dates. The mean dates of leaf unfold-
ing and sporulation at population level were significantly and
positively correlated with elevation (Table 3; see Fig. 2, for
example). However, the pattern of change in phenology with
elevation differed considerably between oak and powdery mil-
dew: oak had a much stronger response to elevation (leaf
unfolding delayed by 3.3 days per 100 m increase in eleva-
tion) than powdery mildew (0.6 days.100 m~") (Table 3).
The canopy duration was significantly negatively correlated
with elevation (—4.5 days.100 m ) (Table 3).
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Fig. 2. Synchrony between spring frost events, powdery mildew
sporulation and oak phenology. The mean date of sessile oak leaf
unfolding (error bars representing the difference between the first and
the last dates of leaf unfolding), dates of spring frost events (negative
daily minimum temperature) and the beginning of the powdery mil-
dew sporulation period (funnels) at five sites along the Gave elevation
gradient in 2011 are represented. The funnels start on the date at
which the first spores were trapped on a tree within a population. The
width of the funnels then represents the numbers of spores in the oak
populations, based on a semi-quantitative method and PCR results.
The funnels stop when spore levels peak, these levels then remaining
constant for the rest of the season. Stars: spring frost events; open cir-
cles: leaf unfolding.

Table 3. Linear regressions between the timing of leaf unfolding, the timing of sporulation, canopy duration (CD), spring frost (SMgs) and pow-
dery mildew (SM,,,,) safety margins, and elevation. We show the slope, the P-value (P), the coefficient of regression (r°) of the linear regression
and the range between the lowest and the highest elevations (in Julian days for leaf unfolding and sporulation; in days for GSL and safety mar-

gins). The timing of leaf unfolding and canopy duration were monitored in 14 populations in 7 years (2005-2007; 2009-2012), the timing of
sporulation and SM,, were assessed in six populations in 4 years (2006, 2007, 2011 and 2012), and SMy was calculated for 13 populations over
a period of 7 years (2005-2012) with a 0 °C threshold (see Table 1 for details)

Leaf unfolding Sporulation CD SMg¢ SMpm
Slope 0.033 0.0063 —0.045 —0.018 —0.024
Range 93 to 142 110 to 117 150 to 215 —10to 17 —44 to —6
r? 0.85 0.27 0.80 0.44 0.98
P < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
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In the study sites, leaf unfolding occurred 5 days later on
average in seedlings than in adult trees. The variability of leaf
unfolding phenology for seedlings was almost as high as that
for trees (mean of 26 days between the seedlings unfolding
their leaves earliest and last). For adult trees, the timing of
leaf unfolding showed greater year-to-year fluctuations at high
elevation than at low elevation (individual standard deviation
= 92 and 5.8 on average, respectively; y = 0.87x°33,
=042, P <0.0001) (see Fig. S2). This difference was not
related to greater differences in winter/spring temperatures at
high elevation than at low elevation (mean standard deviation
= 1.0 = 0.06, from the beginning of February to the end of
May in 2004-2012).

FROST AND POWDERY MILDEW EXPOSURE ALONG THE
ELEVATION GRADIENT

Safety margins for both spring frost and powdery mildew
decreased significantly with increasing elevation (Table 3)
(Fig. 3). The same trend was observed for spring frost
safety margins whatever the temperature threshold consid-
ered for a frost event. The altitudinal trend was slightly
more pronounced for powdery mildew safety margins. In
adult trees, budburst generally occurred well after the last
spring frost event, whatever the elevation (see Fig. 2 as an
example). The spring frost safety margin was positive for
72% of the tree-per-year observations with the 0 °C thresh-
old and 98% with —3 °C during the study period. By con-
trast, the powdery mildew safety margin was mostly
negative, in all populations (Fig. 3). The powdery mildew
safety margin was positive for only 8% of the tree-per-year
observations, these trees being located at low elevation.
Safety margins varied considerably between trees within a
population, for both powdery mildew and spring frost haz-
ards (P <0.0001 and P = 0.015 for phenology x elevation
interaction, respectively) (Fig. 3).

Escape of spring frost and disease in oak 7T

The duration of the safety window decreased significantly
with increasing elevation by around 40 days from 100 m to
1600 m asl (see Fig. S3).

FROST AND POWDERY MILDEW EXPOSURE WITHIN
POPULATIONS

A large variation in the date of first spore detection was
observed between the traps on different adult trees within
sites in a single year, particularly at low elevations in 2012
(Fig. 4). However, powdery mildew phenology was not corre-
lated with oak phenology within populations (Pearson correla-
tion = 0.023, P = 0.85) (Fig. 4). Sporulation was detected
earlier (about 1 month) in seedling traps than in adult tree
traps at 150 m asl in 2012 (P = 0.0051), but no difference
was observed in 2011 (P = 0.85) neither at 400 m asl in
2012 (P = 0.27). We therefore considered that differences
between traps only represented within-site variation, and this
justified that the same date of inoculum exposure (calculated
from data over all traps in a site) could be used for all trees.
Only E. alphitoides was detected in all the samples studied,
on the basis of its ITS sequence.

Reflecting differences in flushing dates, the powdery mil-
dew and spring frost safety margins differed by 11-15 days
on average between early- and late-flushing individuals within
sites, showing a decreasing trend with elevation (P < 0.0001)
(Fig. 3). However, difference in safety margins between
early- and late-flushing individuals was positive for powdery
mildew and negative for spring frost. Only early-flushing trees
at low elevation had a positive or weakly negative SMy,
enabling them to avoid powdery mildew spores (Figs 2
and 3). Overall, the powdery mildew safety margin was posi-
tive for 15% of the tree-per-year observations for early-flush-
ing trees vs. only 2% for late-flushing trees, always at low
elevation. The spring frost safety margin was positive for
66% of the tree-per-year observations for early-flushing trees
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Fig. 3. Variation of powdery mildew (a) and spring frost (b, with 0 °C and c, with —3 °C) safety margins in oak populations as a function of
elevation. Safety margins were calculated for early- and late-flushing sessile oak trees (mean + SEM). Powdery mildew safety margins were cal-
culated for six oak populations along the Gave gradient, in 2006, 2007, 2011 and 2012; see Table 1 for details (early flushing: slope = —0.027,
=099, P <0.0001; late flushing: slope = —0.021, * = 0.92, P <0.0001). Spring frost safety margins were calculated for 13 populations
along the Gave and the Ossau gradients, from 2005 to 2012; see Table 1 for details (early flushing: slope = —0.015, * = 0.38, P < 0.0001; late
flushing: slope = —0.021, » = 0.48, P < 0.0001). Closed circles: early-flushing trees; open circles: late-flushing trees; solid line: early-flushing
trees; dashed line: late-flushing trees; dotted line: average of early- and late-flushing trees.
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Fig. 4. Comparison of the timing of powdery mildew sporulation between oak phenological phenotypes. The dates on which the first powdery
mildew spores were trapped are shown for early- and late-flushing sessile oak trees, as a function of elevation. Trapping was monitored in five
oak populations along the Gave elevation gradient in 2011 (a) and 2012 (b). The size of the dots is proportional to the number of trees for which
the first spores were trapped on the day concerned (from one to four trees). Closed circles: early-flushing trees; open circles: late-flushing trees.

vs. 78% for late-flushing trees with a 0 °C threshold (98% for
both with a —3 °C threshold).

The spring frost safety margin was positive for both early-
and late-flushing seedlings (SMgs = 27 and 49 days, on aver-
age, at 150 and 400 m, respectively, with 0 °C threshold),
whereas the powdery mildew safety margin was negative
(SM;,, = —9 days and —18 days on average, at 150 m and
400 m asl, respectively). As for adult trees, powdery mildew
safety margins were higher for early-flushing seedlings than
late-flushing seedlings (P < 0.0001), whereas the opposite
pattern was observed for spring frosts (P < 0.0001) (see Fig.
S4).

POWDERY MILDEW INFECTION

Infection was lower at 200 m asl than at higher elevations,
with 3% instead of 13% of the leaf area infected on average
(Fig. 5; significant difference between 200 m and higher ele-
vations in Tukey’s tests). A year x valley interaction effect
on infection was found (P < 0.0001), but there was no effect
of a valley x year x elevation interaction (P = 0.17). At low
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Fig. 5. Differences in the percentage leaf area infected with powdery
mildew between early- and late-flushing oak trees. Infection was mon-
itored in five sessile oak populations along the Gave gradient (2011—
2012) and five sessile oak populations along the Ossau gradient
(2012) (mean percentage £ SEM). Percentages by elevation corre-
spond to the sites of both valleys at this elevation 50 m. Black bars:
early-flushing trees; white bars: late-flushing trees.

elevations, late-flushing trees were much more infected than
early-flushing trees (P = 0.004 and P = 0.0001 at 200 and
400 m asl, respectively), whereas infection did not vary with
oak phenology at medium and high elevations (P = 0.43,
P =0.88 and P = 0.22 at 800, 1200 and 1600 m asl, respec-
tively) (Fig. 5). Infection was strongly related to safety mar-
gin at low elevations (P = 0.0001 and P = 0.0095 at 150 and
400 m asl, respectively), whereas no correlation was demon-
strated at medium and high elevations (P = 0.70, P = 0.52
and P = 0.77 at 800, 1250 and 1650 m, respectively).

Infection levels were much lower on seedlings than on adult
trees (1.3% and 11% of the leaf area infected, respectively). At
both sites, the infection rate was much higher among late-
flushing seedlings than among early-flushing seedlings (55%
versus 17% at 150 m, 33% versus 17% at 400 m), but this dif-
ference was significant only at 150 m (P =0.013 and
P =0.38 at 150 and 400 m, respectively) (see Fig. S5). No
effect of site x year and site x year x phenology interactions
on seedling infection was detected (P = 0.68 and P = 0.53,
respectively). Seedling infection levels were correlated with
safety margin at 150 m, but not at 400 m (P = 0.0039 and
P = 0.30, respectively).

Discussion

Our study is one of the first to assess simultaneously the
interactions of exposure to abiotic and biotic hazards with tree
phenology. One striking result of this study was the consider-
able variation of spring frost and disease safety margins
between oak populations as a function of elevation and within
populations as a function of the phenological phenotype of
trees (early vs. late flushing). Spring frost safety margins were
generally positive, indicating an escape of spring frost in most
situations. By contrast, most trees were exposed to and,
indeed, infected by powdery mildew. This suggests that the
local adaptation of oaks for spring frost escape is currently
better than that for disease escape. For both hazards, safety
margins tended to decrease along the elevation gradient.
However, biotic and abiotic hazards interact in opposite direc-
tions with tree phenology. At low elevation, early flushing
enabled trees to escape disease, while late flushing provided a
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higher safety margin to spring frost damage. Overall, a wide
safety window, resulting from both abiotic and biotic safety
margins, was obtained at low elevations. These findings may
account for the large within-population genetic variation
observed for oak phenology, especially at low elevation
(Alberto et al. 2011).

VARIATION IN ABIOTIC AND BIOTIC STRESS ESCAPE
ALONG THE ELEVATION GRADIENT

The observed phenological patterns may be interpreted from
an evolutionary perspective. The positive spring frost safety
margins for most trees along the elevation gradients are con-
sistent with an effect of past natural selection favouring pheno-
types able to escape spring frost damage. Indeed, frost damage
can incur a high fitness cost, especially on seedlings, and is
thus expected to exert a strong selective pressure (Agrawal,
Conner & Stinchcombe 2004; Alberto et al. 2011; Augspurger
2011; Pau er al. 2011). However, selection to escape late
spring frosts would have been less effective at higher eleva-
tions, as expressed by smaller safety margins and observations
of leaf frost damage in some years (2 out of the 9 years of
monitoring, see Fig. S6). It has to be noted that an increased
risk of leaf frost damage at high elevation is not always
observed. Lenz et al. (2013) showed a constant safety margin
against damage by spring freeze events in tree populations
along elevational gradients. Constraints affecting the timing of
flushing are likely to vary along geographic gradients and to
produce different evolutionary outputs (Pau et al. 2011). At
high latitude or elevation, fitness is more strongly correlated
with the ability of fruit to ripen fully rather than with the prob-
ability of survival (Morin, Augspurger & Chuine 2007; Morin,
Viner & Chuine 2008). This favours early flowering and, thus,
early budburst (Franjic et al. 2011; S. Delzon personal obser-
vations), possibly at the expense of spring frost damage. The
oak populations at 1600 m were almost at the tree line for this
species (Aubert 2001; Belet 2001; Vitasse er al. 2012), that is
the edge of the habitat in which these trees can thrive. The
growing season was found to be short at such elevations. The
presence of strong constraints on the timing of flushing at high
elevation is consistent with the low variation in early spring
phenology between trees in a given year (expressing genetic
variation). However, trees displayed a high degree of plastic-
ity, as demonstrated by the high year-to-year fluctuations in
the timing of flushing (Fig. S2). This is consistent with the
predictions of Pau et al. (2011) that trees at high elevations,
which put out leaves in harsh physical conditions, are likely to
be more sensitive to climate (temperature) cues.

Unlike late-frost safety margins, safety margins for pow-
dery mildew were mostly negative, indicating an absence of
escape. It can be hypothesized that selective pressure by pow-
dery mildew on oak phenology has been lower than by frost.
Fitness costs associated with foliar pathogens may be lower
than with frost damage because complete leaf loss is less
likely. Only high powdery mildew infection rates observed in
dense oak regenerations under favourable environment and in
mature trees following insect or frost defoliation can lead to
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mortality (Margais & Desprez-Loustau 2014). In addition, fit-
ness costs of phenological maladaptation are higher for the
pathogen (which needs to find susceptible hosts to complete
its life cycle) than for the host, and generation times are
shorter for the fungus. It is thus expected that the pathogen
will always achieve a certain degree of phenological syn-
chrony with its host, giving no chance to oaks to flush at a
time when they would be safe from powdery mildew infec-
tion. The same reasoning can apply to other biotic antagonists
(herbivore insects, other foliar pathogens), which exert their
effects after flushing has occurred. Although safety margins
for powdery mildew were increasingly negative with increas-
ing elevation, infection did not increase above 400 m asl.
Both tree characteristics (lower foliage densities) and environ-
mental conditions (shorter growing season, lower tempera-
tures, longer leaf-wetness duration) less favourable to
powdery mildew development (Jarvis, Gubler & Grove 2002)
could limit disease severity at higher elevations even with

good matching of oak and fungus phenologies.

VARIATION OF HAZARD ESCAPE WITHIN POPULATIONS

At low elevations, phenological differences between trees
resulted in contrasting exposures to biotic and abiotic hazards.
Although both early- and late-flushing trees showed mostly
positive frost safety margins during the study period, it cannot
be excluded that in rare late-frost events, late-flushing trees
have an advantage over early-flushing trees due to their larger
safety margin. Strong selection caused by rare catastrophic
events has been suggested to play an important role in the
evolution of natural populations (Agrawal, Conner & Stinch-
combe 2004). On the other hand, only early-flushing trees
escaped powdery mildew exposure. Our observations suggest
that the ‘spore cloud’ reached all the trees at a given site at
about the same time. No spatial effects could be detected on
the first spore trappings within a site (spatial analysis, per-
formed with arccis 10.2 software; data not shown). More-
over, the timing of spore trapping was not related to host tree
phenology. This suggests that no local phenological adapta-
tion of powdery mildew populations occurred in response to
variation within oak populations, by contrast to reports of the
local adaptation of powdery mildew strains, at tree level, in
terms of their ability to infect trees (Roslin, Laine & Gripen-
berg 2007; Desprez-Loustau et al. 2011). A lack of local
adaptation of powdery mildew to achieve phenological syn-
chrony with its host has already been reported over a larger
spatial scale (Desprez-Loustau ef al. 2010). This contrasts
with findings for other antagonistic interactions with oaks
(e.g. for caterpillars), for which adaptive deme formations
have been observed at very fine spatial scales (van Asch &
Visser 2007). Early- and late-flushing trees were thus exposed
to different powdery mildew pressures (spore concentrations)
during the flushing period, in populations growing at low ele-
vation (< 500 m). This resulted in higher levels of infection
in late-flushing trees than in early-flushing trees. At low ele-
vation, escape of biotic (powdery mildew) and abiotic (spring
frost) hazards therefore corresponds to opposite phenological

© 2015 The Authors. Journal of Ecology © 2015 British Ecological Society, Journal of Ecology



10 C. F. Dantec et al.

phenotypes. Such opposite selective forces may have contrib-
uted to the maintenance of local variability for the ‘time of
flushing’ trait at low elevation (Alberto e al. 2011). The large
difference between the last spring frost date and the sporula-
tion date (i.e. the safety window) at low elevation makes it
possible for oak populations to maintain this variability, with
early-flushing trees escaping powdery mildew disease (and
possibly damage due to other defoliators) and having a longer
growing season, and late-flushing trees being more likely to
survive late spring frost events. Seedlings in the low eleva-
tions sites displayed the same trends as adult trees, with
early-flushing seedlings being at an advantage with respect to
powdery mildew and late-flushing seedlings being at an
advantage with respect to spring frosts. This was important to
check because selective forces on tree species are strongest
during the juvenile stage.

ESCAPE VERSUS OTHER STRATEGIES OF DEFENCE
AGAINST BIOTIC AND ABIOTIC HAZARDS

Our study focused on phenological variations as related to
escape of abiotic and biotic hazards. Escape, that is processes
and mechanisms preventing encounter with the deleterious
agent, is the first line of defence (Combes 2001), in particular
temporal escape for sessile organisms such as trees (Vitasse,
Lenz & Korner 2014). However, organisms can use a second
line of defence composed of two types of mechanisms, those
which prevent or limit the damage caused by the deleterious
agent and those which reduce the negative consequences of
damage for fitness. The former are referred to avoidance or
resistance according to authors and research fields, while tol-
erance corresponds to the latter (see e.g. Burdon 1987; Agra-
wal, Conner & Stinchcombe 2004; Baucom & de Roode
2011; Vitasse, Lenz & Korner 2014, for terminology issues
and definitions).

During winter, leaf tissues enclosed within buds remain
frost hardy, but their vulnerability to freezing temperatures
gradually increases prior to and just after budburst (Kalberer,
Wisniewski & Arora 2006; Lenz et al. 2013). Young leaves
are particularly vulnerable to frost and many pathogens and
herbivores, due to their anatomical, physiological and bio-
chemical properties (Coleman 1986). The escape of spring
frost by late flushing may be a major adaptive process along
the elevation gradient (Gomory & Paule 2011). Trees have
optimized the timing of budburst in relation to the probability
of frost in spring, by developing complex mechanisms of
chilling/thermal time requirement and photoperiod (Cannell
1997; Basler & Korner 2012; Laube et al. 2013). By delaying
flushing, trees maintain their winter frost hardiness for as long
as possible, relative to adjustments of growing season length.
A frost escape strategy may prevail in Q. petraea since this
species was shown to be among the less freezing-tolerant spe-
cies during bud burst and leaf unfolding (Lenz e al. 2013).
However, a possible genetic differentiation for frost avoidance
or tolerance between populations of Q. petraea along eleva-
tional gradients would deserve investigation (Vitasse, Lenz &
Korner 2014).

Disease escape as a defence strategy in plants (trees) has
been little documented (but see Ghelardini & Santini 2009),
especially compared to the large number of studies related to
insect herbivory (Aide 1992; Tikkanen & Julkunen-Tiitto
2003; Lamarre et al. 2014). Conversely, resistance and toler-
ance mechanisms are thought to play a critical role in the
adaptation of plants to pathogens (Bell 1981; Burdon 1987,
Combes 2001) and have been well documented for powdery
mildew diseases (Glawe 2008; Desprez-Loustau et al. 2014).
In particular, plants can rely on induced resistance (Verhagen,
Van Loon & Pieterse 2006; Kempel er al. 2011), which is
expressed only in response to the biotic stressor and is thus a
valuable strategy in terms of costs, against non-permanent
stress factors such as diseases or pests (Agrawal 1999; Agra-
wal & Karban 1999). Thus, at low elevation where environ-
mental conditions are favourable to the fungus, oak defence
against powdery mildew may be based on both phenological
escape and resistance. At higher elevations, oak resistance to
powdery mildew would be sufficient to ensure that infection
rates remain moderate, due to less favourable environmental
conditions for pathogen populations.

IMPLICATIONS IN A CONTEXT OF CLIMATE CHANGE

Local patterns of adaptation resulting from past selection pro-
cesses may not be suitable in the face of rapid changes in
environmental conditions. Climate change is causing many
trees to flush earlier in spring, exposing them to new hazards.
Several studies have found that this major advance in the date
of leaf unfolding may increase the frequency of spring frost
damage (Kramer 1995; Hanninen 2006; Schwartz, Ahas &
Aasa 2006; in Northern and Eastern Europe). However, some
studies have indicated that spring frost risk is declining with
climate change, because the date of the last frost is advancing
more rapidly than flushing dates (Schwartz, Ahas & Aasa
2006; in Western Europe; Anandhi er al. 2013; Ge, Wang &
Dai 2013). This pattern may also be accentuated if the timing
of flushing does not advance because chilling requirements
remain unmet (Fu ef al. 2012; Laube et al. 2013; Dantec
et al. 2014). Climate change will also alter the phenological
relationships between interacting species, because responses
to climate change may differ between species (Both et al.
2009; Singer & Parmesan 2010), as shown here for powdery
mildew and oak. Given the complexity of climatic effects on
the exposure of trees to biotic and abiotic hazards, process-
based models of tree and fungus phenology (including chill-
ing and thermal requirements) will be required to explore out-
puts in the future, using local climate scenarios.

Acknowledgements

We thank Dominique Piou for valuable comments on the study and Jean-Marc
Louvet for field assistance. Sequencing was performed at the Genomic and
Sequencing Facility of Bordeaux (grants from the Conseil Regional d’Aquitaine
no. 20030304002FA and 20040305003FA and from the European Union,
FEDER no. 2003227 and from Investissements d’avenir, Convention attributive
d’aide No. ANR-10-EQPX-16-01). Cécile Dantec benefitted of a doctoral
scholarship from the INRA Department of Ecology of Forests, Grasslands and

© 2015 The Authors. Journal of Ecology © 2015 British Ecological Society, Journal of Ecology



Freshwater and the Région Aquitaine (‘Phénologie et Stratégies Temporelles’
project). The ANR MeCC 13-ADAP-0006-03 ‘Mechanisms of adaptation to
Climate Change: how will phenotypic plasticity, microevolution and migration
affect forest trees phenology?” also supported this work.

Data accessibility

Data available from Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.
b02tf (Dantec et al. 2015).

References

Agrawal, A.A. (1999) Induced responses to herbivory in wild radish: effects on
several herbivores and plant fitness. Ecology, 80, 1713-1723.

Agrawal, A.A., Conner, J.K. & Stinchcombe, J.R. (2004) Evolution of plant
resistance and tolerance to frost damage. Ecology Letters, 7, 1199—1208.

Agrawal, A.A. & Karban, R. (1999) Why induced defenses may be favored
over constitutive strategies in plants. The Ecology and Evolution of Inducible
Defenses (eds R. Tollrian & C.D. Harvell), pp. 45-61. Princeton, Princeton
University Press.

Aide, T.M. (1992) Dry season leaf production: an escape from herbivory. Bio-
tropica, 24, 532-537.

Alberto, F., Bouffier, L., Louvet, J.M., Lamy, J.B., Delzon, S. & Kremer, A.
(2011) Adaptive responses for seed and leaf phenology in natural populations
of sessile oak along an altitudinal gradient. Journal of Evolutionary Biology,
24, 1442-1454.

Anandhi, A., Zion, M.S., Gowda, P.H., Pierson, D.C., Lounsbury, D. & Frei,
A. (2013) Past and future changes in frost day indices in the Catskill Moun-
tain region of New York. Hydrological Processes, 27, 3094-3104.

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

Aubert, S. (2001) Limite supérieure de la forét, climat et anthropisation: dyna-
mique tardiglaciaire et holocéne de la végétation dans la vallée du Marcadau
(Hautes-Pyrénées, France), pp. 365. Theése de doctorat, Université Toulouse
.

Augspurger, C.K. (2011) Frost damage and its cascading negative effects on
Aesculus glabra. Plant Ecology, 212, 1193-1203.

Baliuckas, V., Lagerstrom, T., Norell, L. & Erksson, G. (2005) Genetic vari-
ation among and within populations in Swedish species of Sorbus aucupa-
ria L. and Prunus padus L. assessed in a nursery trial. Silvae Genetica,
54, 1-8.

Basler, D. & Korner, C. (2012) Photoperiod sensitivity of bud burst in 14 tem-
perate forest tree species. Agricultural and Forest Meteorology, 165, 73-81.
Baucom, R.S. & de Roode, J.C. (2011) Ecological immunology and tolerance

in plants and animals. Functional Ecology, 25, 18-28.

Belet, J.M. (2001) Variations tardiglaciaires et Holocene de la limite supérieure
de la forét dans les Pyrénées centrales: exemple du vallon d’Estibere (Hautes
Pyrénées, France), pp. 241. These de doctorat, Université Toulouse III.

Bell, A.A. (1981) Biochemical mechanisms of disease resistance. Annual
Review of Plant Physiology, 32, 21-81.

Bennie, J., Kubin, E., Wiltshire, A., Huntley, B. & Baxter, R. (2010) Predicting
spatial and temporal patterns of bud-burst and spring frost risk in north-west
Europe: the implications of local adaptation to climate. Global Change Biol-
ogy, 16, 1503-1514.

Both, C., van Asch, M., Bijlsma, R.G., van den Burg, A.B. & Visser, M.E.
(2009) Climate change and unequal phenological changes across four trophic
levels: constraints or adaptations? Journal of Animal Ecology, 78, 73-83.

Burdon, J.J. (1987) Diseases and Plant Population Biology. Cambridge Univer-
sity Press, Cambridge.

Busby, P.E., Newcombe, G., Dirzo, R. & Whitman, T.G. (2014) Differentiating
genetic and environmental drivers of plant-pathogen community interactions.
Journal of Ecology, 102, 1300-1309.

Cannell, M.G.R. (1997) Spring phenology of trees and frost avoidance.
Weather, 52, 46-52.

Coleman, J.S. (1986) Leaf development and leaf stress: increased susceptibility
associated with sink-source transition. Tree Physiology, 2, 289-299.

Combes, C. (2001) Les associations du vivant: ’art d’étre parasite. Flammari-
on, Paris.

Conover, D.O., Duffy, T.A. & Hice, L.A. (2009) The covariance between
genetic and environmental influences across ecological gradients: reassessing
the evolutionary significance of countergradient and cogradient variation.
Annals of the New York Academy of Sciences, 1168, 100-129.

Escape of spring frost and disease in oak 11

Dantec, C.F., Vitasse, Y., Bonhomme, M., Louvet, J.M., Kremer, A. & Delzon,
S. (2014) Chilling and heat requirements for leaf unfolding in European
beech and sessile oak populations at the southern limit of their distribution
range. International Journal of Biometeorology, 58, 1853—1864.

Dantec, C.F., Ducasse, H., Capdevielle, X., Fabreguettes, O., Delzon, S. &
Desprez-Loustau, M.L. (2015) Data from: Escape of spring frost and disease
through phenological variations in oak populations along elevation gradients.
Dryad Digital Repository, doi:10.5061/dryad.b02tf.

Desprez-Loustau, M.L., Vitasse, Y., Delzon, S., Capdevielle, X., Marcais, B. &
Kremer, A. (2010) Are plant pathogen populations adapted for encounter
with their host? A case study of phenological synchrony between oak and an
obligate fungal parasite along an altitudinal gradient. Journal of Evolutionary
Biology, 23, 87-97.

Desprez-Loustau, M.L., Feau, N., Mougou-Hamdane, A. & Dutech, C. (2011)
Interspecific and intraspecific diversity in oak powdery mildews in Europe:
coevolution history and adaptation to their hosts. Mycoscience, 52, 165-173.

Desprez-Loustau, M.L., Saint-Jean, G., Barres, B., Dantec, C.F. & Dutech, C.
(2014) A biotroph parasite changes growth patterns in its host tree: host tol-
erance response and potential manipulation of host physiology by the para-
site. Annals of Forest Science, 71, 563-573.

Dickson, R.E. (1989) Carbon and nitrogen allocation in trees. Annals of Forest
Science, 46, 631s—647s.

Donnelly, A., Caffarra, A., Kelleher, C.T., O’Neill, B.F., Diskin, E., Pletsers,
A., Proctor, H., Stirnemann, R., O’Halloran, J., Penuelas, J., Hodkinson, T.R.
& Sparks, T.H. (2012) Surviving in a warmer world: environmental and
genetic responses. Climate Research, 53, 245-262.

Ducousso, A., Guyon, J.P. & Kremer, A. (1996) Latitudinal and altitudinal var-
iation of bud burst in western populations of sessile oak (Quercus petraea
(Matt) Liebl). Annals of Forest Science, 53, 775-782.

Edwards, M.C. & Ayres, P.G. (1982) Seasonal changes in resistance of Quer-
cus petraea (sessile oak) leaves to Microsphaera alphitoides. Transactions of
the British Mycological Society, 78, 569-571.

Elzinga, J.A., Atlan, A., Biere, A., Gigord, L., Weis, A.E. & Bernasconi, G.
(2007) Time after time: flowering phenology and biotic interactions. Trends
in Ecology & Evolution, 22, 432—439.

Fenner, M. (1998) The phenology of growth and reproduction in plants. Per-
spectives in Plant Ecology, Evolution and Systematics, 1, 78-91.

Fordyce, J.A. (2006) The evolutionary consequences of ecological interactions
mediated through phenotypic plasticity. Journal of Experimental Biology,
209, 2377-2383.

Franjic, J., Sever, K., Bogdan, S., Skorve, Z., Krstonosic, D. & Aleskovic, L.
(2011) Phenological asynchronization as a restrictive factor of efficient polli-
nation in clonal seed orchards of pedunculate oak (Quercus robur L.). Cro-
atian Journal of Forest Engineering, 31, 141-156.

Fu, Y.H., Campioli, M., Deckmyn, G. & Janssens, L.A. (2012) The impact of
winter and spring temperatures on temperate tree budburst dates: results from
an experimental climate manipulation. PLoS ONE, 7, e47324.

Garbelotto, M., Smith, T. & Schweigkofler, W. (2008) Variation in rates of
spore deposition of Fusarium circinatum, the causal agent of pine pitch can-
ker, over a 12-month-period at two locations in Northern California. Phyto-
pathology, 98, 137-143.

Ge, Q., Wang, H. & Dai, J. (2013) Shifts in spring phenophases, frost events
and frost risk for woody plants in temperate China. Climate Research, 57,
249-258.

Ghelardini, L. & Santini, A. (2009) Avoidance by early flushing: a new per-
spective on Dutch elm disease research. iForest, 2, 143—153.

Glawe, D.A. (2008) The powdery mildews: a review of the world’s most famil-
iar (yet poorly known) plant pathogens. Annual review of Phytopathology,
46, 27-51.

GOomory, D. & Paule, L. (2011) Trade-off between height growth and spring
flushing in common beech (Fagus sylvatica L.). Annals of Forest Science,
68, 975-984.

Hénninen, H. (2006) Climate warming and the risk of frost damage to boreal
forest trees: identification of critical ecophysiological traits. Tree Physiology,
26, 889-898.

Heuser, T. & Zimmer, W. (2002) Quantitative analysis of phytopathogenic asc-
omycota on leaves of pedunculate oaks (Quercus robur L.) by real-time
PCR. FEMS Microbiology Letters, 209, 295-299.

Hewitt, H.G. & Ayres, P.G. (1975) Changes in CO, and water vapour exchange
rates in leaves of Quercus robur infected by Microsphaera alphitoides (pow-
dery mildew). Physiological Plant Pathology, 7, 127-137.

Jarvis, W., Gubler, W.G. & Grove, G.G. (2002) Epidemiology of powdery mil-
dews in agricultural ecosystems. The Powdery Mildews. A Comprehensive
Treatise (eds R. Belanger, W.R. Bushnell, A.J. Dik & T.L.W. Carver), pp.
169-199. The American Phytopathological Society, St. Paul, Minnesota.

© 2015 The Authors. Journal of Ecology © 2015 British Ecological Society, Journal of Ecology


http://dx.doi.org/10.5061/dryad
http://dx.doi.org/10.5061/dryad.b02tf

12 C. F. Dantec et al.

Jensen, J.S. & Hansen, J. (2008) Geographical variation in phenology of Quer-
cus petraea (Matt.) Liebl and Quercus robur L. oak grown in a greenhouse.
Scandinavian Journal of Forest Research, 23, 179-188.

Kalberer, S.R., Wisniewski, M. & Arora, R. (2006) Deacclimation and reaccli-
mation of cold-hardy plants: Current understanding and emerging concepts.
Plant Science, 171, 3-16.

Kempel, A., Schadler, M., Chrobock, T., Fischer, M. & van Kleunen, M.
(2011) Tradeoffs associated with constitutive and induced plant resistance
against herbivory. Proceedings of the National Academy of Sciences of the
United States of America, 108, 5685-5689.

Kollas, C., Randin, C.F., Vitasse, Y. & Korner, C. (2014) How accurately can
minimum temperatures at the cold limits of tree species be extrapolated from
weather station data? Agricultural and Forest Meteorology, 184, 257-266.

Kramer, K. (1995) Phenotypic plasticity of the phenology of seven European
tree species in relation to climatic warming. Plant, Cell and Environment,
18, 93-104.

Kremer, A., Potts, B.M. & Delzon, S. (2014) Genetic divergence in forest trees:
understanding the consequences of climate change. Functional Ecology, 28,
22-36.

Kremer, A., Le Corre, V., Petit, R. & Ducousso, A. (2010) Historical and con-
temporary dynamics of adaptive differentiation in European oaks. Molecular
Approaches in Natural Resource Conservation and Management (eds J.A.
DeWoody, J.W. Bickham, C.H. Michler, K.M. Nichols, O.E. Rhodes Jr &
K.E. Woeste), pp. 101-122. Cambridge University Press, Cambridge.

Lamarre, G.P.A., Mendoza, 1., Fine, P.V.A. & Baraloto, C. (2014) Leaf syn-
chrony and insect herbivory among tropical tree habitat specialists. Plant
Ecology, 215, 209-220.

Lang, G.A. (1987) Dormancy — a new universal terminology. HortScience, 22,
817-820.

Laube, J., Sparks, T.H., Estrella, N., Hoflers, J., Ankerst, D.P. & Menzel, A.
(2013) Chilling outweighs photoperiod in preventing precocious spring
development. Global Change Biol, 20, 170-182.

Leinonen, I. & Hénninen, H. (2002) Adaptation of the timing of bud burst of Nor-
way spruce to temperate and boreal climates. Silva Fennica, 36, 695-701.

Lenz, A., Hoch, G., Vitasse, Y. & Korner, C. (2013) European deciduous trees
exhibit similar safety margins against damage by spring freeze events along
elevational gradients. New Phytologist, 200, 1166-1175.

Liepe, K. (1993) Growth-chamber trial of frost hardiness and field trail on
flushing of sessile oak (Quercus petraea Liebl.). Annals of Forest Science,
50, 208-214.

Lobo, J.A., Quesada, M., Stoner, K., Fuch, E.J., Herrerias-Diego, Y., Rojas, J.
& Saborio, G. (2003) Factors affecting phenological patterns of bombaca-
ceous trees in seasonal forests in Costa Rica and Mexico. American Journal
of Botany, 90, 1054-1063.

Lockhart, J.A. (1983) Optimum growth initiation time for shoot buds of decidu-
ous plants in a temperate climate. Oecologia, 60, 34-37.

Margais, B. & Desprez-Loustau, M.L. (2014) European oak powdery mildew:
impact on trees, effects of environmental factors, and potential effects of cli-
mate change. Annals of Forest Science, 71, 633-642.

Margais, B., Kavkova, M. & Desprez-Loustau, M.L. (2009) Phenotypic varia-
tion in phenology of ascospore production between European populations of
oak powdery mildew. Annals of Forest Science, 66, 814.

Morin, X., Augspurger, C. & Chuine, 1. (2007) Process-based modeling of spe-
cies’ distributions: What limits temperate tree species’ range boundaries?
Ecology, 88, 2280-2291.

Morin, X., Viner, D. & Chuine, 1. (2008) Tree species range shifts at a conti-
nental scale: new predictive insights from a process-based model. Journal of
Ecology, 96, 784-794.

Mougou, A., Dutech, C. & Desprez-Loustau, M.L. (2008) New insights into
the identity and origin of the causal agent of oak powdery mildew in Europe.
Forest Pathology, 38, 275-287.

Mougou-Hamdane, A., Giresse, X., Dutech, C. & Desprez-Loustau, M.L.
(2010) Spatial distribution of lineages of oak powdery mildew fungi in
France, using quick molecular detection methods. Annals of Forest Science,
67, 212-220.

Pau, S., Wolkovich, EM., Cook, B.I., Davies, T.J., Kraft, N.J.B., Bolmgren,
K., Betancourt, J.L. & Cleland, E.E. (2011) Predicting phenology by integrat-
ing ecology, evolution and climate science. Global Change Biol, 17, 3633—
3643.

Rathcke, B. & Lacey, E.P. (1985) Phenological patterns of terrestrial plants.
Annual Review of Ecology and Systematics, 16, 179-214.

Roslin, T., Laine, A.L. & Gripenberg, S. (2007) Spatial population structure in
an obligate plant pathogen colonizing oak Quercus robur. Functional Ecol-
ogy, 21, 1168-1177.

Salmela, M.J., Cavers, S., Cottrell, J.E., Iason, G.R. & Ennos, R.A. (2013)
Spring phenology shows genetic variation among and within populations in
seedlings of Scots pine (Pinus sylvestris L.) in the Scottish Highlands. Plant
Ecology and Diversity, 6, 523-536.

Schwartz, M.D., Ahas, R. & Aasa, A. (2006) Onset of spring starting earlier
across the Northern Hemisphere. Global Change Biol, 12, 343-351.

Schweigkofler, W., O’Donnell, K. & Garbelotto, M. (2004) Detection and
quantification of airborne conidia of Fusarium circinatum, the causal agent
of pine pitch canker, from two California sites using a real-time PCR
approach combined with a simple spore trapping method. Applied and Envi-
ronmental Microbiology, 70, 3512-3520.

Singer, M.C. & Parmesan, C. (2010) Phenological asynchrony between herbiv-
orous insects and their hosts: signal of climate change or pre-existing adap-
tive strategy? Philosophical Transactions of the Royal Society of London.
Series B, Biological Sciences, 365, 3161-3176.

Tikkanen, O.P. & Julkunen-Tiitto, R. (2003) Phenological variation as protec-
tion against defoliating insects: the case of Quercus robur and Operophtera
brumata. Oecologia, 136, 244-251.

Verhagen, B.W.M., Van Loon, L.C. & Pieterse, C.M.J. (2006) Induced disease
resistance signaling in plants. Floriculture, Ornamental and Plant Biotech-
nology, pp. 334-343. Global Science Books, London, UK.

Vitasse, Y., Lenz, A. & Korner, C. (2014) The interaction between freezing tol-
erance and phenology in temperate deciduous trees. Frontiers in Plant Sci-
ence, 5, 541. doi:10.3389/fpls.2014.00541.

Vitasse, Y., Delzon, S., Dufréne, E., Pontailler, J.Y., Louvet, J.M., Kremer, A.
& Michalet, R. (2009a) Leaf phenology sensitivity to temperature in Euro-
pean trees: Do within-species populations exhibit similar responses? Agricul-
tural and Forest Meteorology, 149, 735-744.

Vitasse, Y., Porté, A.J., Kremer, A., Michalet, R. & Delzon, S. (2009b)
Responses of canopy duration to temperature changes in four temperate tree
species: relative contributions of spring and autumn leaf phenology. Oecolo-
gia, 161, 187-198.

Vitasse, Y., Delzon, S., Bresson, C.C., Michalet, R. & Kremer, A. (2009c) Alti-
tudinal differentiation in growth and phenology among populations of tem-
perate-zone tree species growing in a common garden. Canadian Journal of
Forest Research, 39, 1259-1269.

Vitasse, Y., Bresson, C.C., Kremer, A., Michalet, R. & Delzon, S. (2010)
Quantifying phenological plasticity to temperature in two temperate tree spe-
cies. Functional Ecology, 24, 1211-1218.

Vitasse, Y., Hoch, G., Randin, C.F., Lenz, A., Kollas, C. & Korner, C.
(2012) Tree recruitment of European tree species at their current upper ele-
vational limits in the Swiss Alps. Journal of Biogeography, 39, 1439—
1449.

Vitasse, Y., Lenz, A., Hoch, G. & Komer, C. (2014b) Earlier leaf-out rather
than difference in freezing resistance puts juvenile trees at greater risk of
freeze damage than adult trees. Journal of Ecology, 102, 981-988.

Wagner, G.P., Booth, G. & Bagheri-Chaichian, H. (1997) A population genetic
theory of canalization. Evolution, 51, 329-347.

Whitman, D.W. & Agrawal, A.A. (2009) What is phenotypic plasticity and
why it is important? Phenotypic Plasticity of Insects (eds D.W. Whitman &
T.N. Ananthakrishnan), pp. 1-63. Science Publishers, UK.

Received 26 November 2014; accepted 24 March 2015
Handling Editor: Peter Thrall

Supporting Information

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. Meteorological data: daily minimum temperatures from
January to May 2011 in the lowest and highest study sites

Figure S2. Year-to-year fluctuations of spring phenology in oak pop-
ulations along the elevation gradients.

Figure S3. Safety window, i.e. difference in days between the date of
the beginning of powdery mildew sporulation and the date of the last
spring frost event- with 0°C and -3°C thresholds for frost (Mean =+
SD over 4 years)
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Figure S4. Powdery mildew (A) and spring frost (B; threshold = Figure S6. Late-frost damage to newly-emerged leaves on an oak
0°C) safety margins of early- and late-flushing oak seedlings. tree at 1600 m asl in the Pyrénées in 2007. Leaves did not develop

and were shed rapidly. Late frost damage was observed two times
Figure S5. Differences in powdery mildew infection between early- since 2006 and damages were higher in early-flushing trees at high
and late-flushing oak seedlings. elevation.
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