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Editorial on the Research Topic

Adaptation of Trees to Climate Change: Mechanisms Behind Physiological and Ecological

Resilience and Vulnerability

Climate change exposes plants to physiological conditions that are often outside their evolutionary
limits (Shaw and Etterson, 2012). Multiple (a)biotic stressors such as heatwaves, drought, and
insect/pathogen outbreaks are selective pressures on plant species and populations. However, the
range of environmental conditions to which plants are adapted and their ability to acclimate to new
conditions varies intra- and interspecifically. Plants can acclimate to stress by complex molecular
and biochemical processes involving stress perception, signal transduction, gene expression,
biochemical, physiological and morphological changes, and interactions with beneficial symbionts.
Plant adaptation occurs through natural selection and ultimately relies on phenotypic plasticity,
epigenetic modulations, and intraspecific genetic variation at individual and population levels.

This volume collected 11 articles, including primary research articles, opinions, and reviews
that address fundamental questions and provide new insights into plant responses to climate
change factors, focusing on biochemical and physiological adjustments underlying plant resilience
and vulnerability.

Plant plasticity—the ability to change in response to stimuli or environments—can affect plant
morphology and physiology by profound changes at molecular and metabolic levels. Alderotti et al.
showed the anatomical, physiological, and biochemical responses triggered by a heatwave in Cistus
incanus L., a shrub species adapted to hot and arid conditions typical of theMediterranean basin. As
an acclimation mechanism to heatwaves, the leaves had increased palisade parenchyma, resulting
in a thicker lamina that enhanced resistance to dehydration and improved carbon assimilation.
In addition, induction of secondary metabolites (tannins and terpenoids) indicated biochemical
responses to counteract increasing oxidative stress. High plasticity is also characteristic of early
successional species (Valladares et al., 2000). Carter et al. have studied in situ the effects of
warming on photosynthesis and respiration of Psychotria brachiata and Piper glabrescens, which
are early successional and mid-successional tropical shrubs. P. brachiata was able to acclimate
the temperature optimum of photosynthesis (Topt), whereas P. glabrescens lowered stomatal
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conductance to decrease water loss resulting in lower
photosynthesis. Shifts in Topt and rate of photosynthesis
during acclimation to hot and dry environments can be
explained by protein expression plasticity in the date palm
(Phoenix dactylifera), a plant species well-adapted to xeric and
hot environments (Kruse et al., 2019; Ghirardo et al., 2021).
This highlights the importance of plasticity in acclimating to
higher temperatures.

Plant resistance and resilience to drought stress are essential
for plant survival. Xylem hydraulic failure is a ubiquitous factor
in drought-driven tree-mortality. Drought-resistant species have
meristematic cells with an enhanced ability to relocate stored
water in tissues to avoid plasmolysis (Mantova et al., 2021).
Schröter and Oberhuber reported that phloem is less susceptible
to environmental influences, although knowledge on phloem
adaptation to extreme climate conditions at the high-elevation
treeline is scarce. Besides extreme conditions, global warming
shifts precipitation and temperatures, extending the growing
season and increasing the evapotranspiration of forest and
cropland areas in Baltic countries (Montibeller et al.). At high
latitudes, the warmer autumn seasons affect cold acclimation—
the process that prepares evergreen conifers for the winter
season. Noordermeer et al. found that low temperature is
the dominant signal for the downregulation of photosynthesis
and upregulation of photoprotection in cold acclimation of
Douglas-fir. Autumn warming disrupts the key components
of the autumn cold acclimation process, which is usually
initiated by the shorter photoperiod and then triggered by
sub-zero temperatures. Oksanen further reviewed the actual
understanding of the responses and acclimation mechanisms
of silver birch (Betula pendula) to changing environmental
conditions. This deciduous tree species has high plasticity and
is widely distributed in boreal forests, thus it has an excellent
acclimation ability. The high genetic variation and the availability
of genome data make silver birch a good model system for
elucidating the adaptation mechanisms of northern trees to
climate change.

Acclimation to stress can persist between generations toward
adaptive transgenerational plasticity by epigenetics (Crisp et al.,
2016). It relies on plant memory; the ability to remember
a stress condition and respond faster and stronger upon
subsequent stress. It also depends on the ability of plants
to repair stress-induced damages (Ruehr et al., 2019). Li
et al. showed that antecedent water limitation primes the
responses and recovery dynamics of Eucalyptus camaldulensis
upon subsequent drought stress, and the effects extend during
post-stress recovery. Deciphering the role of stress legacy and
memory on plant physiology and growth will be critical to
foresee changes in plant community composition and function.
However, understanding the ability of trees to adapt to
climate change also requires knowledge of functional traits
under selection. Directional selection—the natural selection that
favors extreme phenotypes of a population—leads to great
changes in allele frequencies in a population and increases
the adaptiveness of plants. Costa e Silva et al., studied the
population-level variation in functional traits of Eucalyptus
pauciflora seedlings in dry and mesic sites and compared

it to controlled experimental drought. Upon acute water
limitation, the trait of lamina length exhibited a directional
selection pattern in line with a shift in the mean of the mesic
population toward that of the dry population. Therefore, past
adaptation and gene variation reduce the plant’s susceptibility
to stress.

Root symbiosis with ectomycorrhizal and arbuscular
mycorrhizal fungi can further mitigate the tree sensitivity to
stress. Affnity for specific fungal symbionts is part of a tree’s
phenotype and may serve as a form of adaptation. Usman
et al., reviewed the role of mycorrhizal symbioses in attenuating
climate-driven increases in abiotic stresses. In general, the
mechanisms in trees are similar to those found in non-woody
plants and knowledge on the protective mechanisms gained
on non-woody plants may help the manipulation of the tree
microbiome to support the health and resilience of forests.

Biotic attacks often appear alongside climatic stresses,
amplifying forest vulnerability. Therefore, large-scale monitoring
of forest ecosystems is crucial for assessing forest health and
tree mortality (Hartmann et al., 2018). Moreover, developing
detection methods for tree diseases will be paramount to assist
forest management. Antimicrobial peptides (AMPs) are a group
of proteins of innate immunity mostly known in herbaceous
plants. AMPs are secreted in the apoplastic space of peripheral
cell layers and act in plant defense against pathogenic fungi,
bacteria, viruses, and herbivores. To counteract the increasing
spread of pathogenic infection, Nosenko et al. suggested using
AMPs as markers for early detection of forest diseases. Yet, its
development requires advanced knowledge of the AMPs-based
defense mechanisms in woody plants. To prepare our forests for
fighting climate change, Schroeder et al. proposed the selection
of oak genotypes from natural forest stands based on molecular
markers of single nucleotide polymorphisms. This strategy would
enable the screening for resistant genotypes to (a)biotic stress
while maintaining a rich gene pool. Resistant members of tree
populations may be then used in seed orchards to assist climate-
resilient reforestation programs.

This Research Topic highlights the increasing number of
studies addressing various aspects of woody plant adaptation,
resilience, and vulnerability to climate change. There is a strong
potential for adaptation under selective forces of climate change
for plant species that have high variation in plasticity, genetics,
trait expression and gene flow.
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Despite the importance of tropical forests to global carbon balance, our understanding
of how tropical plant physiology will respond to climate warming is limited. In addition,
the contribution of tropical forest understories to global carbon cycling is predicted to
increase with rising temperatures, however, in situ warming studies of tropical forest
plants to date focus only on upper canopies. We present results of an in situ field-scale
+4◦C understory infrared warming experiment in Puerto Rico (Tropical Responses to
Altered Climate Experiment; TRACE). We investigated gas exchange responses of two
common understory shrubs, Psychotria brachiata and Piper glabrescens, after exposure
to 4 and 8 months warming. We assessed physiological acclimation in two ways: (1) by
comparing plot-level physiological responses in heated versus control treatments before
and after warming, and (2) by examining physiological responses of individual plants to
variation in environmental drivers across all plots, seasons, and treatments. P. brachiata
has the capacity to up-regulate (i.e., acclimate) photosynthesis through broadened
thermal niche and up-regulation of photosynthetic temperature optimum (Topt) with
warmer temperatures. P. glabrescens, however, did not upregulate any photosynthetic
parameter, but rather experienced declines in the rate of photosynthesis at the optimum
temperature (Aopt), corresponding with lower stomatal conductance under warmer
daily temperatures. Contrary to expectation, neither species showed strong evidence
for respiratory acclimation. P. brachiata down-regulated basal respiration with warmer
daily temperatures during the drier winter months only. P. glabrescens showed no
evidence of respiratory acclimation. Unexpectedly, soil moisture, was the strongest
environmental driver of daily physiological temperature responses, not vegetation
temperature. Topt increased, while photosynthesis and basal respiration declined as
soils dried, suggesting that drier conditions negatively affected carbon uptake for both
species. Overall, P. brachiata, an early successional shrub, showed higher acclimation
potential to daily temperature variations, potentially mitigating negative effects of
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chronic warming. The negative photosynthetic response to warming experienced by
P. glabrescens, a mid-successional shrub, suggests that this species may not be
able to as successfully tolerate future, warmer temperatures. These results highlight
the importance of considering species when assessing climate change and relay the
importance of soil moisture on plant function in large-scale warming experiments.

Keywords: experimental warming, photosynthesis, respiration, stomatal traits, thermal acclimation, TRACE,
tropical forests

INTRODUCTION

Tropical forests cycle a disproportionate amount of Earth’s
carbon dioxide (CO2) relative to their total land area and
have the highest photosynthetic rates and aboveground carbon
density of all terrestrial ecosystems (Beer et al., 2010; Pan et al.,
2013; Schimel et al., 2015). These critical biomes are expected
to approach temperatures outside their historical climate
boundaries within the next decade (Diffenbaugh and Scherer,
2011; Mora et al., 2013). However, the magnitude and direction of
the effects of climate warming on tropical forest carbon balance
are not well constrained (Korner, 2004; Lloyd and Farquhar,
2008; Booth et al., 2012; Wood et al., 2012; Cavaleri et al., 2015).
Plant carbon balance is determined by the uptake of CO2 into the
system through photosynthesis, and the release of CO2 through
respiration, however, these two processes respond differently
to changes in temperature. Instantaneous photosynthetic rates
increase with increasing temperatures until an optimum is
reached, after which net photosynthesis rates decline (Berry and
Bjorkman, 1980), whereas respiration rates rise with temperature
in an exponential fashion and eventually decline at very high
temperatures that cause membrane dysfunction (reviewed in
Atkin et al., 2005; O’Sullivan et al., 2013; Heskel et al.,
2016). Reduced photosynthesis and increased respiration with
warming above photosynthetic optimum temperatures could
result in CO2 release exceeding uptake, possibly inducing
a positive feedback that would exacerbate climate warming
(Cox et al., 2000; Zhang et al., 2014; Drake et al., 2016;
Hubau et al., 2020).

Forest upper canopies receive a higher proportion of direct
solar radiation; such that, more carbon is cycled in sun leaves
than shade leaves (Ellsworth and Reich, 1993). However, even
though forest understory layers show lower CO2 uptake rates
per unit leaf area compared to upper canopy leaves, shaded
leaves absorb the light that is scattered and refracted past the
upper leaves, significantly contributing to forest productivity.
In fact, due to their high leaf area index, the shaded canopy
and understory leaves can contribute more than 50% of gross
primary productivity of tropical forests (Chen et al., 2012; He
et al., 2018). The role that shaded leaves play in tropical forest
carbon cycling may further increase as temperatures rise if upper
canopies surpass their thermal thresholds (He et al., 2018; Mau
et al., 2018; Pau et al., 2018). Shaded leaves could continue to play
an even larger role in forest carbon cycling if elevated CO2 lowers
transpiration (Kirschbaum and McMillan, 2018) and, therefore,
evaporative cooling in the upper canopy leaves, as this could
potentially further increase upper canopy leaf temperatures and

reduce photosynthesis (Doughty and Goulden, 2008; Fauset et al.,
2019). While some in situ tropical warming studies have focused
on upper canopy leaves (Doughty, 2011; Slot et al., 2014), no
study - to date - has investigated the physiological responses
of tropical understory plants to experimental warming in situ,
and rarely do warming experiments in any ecosystem investigate
acclimation responses of both photosynthesis and respiration
within the same study.

Both photosynthesis and respiration have the capacity to
thermally acclimate (i.e., make adjustments to conserve carbon
balance), which could mitigate the negative effects of increasing
temperatures. Over time periods ranging from days to weeks,
photosynthetic thermal acclimation can be measured as an up-
regulation of either the optimum temperature of photosynthesis
(Topt), the rate of photosynthesis at that optimum temperature
(Aopt) (Berry and Bjorkman, 1980; Way and Yamori, 2014), or
through a broadened width of the photosynthetic temperature
response curve (�) (Slot and Winter, 2017; Table 1). Respiratory
acclimation to warming, on the other hand, manifests as a
down-regulation of either the temperature sensitivity or the
basal rate of respiration (Atkin and Tjoelker, 2003). Tropical
forests experience more narrow variations in temperature than
other latitudinal zones and plant function is determined by
their growth environment and evolutionary history. Therefore,
tropical species may not have the plasticity necessary to acclimate
to climate warming to the same degree as organisms in
systems that experience wider diurnal, seasonal, and inter-annual
temperature ranges (Janzen, 1967; Cunningham and Read, 2003;
Drake et al., 2015). Global meta-analyses (Way and Oren,
2010; Slot and Kitajima, 2015) and an in situ tropical canopy
warming experiment (Slot et al., 2014) have shown that tropical
plant respiration will likely acclimate to warmer temperatures,
however, there is still large uncertainty and conflicting evidence
surrounding photosynthetic acclimation (Cunningham and
Read, 2003; Slot and Winter, 2017; Smith and Dukes, 2017; Crous
et al., 2018). Recent studies on tropical seedlings suggest that
some tropical species can photosynthetically up-regulate with
increased temperatures (Slot and Winter, 2017; Smith and Dukes,
2017), however, an in situ warming study on tropical canopy
leaves resulted in lower photosynthetic rates (Doughty, 2011).
Respiration often acclimates even when photosynthesis does not,
because a lack of photosynthetic acclimation can lead to less
photosynthate available for respiration (Dewar et al., 1999; Atkin
and Tjoelker, 2003; Aspinwall et al., 2016), resulting in lower
respiration rates due to substrate limitation. There are limited
examples of how tropical species will respond to experimental
warming in situ (Doughty, 2011; Slot et al., 2014), and to date,
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TABLE 1 | Abbreviations and descriptions.

Variable Description Units

Anet Net photosynthesis µmol m−2s−1

Aopt Rate of photosynthesis at Topt µmol m−2s−1

A25 Rate of photosynthesis at 25◦C µmol m−2s−1

gs_opt Rate of stomatal conductance at Topt mol m−2s−1

Jmax The maximum rate of photosynthetic electron transport µmol m−2s−1

Jopt The rate of Jmax at ToptJ µmol m−2s−1

Q10 Factor that describes the rate respiration increases for every 10◦C increase in temperature unitless

R:A Ratio of respiration at 25◦C to photosynthesis at 25◦C unitless

Rd Dark respiration µmol m−2s−1

R25 Rate of respiration at 25◦C µmol m−2s−1

Tleaf Leaf temperature (◦C)

Topt The optimum temperature for net photosynthesis (◦C)

ToptJ Optimum temperature of maximum photosynthetic electron transport (◦C)

ToptV Optimum temperature of maximum rate of Rubisco carboxylation (◦C)

Tveg Surface vegetation temperature of experimental plots (◦C)

TvegMAX Mean maximum daily surface vegetation temperature (◦C)

TvegMEAN Mean daily surface vegetation temperature (◦C)

TvegMIN Mean minimum daily surface vegetation temperature (◦C)

Vcmax Maximum rate of Rubisco carboxylation µmol m−2s−1

Vopt The rate of Vcmax at ToptV µmol m−2s−1

VPD Vapor pressure deficit kPa

VWC10 Soil volumetric water content from 0 to 10 cm depth m3 m−3

VWC20 Soil volumetric water content from 20 to 30 cm depth m3 m−3

� The difference in Topt and the temperature where the rate of photosynthesis is 37% of Topt (◦C)

no studies have investigated how tropical plants respond to
larger-scale, in situ whole-plant warming.

A major consequence of the scarcity of data in tropical forests,
particularly for in situ studies, is uncertainty in our capacity to
accurately model tropical ecosystem carbon exchange (Cavaleri
et al., 2015; Lombardozzi et al., 2015; Mercado et al., 2018).
In particular, data that inform models on how vegetation will
respond to climate warming are severely lacking for tropical
systems (Arneth et al., 2012; Booth et al., 2012; Cernusak et al.,
2013; Huntingford et al., 2013; Wood et al., 2019). Although
these models are based on the same empirical acclimation
functions which were derived mostly from temperate species
(Kattge and Knorr, 2007), the degree of this physiological
acclimation varies (Lombardozzi et al., 2015; Smith et al., 2016;
Mercado et al., 2018). Using a land-surface model, Mercado
et al. (2018) recently predicted that photosynthetic capacity
will be up-regulated as tropical regions acclimate to warmer
temperatures, positively stimulating carbon storage in tropical
regions, however, emerging empirical data do not support the
idea of increased carbon uptake in African and Amazonian
tropical forests (Hubau et al., 2020). To more accurately model
future carbon cycling of these key ecosystems, we need to
understand if these systems are able to adjust, or acclimate, to
warmer temperatures (Huntingford et al., 2013).

To improve the understanding of how tropical understory
plant carbon cycling will respond to climate warming, we
investigated plant physiological responses of two understory
shrubs to elevated temperature using a field-scale warming

experiment in a wet tropical forest that heated the understory
vegetation and soil using infrared heating panels (Kimball et al.,
2018). While we controlled for as much variability as possible,
in situ manipulative experiments are inherently variable both
spatially and temporally. As a result, treatment differences may be
obscured by high environmental variability, especially if sample
size is relatively low, as is often the case with time-intensive
gas exchange response curve measurements. To address this
challenge, in addition to analyzing a binary treatment effect
(control vs. warmed), we also assessed plant acclimation capacity
by investigating photosynthetic and respiratory responses to
daily environmental fluctuations using a more granular statistical
approach. Physiological plasticity is directly related to thermal
acclimation, as plasticity determines whether a plant has
the potential to acclimate (Piersma and Drent, 2003; Atkin
et al., 2006; Gunderson et al., 2010). Species that show an
ability to adjust in response to environmental variation are
likely to perform better under multiple aspects of climate
change compared to species with limited physiological plasticity
(Nicotra et al., 2010); therefore, assessing plastic responses to
environmental variations provide an additional approach for
examining plants’ capacity for thermal acclimation.

Based on previous in situ studies showing a lack of up-
regulation of net photosynthesis with warming (Doughty, 2011),
evidence that tropical plants are operating near physiological
thresholds (Doughty and Goulden, 2008; Mau et al., 2018), and
the fact that tropical forests have evolved within a very narrow
climatic envelope (Janzen, 1967), we expected these tropical
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shrubs to have limited photosynthetic acclimation potential.
We further hypothesized that respiration would acclimate to
experimental warming, as respiratory acclimation has been
shown in tropical plants developed in situ (Slot et al., 2014).

MATERIALS AND METHODS

Study Site and Meteorological Variables
This study was conducted at the Tropical Responses to Altered
Climate Experiment (TRACE) site located at the USDA Forest
Service Sabana Field Research Station, within the Luquillo
Experimental Forest (18◦18′N, 65◦50′W) in northeastern Puerto
Rico. This site is located at 100 m elevation in a tropical
wet forest, with Ultisol soil classification (Scatena, 1989). Mean
annual precipitation during 2014–2016 was 2271 mm, with
each month averaging 112–324 mm rainfall. Mean annual
temperature is 24◦C (Harris et al., 2012). The wet season is
May through November, and January through April is drier
on average, however, this tropical forest experiences relatively
low temperature and precipitation seasonality. In 2016, the
site’s basal area of trees >1 cm was 38.76 m2 ha−1 and stand
density was 3100 trees ha−1. Canopy height averages ca. 20 m,
and light level at mid canopy is approximately 600 µmol
m−2 s−1. The site is a secondary forest that, at the time of this
study, had been regenerating from abandoned pasture land for
approximately 70 years.

Tropical Responses to Altered Climate Experiment is
comprised of three heated and three control 4 m-diameter plots
located in the forest understory. The heated plots (initiated
September 2016) were warmed +4◦C using six infrared (IR)
heating panels, each positioned in a hexagonal ring and raised
approximately 2.6 m above the ground (Figure 1). Control plots
had identical infrastructure, but with no electrical power cabling
and non-heated black metal panels instead of IR panels. See
Kimball et al. (2018) for more detail of experimental design and
infrastructure. Plots experienced less than 20% canopy openness
(Reed et al., 2020). In August 2017, canopy cover was similar
between treatments, where leaf area index was 6.60 ± 0.27
(mean± sd) in control and 6.34± 0.22 in heated plots.

Above-canopy daily rainfall and air temperatures used to
display conditions throughout this study were collected from
a 25 m tower weather station located approximately 2 km
from the TRACE site (Figure 2A). Daily rainfall (mm) at
the tower station was collected using a 10 cm plastic funnel
draining into a 180 ml plastic bottle. Surface vegetation
temperatures (Tveg) of each plot were monitored using infrared
thermometers (SI-121, Apogee Instruments, Logan, UT), which
measured vegetation (across multiple plants) and surface soil
temperature at the center of each plot with an 18◦ half
angle field of view. Below-canopy air temperature at the study
site (CS215, Campbell Scientific, Logan, UT, United States;
Supplementary Table S1) and Tveg were recorded using
a multiplexer and datalogger (AM16/32, CR1000, Campbell
Scientific; Figure 2B). Soil moisture and temperature were
measured at the edge, center, and midway between center
and edge of each plot at 0–10 cm depth, and additional

FIGURE 1 | Photograph of one of the experimental warming plots. Photo
credit: Aura M. Alonso-Rodríguez.

probes were installed at 20–30 cm depth at the plot center
(CS655, Campbell Scientific; Figures 2C,D). Air temperature
(Tair) and relative humidity (RH) were measured inside each
plot (∼1 m from the ground) using dataloggers (MX2301,
Onset Computer Corp., Bourne, MA, United States) from
June 20 to August 31, 2017, after the majority of plant gas
exchange sampling was completed. Vapor pressure deficit (VPD)
was calculated from Tair and RH using the Tetons equation
from Monteith and Unsworth (2008).

Sampling Design
We measured net photosynthesis, leaf respiration, and stomatal
traits during four measurement campaigns: two before and two
after the initiation of warming. Pre-warming measurements
were taken in January (winter) and August 2016 (summer).
Warming was initiated on September 28, 2016, and post-warming
measurements were taken in January (winter), after 4 months
of warming, and May–June 2017 (summer), after 8 months of
warming (Figure 2).

Measurements were conducted on the first fully expanded leaf
of the two most common species within the plots: Psychotria
brachiata Sw., an early successional shrub that can be prevalent
in the shaded understory but performs well in an open canopy
environment (Devoe, 1989; Valladares et al., 2000; Pearcy et al.,
2004), and Piper glabrescens (Miq.) C. DC., a mid-successional
shrub species (Myster and Walker, 1997). Including seedlings
under 30 cm height, there were 14–58 individual P. brachiata
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FIGURE 2 | Environmental summaries throughout the duration of the pre-warming and post-warming campaigns. (A) Daily rainfall (black bars) and average daily air
temperature (Tair ; green line). (B) Mean daily surface vegetation temperature of the heated (orange) and control (dark blue) plots. Mean daily soil moisture at (C)
0–10 cm and (D) 20–30 cm depth for the heated and control plots. The dates shown range from July 1st 2015–August 15th 2017. The vertical red dashed line
depicts the beginning of the warming treatment in the heated plots. The light gray bars depict Anet and Rdark sampling campaigns. The sampling campaigns that are
light gray bars outlined in black (August 2016 and June 2017) depict campaigns where stomatal size and density was measured. The dark gray bars depict the
Vcmax and Jmax sampling campaigns. Rainfall and air temperature were collected from an above canopy weather station. Air temperature (◦C) (HMP50-L, Campbell
Scientific) was logged using a datalogger (CR1000, Campbell Scientific).

and 2–84 individual P. glabrescens individuals per plot in 2017.
P. brachiata comprised 30% and P. glabrescens comprised 5%
of the number of woody plants greater than 30 cm height

within the plots. The heights of individuals measured within
each plot ranged from 25.5 to 209.0 cm for P. brachiata and
12.0 to 110.0 cm for P. glabrescens. Average stem diameter of
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individuals measured 2 cm above the soil surface ranged from 3.6
to 37.6 mm for P. brachiata and 3.6 to 10.4 mm for P. glabrescens.
Two to four leaves per species per plot were sampled during
each campaign from separate individual plants whenever possible
(Supplementary Table S2). In the cases where three leaves for
a species were not available within a plot, extra leaves were
measured from a separate plot. In some instances, there were not
enough individual plants throughout the plots to get an adequate
samples size; in this case, two leaves from the same individual
plant were measured (Supplementary Table S2).

Net Photosynthesis and Stomatal
Conductance Response to Temperature
We measured photosynthetic temperature response at 20, 25,
27, 30, 33, 35, 37, and 40◦C on attached leaves using an
LI6400XT infrared gas analyzer fitted with the 6 cm2 leaf
chamber (6400-02B, Li-COR Inc., Lincoln, NE, United States).
Temperature was controlled by cycling hot or cold water
through the Expanded Temperature Control Kit (6400-88, Li-
COR Inc.) using gravity (Mau et al., 2018). Photosynthetic
photon flux density was controlled at saturating irradiance
(800 µmol m−2 s−1) based on photosynthetic light response
curves performed on these understory plants (data not
shown), CO2 concentration at 400 ppm, and flow rate
between 150 and 500 µmol m−2 s−1 to keep chamber VPD
between 1 and 2 kPa. It was sometimes difficult to keep
VPD below 2 kPa at temperatures above 35◦C, however.
Each leaf was allowed approximately 5 min to equilibrate
to new chamber conditions. Measurement duration for a
single temperature response curve ranged between 40 and
75 min, and measurements were conducted between 8 am
and 4 pm. Each measurement campaign lasted 21–35 days.
Environmental conditions were variable throughout the day and
throughout campaigns.

Net photosynthetic temperature response parameters were
extracted using the following equation from June et al. (2004):

Anet = Aopt × e
−

(
Tleaf − Topt

�

)
(1)

where Anet is net assimilation at the instantaneous leaf
temperature (Tleaf ), and � is the difference in Topt and the
temperature where photosynthesis is reduced to 37% of Aopt .
The parameter � is a measure of the width of the temperature
response curve, where a larger value of � indicates a wider curve,
or broader photosynthetic thermal niche. In eight of the 124
curves, Anet peaked outside the range of measured temperatures,
and in these instances, Topt and Aopt were determined as the
temperature at the maximum rate of photosynthesis, and � was
not extracted. Therefore, � statistical analyses were based on
116 of the 124 temperature response curves. For each curve,
we also extracted stomatal conductance at Topt (gs_Opt). The
parameter gs_Opt was extracted by fitting linear regressions to
each gs - temperature responses and extracting the rate of gs
at the photosynthetic optimum temperatures. Before gs_Opt was
extracted, gs > 3 standard deviations away from the mean were

determined to be outliers outside the range of instrumental error
and were removed.

A-Ci Curves
To further investigate mechanisms underlying photosynthetic
acclimation, we performed photosynthetic CO2 response curves
(A-Ci curves), at multiple temperatures to measure temperature
responses of the maximum rates of Rubisco carboxylation
(Vcmax) and the maximum rates of electron transport (Jmax).
Due to the time intensive nature of performing multiple A-
Ci curves across a range of temperatures, only the most
common species, P. brachiata, was used for Vcmax and Jmax
measurements. Pre-warming measurements were collected in
July 2015 and post-warming measurements were taken July–
August 2017, after approximately 9 months of warming (Figure 2
and Supplementary Table S2). A-Ci curves were measured on
the same leaf at 20, 25, 30, 35, 40◦C using a LI6400XT (Li-
COR Inc.) fitted with an Expanded Temperature Control Kit
(6400-88, Li-COR Inc). Vcmax and Jmax were extracted from each
curve constructed from 400, 300, 200, 100, 50, 0, 450, 600, 850,
1000, and 1200 ppm CO2 concentrations, at saturating irradiance
(800 µmol m−2 s−1) and a flow adjusted to control chamber VPD
from 1 to 2 kPa (A-Ci curves at different temperatures shown
in Supplementary Figure S1). Vcmax and Jmax were extracted
from the net assimilation rate (Anet) response to internal CO2
concentration (Ci) using the “Ecophys” package (Duursma, 2015)
in R version 3.5.0 (R Core Team, 2018), which implements
the Farquhar, von Caemmerer, and Berry model (Farquhar
et al., 1980; von Caemmerer and Farquhar, 1981). Biochemical
parameters were extracted by fitting the Jmax and Vcmax vs.
temperature response curves to a peaked Arrhenius function
(Medlyn et al., 2002):

(Tk) =
(
kopt

) Hdexp
(

Ha(Tk−Topt)
(TkRTopt)

)
Hd − Ha1− exp

(
Hd(Tk−Topt)
(TkRTopt)

) (2)

where Tk is the measured leaf temperature in Kelvin, (kopt)
is the value of Jmax or Vcmax at the optimum temperature
(µmol m−2 s−1), Ha is the activation energy, or exponential
increase, in an Arrhenius function (kJ mol−1), Hd is the
decrease in Jmax or Vcmax after Topt and was held constant at
200 kJ mol−1(Medlyn et al., 2002), and R is the universal
gas constant (8.314 JK−1mol−1). Equation 2 was fit as
one curve for all measurements made within a single
plot; therefore, all measurements collected in one plot were
calculated as one sample.

Leaf Dark Respiration
Foliar dark respiration (Rd) was measured on the same leaves
that we used to measure net photosynthesis whenever possible.
Rd measurements were conducted using a LI6400XT fitted with
the 6400-05 conifer chamber head wrapped in aluminum foil
and a water jacket (Expanded Temperature Control Kit 6400-
088 Li-COR Inc., Lincoln, NE, United States). We used this
chamber because it fit larger leaf areas, providing more accurate
detection of the low Rd rates. For each measurement, a single leaf
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was rolled or folded loosely to fit in the chamber and to allow
adequate air mixing. Whether or not entire leaves fit inside of
the chamber, respiration rates were corrected by the actual leaf
area inside the chamber. For respiration – temperature response
curves, we measured CO2 efflux rates at 25, 30, 35, 37, and
40◦C for each leaf. Measurements began at least 1 h after sunset,
from approximately 7:00 pm to no later than 2:00 am. Chamber
reference CO2 was controlled at 400 ppm. Each curve took
approximately 25–35 min to complete.

Leaf respiration generally declines at temperatures higher
than 50◦C (O’Sullivan et al., 2017), but shows an exponential
increase with temperature below this threshold. We measured the
rate of respiration at temperatures up to 40◦C; therefore, each
respiratory response curve was fitted to the exponential, non-
linear equation as in Cavaleri et al. (2008) and Slot et al. (2014):

Rd = β0 × exp
(
Tleaf × β1

)
(3)

where Rd is the respiration rate (µmol m−2 s−1) at Tleaf and b0
and b1 are model parameters. The change in respiration rate with
every 10◦C (Q10) is calculated as:

Q10 = exp (10× β1) (4)

R25 was calculated using:

R25 =
RTleaf

Q
(
Tleaf−25

)
/10

10

(5)

where RTleaf is the respiration rate at Tleaf . R25 was calculated for
each measurement temperature and then averaged to obtain one
value for each leaf.

R:A Ratio
To assess leaf carbon balance, the ratio of leaf respiration to
photosynthesis (R:A) was calculated by dividing R25 by the
photosynthetic rate at 25◦C (A25). A25 was extracted from Eq. 1
by setting Tleaf equal to 25. For the eight curves that would not fit
Eq. 1, the actual photosynthetic rate measured at 25◦C was used
for the values of A25. When respiration and photosynthesis were
measured on separate leaves, measurements were matched from
the same individual plant.

Stomatal Traits
To provide further mechanistic insight to photosynthetic
responses, we measured stomatal size and density during August
2016 (pre-warming) and late June 2017 (post-warming) for
P. brachiata only. Stomatal traits were collected on fully expanded
leaves that developed during the warming treatment. Stomatal
impressions were collected by applying clear nail varnish to
the abaxial side of the leaf. Clear cellophane tape was used to
remove the dried varnish and mounted to glass microscope slides.
Photos of the slides were taken under 20× magnifications using
a compound light microscope (Eclipse 400, Nikon Instruments
Inc., Melville, NY, United States) and camera (DFC295, Leica
Microsystems Inc., Buffalo Grove, IL, United States) fitted with
a 55X coupler. Stomatal density was calculated as the number

of stomata within the 20× magnified area and divided by total
visible area using ImageJ v.1.50. Stomatal size was calculated by
multiplying the length and width, including guard cells, of each
stoma visible within the magnified area.

Detecting Acclimation by Analyzing Gain
Score Treatment Effects
We found differences between plant temperature response
parameters in the heated and control plots prior to the initiation
of the warming treatment (Figures 3, 4). To account for this
natural variation and to avoid spurious treatment effects, the
changes in measured physiological parameters (Aopt , Topt , �,
gs_Opt , Q10, R25, R:A) in response to warming were analyzed
using a gain score analysis, rather than simply comparing
treatment versus control plants after warming initiation. Gain
scores were calculated as the difference between post-warming
and pre-warming plot averages, and were analyzed using two-
way ANOVAs by treatment, season, and their interaction.
Stomatal size and density gain scores were calculated as the
difference between post-warming and pre-warming plot averages,
measured during summer only, using Student’s t-tests to compare
treatments. Jmax and Vcmax data were also only collected once
pre- and post- warming (Figures 2B–D); therefore, Student’s
t-tests were used to compare differences between the optimum
temperature of Vcmax (ToptV ), the optimum temperature of Jmax
(ToptJ), the rate of Vcmax at ToptV (Vopt), the rate of Vcmax at 25◦C,
the rate of Jmax at ToptJ (Vopt), and the rate of Jmax at 25◦C. Vcmax
and Jmax parameters were successfully extracted for two control
and three heated plots; therefore, control plot gain scores were
analyzed using two of the three control plots.

Gain scores were also used to analyze how plot environmental
variables [daily maximum (TvegMAX), mean (TvegMEAN), and
minimum (TvegMIN) surface vegetation and soil volumetric water
content at 10 cm (VWC10)] differed between treatment and
season, calculated using dates of measurement campaigns only.
Student’s t-tests were used to compare VPD between the heated
and control plots using hourly means, then comparing mean
VPD between heated and control plots during daytime hours.

Acclimation Effect Size
To assess acclimation potential of the physiological parameters
in a synthetic meta-analytic way, we calculated effect size
of each gain score for all gas exchange and stomatal traits.
Effect size was calculated as in Gurevitch et al. (1992) and
Hedges and Olkin (1985):

d =
Ye − Yc

s
× Jm (6)

where d is the effect size, Ye is the mean of the experimental
gain score, Yc is the mean of the control gain score, and s is the
standard deviation calculated as:

s =

√(
(Ne − 1)× s2

e
)
+
(
(Nc − 1)× s2

c
)

Ne + Nc − 2
(7)

where Ne is the experimental gain score sample size, Nc is the
control gain score sample size, se is the standard deviation of the
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FIGURE 3 | Net photosynthetic (Anet ) response to instantaneous leaf
temperatures (Tleaf ). The relationship between net photosynthesis and
temperature was plotted separately for each measurement campaign and
species: (A) Psychotria brachiata pre-warming winter season, (B) Piper
glabrescens pre-warming winter season, (C) P. brachiata pre-warming
summer season, (D) P. glabrescens pre-warming summer season,
(E) P. brachiata 4 months post-warming winter season, (F) P. glabrescens
4 months post-warming winter season, (G) P. brachiata 8 months
post-warming summer season, (H) P. glabrescens 8 months post-warming
summer season. Control plot (dark blue open circles) and heated plot (orange
closed circles) are means ± se at each leaf temperature. Lines are fit to each
temperature response using the June et al. (2004) method (Eq. 1) for control
(dark blue; dashed) and heated (orange; solid) plots separately. Dotted vertical
lines represent the optimum temperature for photosynthesis. Dotted horizontal
lines represent the rate of photosynthesis at the optimum temperature for
plants in control (dark blue) and heated (orange) plots separately. Gray boxes
represent the range of the average minimum and maximum daily vegetation
temperature observed for the control plots. Average minimum and maximum
temperatures are calculated for each measurement campaign separately.

experimental gain score, and sc is the standard deviation of the
control gain score.

Jm is a correction for small sample size biases and is
calculated as:

Jm = 1−
3

4m− 1
(8)

Where m is calculated as:

m = Ne + Nc − 2 (9)

Seasons were pooled for effect size analysis.

Detecting Acclimation by Analyzing
Responses to Environmental Variables
The large variation in actual environmental conditions across
space and time represented in “warmed” and “control” plots
of a large-scale in situ manipulative experiment and the nature
of these time-intensive physiological measurements resulted in
rather low statistical power for the gain score analysis (i.e.,
using only binary categorical data). Additionally, we compared
plots rather than individual plants across time when calculating
gain scores because we did not always measure the same
plants in each campaign, which decreased our sample size
further for this analysis. To increase our statistical power for
detecting acclimation, we took advantage of our rich datasets of
actual environmental conditions experienced by these plants and
investigated physiological plasticity in response to environmental
variables (i.e., using continuous data). First, mixed effects
models were used to investigate how photosynthetic temperature
response parameters responded to daily values of temperature
(TvegMAX , TvegMEAN), and soil volumetric water content at depths
of 0–10 and 20–30 cm (VWC10, and VWC20, respectively) for
each season. Respiratory temperature response parameters were
analyzed in response to TvegMIN , TvegMEAN , VWC10, and VWC20
because respiration was measured at night, when minimum
temperatures occur. Models were run for each species separately
with plot as the random variable, where individual plant was
the sampling unit. In cases where multiple leaves were measured
for a single plant, the mean of the dependent parameter
of the two leaves were used as a single sample. Two Q10
values > 3 standard deviations from the mean were removed.
Environmental variables on the day prior to gas exchange
sampling were used because the heaters were turned off for safety
during sampling days. Mixed effects models were analyzed using
the “lmer” function in the “lme4” package (Bates et al., 2015).
P-values were extracted for the mixed effect model using the
“Anova” function from the “car” package in R (Fox and Weisberg,
2011), which calculates p-values based on Wald chi-square tests.
In addition, we used a hierarchical partitioning approach to
quantify the explanatory power of each environmental variable
on parameter variance using the “heir-part” package in R (Walsh
and Mac Nally, 2013). By using these additional approaches to
assess acclimation potential of our study species, we were not
only able to capture responses to the high spatial and temporal
variability in environmental conditions that were obscured when
only comparing binary treatment effects, but we also were able to
tease apart the most important environmental drivers.
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FIGURE 4 | Leaf respiratory (Rdark ) response to instantaneous leaf temperatures (Tleaf ). The respiratory response to temperature was plotted separately for each
measurement campaign and species: (A) Psychotria brachiata pre-warming winter season, (B) Piper glabrescens pre-warming winter season, (C) P. brachiata
pre-warming summer season, (D) P. glabrescens pre-warming summer season, (E) P. brachiata 4 months post-warming winter season, (F) P. glabrescens 4 months
post-warming winter season, (G) P. brachiata 8 months post-warming summer season, (H) P. glabrescens 8 months post-warming summer season. Control plot
(dark blue open circles) points and heated plot (orange; closed) points are means ± se at each leaf temperature. Exponential fit lines were fit to control (dark blue;
dashed) and heated (orange; solid) plots separately. Gray boxes represent the range of the average minimum and maximum daily vegetation temperature for the
control plots. Average minimum and maximum temperatures are calculated for each measurement campaign separately.
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RESULTS

Environmental Variables
On average, the summer sampling campaigns were both
hotter and rainier than the winter campaigns. Average daily
precipitation was 3–6 times higher, and average daily below-
canopy air temperature (Tair) was ∼3.5◦C warmer in summer
than winter (Supplementary Table S1 and Figure 2A).
Daily average minimum Tair showed slightly less variability
between seasons (∼1–4◦C), while maximum Tair showed
a greater difference between summer and winter (∼3–7◦C;
Supplementary Table S1). Similarly, control plot mean
daily vegetation temperature (TvegMEAN) ranged from 23.5
to 25.3◦C during summer and 20.7 to 21.9◦C during winter
campaigns (Figure 2B).

The infrared warming treatment resulted in hotter vegetation
and drier soils compared to the control plots during both seasons.
Daily mean, maximum, and minimum vegetation temperature
gain scores (i.e., the difference between post- and pre- warming)
showed a treatment effect (Supplementary Table S3), where
heated leaf TvegMAX was ∼4◦C greater, heated leaf TvegMEAN
was ∼ 3◦C greater, and heated leaf TvegMIN was ∼2◦C greater
compared to the control plots for both seasons (Supplementary
Figures S2A–C). We did find a “seasonal” effect for TvegMEAN ,
TvegMIN , and VWC10 (Supplementary Figures S2B–D), however,
this does not indicate environmental parameter differences
between summer and winter. Gain scores measure the change
from pre- to post-warming; therefore, a “seasonal” effect indicates
that there is more inter-annual variation during one of the
seasons compared to the other. Additionally, soil volumetric
water content at 0–10 cm (VWC10) gain score was ∼34% lower
in the heated plots than the control (Supplementary Table S3
and Supplementary Figure S2D), showing that the warming
treatment did significantly alter the heated plants’ growth
environment through both higher vegetation temperatures and
lower soil moisture (Figures 2B,C) and this treatment effect was
consistent across seasons. Environmental gain scores were only
calculated during our campaigns; therefore, differences outside of
this timeframe could have had higher or lower gain score results.

Vapor pressure deficit (VPD) was not measured in the heated
and control plots prior to warming, so we could not calculate gain
scores for this variable. From data that coincided with our final
measurement campaign only (late summer 2017), heated plots
showed a mean daytime VPD of 0.36 ± 0.03 kPa, which was
higher than the control plots (control VPD = 0.19 ± 0.03 kPa,
p = 0.002, Supplementary Figure S3).

Treatment Effects on Net Photosynthesis
and Foliar Respiration
While Piper glabrescens did not show treatment effects for
any photosynthetic parameters, Psychotria brachiata did
shift to a broader photosynthetic thermal niche under
the warming treatment. Gain score analysis showed the
optimum temperatures of photosynthesis (Topt) and the rates
of both photosynthesis and stomatal conductance at that
optimum temperature (Aopt and gs_opt) were not statistically

different between warmed and control plots for either species
(Supplementary Table S4 and Supplementary Figures S4A–
D,G,H). However, the photosynthetic thermal niche (�) gain
score of P. brachiata was ∼6◦C wider in the heated plots
compared to the control plots (Supplementary Table S4 and
Supplementary Figure S4E), while P. glabrescens � did not
differ between treatments (Supplementary Figure S4F).

For both species, photosynthetic optimum temperatures
exceeded maximum daily vegetation temperatures in both heated
and control plots during all measurement campaigns. Topt values
ranged from 30 to 32◦C in control plots and 32 to 34◦C in heated
plots for both species (Supplementary Table S5). Control plot
Topt was ∼7◦C higher than maximum vegetation temperature
for P. brachiata and ∼6–9◦C higher for P. glabrescens, with
greater differences during the winter (Supplementary Table S5
and Figure 3).

We found no evidence of a warming treatment effect on foliar
respiration temperature response or the ratio between respiration
and photosynthesis at 25◦C (R:A) for either species. Neither
P. brachiata nor P. glabrescens showed significant treatment,
season, or interaction effects on the gain scores of Q10, R25, or R:A
(Supplementary Table S4 and Supplementary Figures S5A–F).

Treatment Effects on Component
Processes of Net Photosynthesis and
Stomata
We investigated underlying mechanisms of photosynthetic
thermal acclimation by exploring the shifts in temperature
responses of component processes of net photosynthesis,
including the maximum rates of Rubisco carboxylation
(Vcmax) and the maximum rates of electron transport (Jmax)
(Supplementary Table S6). Consistent with our analyses of net
photosynthesis, we detected no warming treatment effects for the
temperature responses of Jmax or Vcmax. Neither the optimum
temperature of Vcmax (ToptV ; Student’s t-test p = 0.304), rate
of Vcmax at ToptV (Vopt ; p = 0.824), the rate of Vcmax at 25◦C
(p = 0.503), the optimum temperature of Jmax (ToptJ ; p = 0.546),
the rate of Jmax at ToptJ (Jopt ; p = 0.747), nor the rate of Jmax
at 25◦C (p = 0.468) gain scores differed between treatments
(Supplementary Figure S6).

Psychotria brachiata leaves had slightly smaller stomata in
the heated (−23.80 ± 26.75 µm2) compared to the control
(67.28 ± 31.70 µm2) plot gain scores after 8 months of
warming (p = 0.095). There was no alteration in stomatal density
(p = 0.443), where control density was−0.57± 42.24 m m−2 and
heated density was 54.29± 49.50 m m−2.

Acclimation Effect Size for All Variables
Effect size calculations were used to show acclimation responses
of gas exchange and stomatal trait gain scores in a standardized
meta-analytic framework. Photosynthetic acclimation indicates
an up-regulation of photosynthesis with experimental warming;
therefore, photosynthetic parameter (Topt , Aopt , �, gs_Opt , ToptV ,
ToptJ , Vopt , Jopt) effect size greater than zero indicates acclimation.
With an effect size of 1.36 ± 0.41 (effect size ± variance),
P. brachiata thermal niche (�) was the only photosynthetic
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parameter that was not close to overlapping zero (Figure 5).
Evidence of respiratory acclimation would result in Q10 and
R25, and R:A parameter effect sizes lower than zero (i.e., down-
regulation). Agreeing with the gain score analyses, neither species
showed high magnitude respiratory effect sizes (Figure 5).
Adjustment of stomatal traits can result in either increasing
or decreasing stomatal size and/or density (e.g., Shen et al.,
2017), however, the only stomatal trait showing acclimation was
P. brachiata stomatal size. With an effect size of −1.43 ± 0.84,
P. brachiata adjusted to have slightly smaller stomata under
experimental warming (Figure 5).

Gas Exchange Parameter Responses to
Environmental Variables
While categorical gain score analysis of treatment and season
only revealed photosynthetic thermal niche treatment effects,
we did find significant responses to continuous environmental
variables across plots. Overall, photosynthetic optimum
temperatures and thermal niches increased for P. brachiata as
vegetation became warmer, but P. glabrescens photosynthesis and
stomatal conductance declined as temperatures rose. P. brachiata
Topt increased significantly with daily mean and maximum
vegetation temperatures (Supplementary Table S7, Figure 6A
and Supplementary Figure S7A). P. glabrescens Topt showed no
response with TvegMEAN or TvegMAX (Supplementary Table S7,
Figure 6B, and Supplementary Figure S7B). P. brachiata
Aopt did not respond to surface vegetation temperature (Tveg ;
Figure 6C and Supplementary Figure S7C); although, Aopt
intercept was higher during winter for TvegMEAN analysis but
higher during summer for the TvegMAX analysis (Supplementary
Table S7). P. glabrescens Aopt declined as TvegMEAN , but not
TvegMAX , increased (Figure 6D and Supplementary Figure S7D)
and was higher during the summer (Supplementary Table S7).
Thermal niche (�) broadened for P. brachiata as Tveg rose
(Figure 6E and Supplementary Figure S7E), but P. glabrescens
� did not respond to Tveg (Figure 6F and Supplementary
Figure S7F). P. brachiata showed no relationship between
gs_Opt and Tveg (Figure 6G and Supplementary Figure S7G).
P. brachiata gs_Opt followed similar trends to Aopt , where gs_Opt
decreased as TvegMEAN increased (Figure 6H), however, the
relationship was not significant for TvegMAX (Supplementary
Table S7 and Supplementary Figure S7H).

Temperature sensitivity of respiration did not respond to
vegetation temperatures for either species, while respiratory
rates at a standard temperature showed evidence of down
regulation only for P. brachiata. Neither P. brachiata nor
P. glabrescens Q10 responded to temperature (Figures 7A,B
and Supplementary Figures S8A,B). P. brachiata R25 decreased
with increasing TvegMEAN during the winter months only
(Supplementary Table S7 and Figure 7C) and had no
response to TvegMIN (Supplementary Figure S8C). P. glabrescens
R25 did not respond to TvegMEAN (Figure 7D) or TvegMIN
(Supplementary Figure S8D).

As soils dried, both species’ optimum temperatures increased,
and P. brachiata photosynthesis declined. P. brachiata and
P. glabrescens Topt rose as deeper (20–30 cm; VWC20) but

FIGURE 5 | Acclimation effect size with warming for the photosynthesis,
respiration, and stomatal size and density variables. Variables represented are
the optimum temperature of photosynthesis (Topt ) (◦C), the photosynthetic
rate at Topt (Aopt ) (µmol m−2 s−1), the width of the photosynthetic –
temperature response curve (�) (◦C), the rate of stomatal conductance at Topt

(gs_Opt ) (mol m−2 s−1), optimum temperature of the maximum rate of Rubisco
carboxylation (ToptV ) (◦C), optimum temperature of the maximum
photosynthetic electron transport (ToptJ ) (◦C), rate of the maximum rate of
Rubisco carboxylation at the optimum temperature (Vopt ) (µmol m−2 s−1),
rate of maximum photosynthetic electron transport at the optimum
temperature (Jopt ) (µmol m−2 s−1), respiration increase with every 10◦C (Q10),
the rate of leaf dark respiration at 25◦C (R25) (µmol m−2 s−1), the ratio
between R25 and photosynthesis at 25◦C (R:A), stomatal density (Density) (m
m−2) and stomatal size (Size) (µm2). Colors of data points depict the variable
type, where light blue represents photosynthetic variables, dark red represents
dark respiration variables, and green represents stomatal size and density.
Symbols depict whether the sample is Psychotria brachiata (open) or Piper
glabrescens (closed). Black boxes around P. brachiata � and stomatal size
indicate significant (solid box) or marginally significant (dashed box)
acclimation as calculated through the gain score analysis. Error bars depict
variance of effect size as calculated from Gurevitch et al. (1992).
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not shallow (0–10 cm; VWC10) soils dried (Supplementary
Table S7, Figures 8A,B, and Supplementary Figures S9A,B).
P. brachiata Aopt declined as shallow soils dried during the
summer but not during the winter (Supplementary Figure S9C)
and declined with decreasing VWC20 (Figure 8C). P. glabrescens
Aopt did not respond to VWC10 (Supplementary Figure S9C). As
shown by the significant interaction (Supplementary Table S7),
P. glabrescens Aopt declined as deep soils dried during the
summer, however, Aopt was overall lower and did not respond
to soil moisture during the winter (Figure 8C). � and gs_Opt did
not respond to soil moisture for either species (Supplementary
Table S7, Figures 7E–H, and Supplementary Figures S9E–H).

Both species showed down-regulation of respiratory basal
rates with drying soils. Neither species Q10 responded to
soil moisture (Supplementary Table S7, Figures 9A,B, and
Supplementary Figures S10A,B). P. brachiata R25 did not
respond to VWC10 but R25 declined as the 20 cm soils dried
(Figure 9C and Supplementary Figure S10C). P. glabrescens R25
decreased with decreasing VWC10 and VWC20 (Figure 9D and
Supplementary Figure S10D).

Hierarchical partitioning revealed that most variation in
photosynthesis and respiratory parameters was controlled,
unexpectedly, by deeper soil moisture, rather than vegetation
temperature. Variance in Topt , Aopt , and gs_Opt were all
strongly controlled by VWC20 for both species (Supplementary
Figure S11). Variance of thermal niche (�) for P. brachiata
was strongly driven by VWC20 (Supplementary Figure S11A),
however, P. glabrescens � variance was better explained
by vegetation temperature (Supplementary Figure S11B).
Q10 variance was relatively evenly explained by vegetation
temperature and soil moisture (Supplementary Figure S11),
particularly for P. glabrescens, while VWC20 explained most of
the variance in R25 (Supplementary Figure S11).

DISCUSSION

Photosynthetic and Stomatal Responses
to Temperature
Our hypothesis that tropical woody shrubs would not
photosynthetically acclimate after 8 months of experimental
warming was supported for P. glabrescens, but not P. brachiata.
While we did not detect a warming treatment effect on the
optimum temperature for photosynthesis (Topt) from the
gain score analysis, P. brachiata Topt up-regulated as mean daily
temperature increased (Figure 6A). P. glabrescens Topt showed no
acclimation to either experimental warming or daily temperature
variations. Other studies have found that tropical species
have some ability to photosynthetically acclimate to warmer
temperatures (Cheesman and Winter, 2013; Slot and Winter,
2017; but see Fauset et al., 2019) or stimulate photosynthesis
(Krause et al., 2013), however, acclimation was limited and had,
until now, only been found in greenhouses or growth chambers.
This emphasizes the importance of whole-plant in situ studies,
such as this one, which may provide a more comprehensive
representation of how plants will respond to climate warming.

Fewer warming studies investigate thermal niche acclimation,
however, Slot and Winter (2017) found that thermal niche
narrowed in experimentally warmed tropical seedlings
where these plants shifted to maintain carbon gain under a
wider temperature range. P. brachiata revealed a broadened
photosynthetic thermal niche (�) following extended
experimental warming (Figure 5 and Supplementary Figure S4)
and in response to warmer daily temperatures (Figure 6E).
Acclimation to both the experimental treatment and daily
temperature variation suggests that this species’ thermal niche
has a particularly plastic response to warming. Similar to Topt
results, P. glabrescens showed no thermal niche acclimation
potential. P. brachiata thermal niche acclimation occurred
alongside slightly declined stomatal size with prolonged warming
(Figure 5). Warming can either increase (Hill et al., 2014; Becker
et al., 2017; Jumrani et al., 2017; Shen et al., 2017) or decrease
(Rodrigues et al., 2016; Shen et al., 2017) stomatal density or size.
For example, Wu et al. (2018) found that subtropical tree species
with smaller stomata are better able to maintain rates of stomatal
conductance and photosynthesis under high temperature-
induced water deficits. Within our study, smaller size potentially
allowed P. brachiata stomata to lose less water as the apertures
remain open under wider temperature ranges (i.e., broadened
thermal niche). Due to sampling restriction, we were unable to
assess alterations in stomatal size for P. glabrescens; therefore,
we cannot speculate if a lack of stomatal plasticity limited
acclimation for this species. The co-occurring acclimation
toward a wider thermal niche and slightly smaller stomata may
give P. brachiata a slight advantage under climate warming,
however, with mean values above 17◦C, both of these understory
species already had relatively wide photosynthetic thermal niches
(Supplementary Table S5 and Figure 3).

Conversely, our hypothesis was supported for P. glabrescens,
as this species showed no positive shift in photosynthetic
temperature response with experimental warming (Figure 5 and
Supplementary Figure S4). Instead of acclimating, P. glabrescens
experienced slightly declined photosynthesis with warmer daily
temperatures (Figure 6D). The negative correlation between Aopt
and vegetation temperature in P. glabrescens corresponded with
a decline in stomatal conductance (gs) at Topt (Figure 6H).
Many model simulations of tropical forests have predicted
that temperature will negatively affect carbon gain through
lowered gs (Doughty and Goulden, 2008; Lloyd and Farquhar,
2008; Galbraith et al., 2010), rather than more direct effects
to photosynthetic machinery. For our species, P. glabrescens
experienced declines in gs as vegetation warmed (Figure 6H),
while P. brachiata did not (Figure 6G). P. brachiata leaves shifted
toward lower stomatal size in the heated leaves (Figure 5),
suggesting that P. brachiata may be able to more readily
maintain plant water status. While we did not measure plot-level
VPD during most of the physiological measurement campaigns,
VPD was higher in the heated plots during late summer 2017
(Supplementary Figure S3). Higher temperatures increase VPD,
further increasing transpirational drive, and the shift to smaller
stomata may have allowed P. brachiata to lose less water
during warmer days. Smaller size allows stomata to close more
quickly (Aasamaa et al., 2001), allowing plants to have more
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FIGURE 6 | Photosynthetic parameter responses to mean daily vegetation temperature (TvegMEAN ). (A) Psychotria brachiata optimum temperature of photosynthesis
(Topt ) response to TvegMEAN of winter (green circles) and summer (yellow triangles), (B) Piper glabrescens Topt response to TvegMEAN, (C) P. brachiata rate of
photosynthesis at Topt (Aopt ) response to TvegMEAN, (D) P. glabrescens Aopt response to TvegMEAN, (E) P. brachiata photosynthetic thermal niche (�) response to
TvegMEAN, (F) P. glabrescens � response to TvegMEAN, (G) P. brachiata rate of stomatal conductance at Topt (gs_Opt ) response to TvegMEAN, and (H) P. glabrescens
rate of stomatal conductance at Topt (gs_Opt ) response to TvegMEAN. Fit lines (green - winter; yellow – summer) indicate a significant interaction between TvegMEAN and
season (Supplementary Table S7). A solid black line is fit when there is a significant TvegMEAN response but no interaction (Supplementary Table S7).

dynamic responses to environmental conditions (Hetherington
and Woodward, 2003). This, in conjunction with overall lower
water loss from smaller stomata, could further contribute
to maintained photosynthesis with higher daily temperatures.
Although we did find that P. glabrescens Aopt declined with

increasing temperature, P. glabrescens Aopt was up-regulated
during the warmer, wetter summer months, suggesting that this
species does show some seasonal plasticity.

While we found indications of P. brachiata Anet acclimation
potential, we did not detect evidence of thermal acclimation
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FIGURE 7 | Respiration parameter responses to mean daily vegetation
temperature (TvegMEAN ). (A) Psychotria brachiata increase in respiration for
every 10◦C (Q10) response to TvegMEAN of winter (green circles) and summer
(yellow triangles), (B) Piper glabrescens Q10 response to TvegMEAN

(C) P. brachiata rate of respiration at 25◦C (R25) response to TvegMEAN, and
(D) P. glabrescens R25 response to TvegMEAN. Fit lines (green - winter; yellow –
summer) indicate a significant interaction between TvegMEAN and season
(Supplementary Table S7). A solid black line is fit when there is a significant
TvegMEAN response but no interaction (Supplementary Table S7).

of the biochemical components of net photosynthesis (Jmax
and Vcmax). While both Jmax and Vcmax have been found
to acclimate within days (Smith and Dukes, 2017), it is
possible that longer-term warming would be required to
detect a shift of these processes within our study system or,
perhaps, acclimation more readily occurs in the controlled
environment of a growth chamber than for in situ studies
(Gunderson et al., 2000). In addition, for both the photosynthetic
and respiratory acclimation results, some of the study leaves
were already fully developed prior to warming initiation.
Leaf age, however, was not tracked, leading to uncertainty
in whether leaves developed under the treatment (with the
exception of the stomatal size and density measurements).
Leaves that developed prior to initiation of warmer temperatures
are less likely to acclimate (Loveys et al., 2003); therefore
acclimation potential could have been limited for the fully
developed leaves.

Our study site is in an area with frequent hurricanes, which
can rapidly increase the light and temperature environment
experienced by understory species. The higher plasticity in
response to elevated temperature of P. brachiata may allow
this species to respond more quickly to new environments
(Figures 6A,E, 7C). Early successional species such as
P. brachiata are often associated with higher plasticity (Valladares
et al., 2000, 2002). There is some evidence that thermal
acclimation is more likely to occur in faster growing, early
successional species (e.g., Slot and Winter, 2018), however, this

FIGURE 8 | Photosynthetic parameter responses to soil moisture at
20–30 cm depth (VWC20). (A) Psychotria brachiata optimum temperature of
photosynthesis (Topt ) response to VWC20 of winter (green circles) and
summer (yellow triangles), (B) Piper glabrescens Topt response to VWC20,
(C) P. brachiata rate of photosynthesis at Topt (Aopt ) response to VWC20,
(D) P. glabrescens Aopt response to VWC20, (E) P. brachiata photosynthetic
thermal niche (�) response to VWC20, (F) P. glabrescens � response to
VWC20, (G) P. brachiata rate of stomatal conductance at Topt (gs_Opt )
response to VWC20, and (H) P. glabrescens rate of stomatal conductance at
Topt (gs_Opt ) response to VWC20. Fit lines (green - winter; yellow – summer)
indicate a significant interaction between VWC20 and season
(Supplementary Table S7). A solid black line is fit when there is a significant
VWC20 response but no interaction (Supplementary Table S7).

is not consistent across all species (reviewed in Atkin et al.,
2006). More shade tolerant species, such as P. glabrescens, are
generally adapted to thrive in relatively stable environmental
conditions (Valladares et al., 2002; Niinemets and Valladares,
2004), which is supported by P. glabrescens’ wide thermal niches
(Supplementary Table S5 and Figure 3). As a result, these
two species may respond differently to the greater hurricane
intensity and frequency predicted to occur with climate change
(Knutson et al., 2015; Bacmeister et al., 2018). While higher
P. brachiata plasticity may allow quicker responses to both
warming and disturbance, the wider thermal niches found in
P. glabrescens could also potentially mitigate negative effects of
climate warming.
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FIGURE 9 | Respiration parameter responses to soil moisture at 20–30 cm
depth (VWC20). (A) Psychotria brachiata increase in respiration for every 10◦C
(Q10) response to VWC20 of winter (green circles) and summer (yellow
triangles), (B) Piper glabrescens Q10 response to VWC20 (C) P. brachiata rate
of respiration at 25◦C (R25) response to VWC20, and (D) P. glabrescens R25

response to VWC20. Fit lines (green - winter; yellow – summer) indicate a
significant interaction between VWC20 and season (Supplementary
Table S7). A solid black line is fit when there is a significant VWC20 response
but no interaction (Supplementary Table S7).

Respiratory Responses to Temperature
There is currently a general consensus that, unlike
photosynthesis, tropical plants will be able to acclimate their
rates of respiration (Slot and Kitajima, 2015). Contrary to this
expectation, we found little to no respiratory thermal acclimation
in either species. P. brachiata showed no acclimation response
to experimental warming, however, there was slight evidence
for acclimation to daily environmental variables. P. brachiata
showed physiological plasticity by down-regulating the basal rate
of respiration (R25) as vegetation warmed, but that trend only
occurred during the cooler, drier winter months (Figure 7C).
P. brachiata R25 decreased as soils dried (Figure 9C); therefore,
R25 might have been more sensitive to warming temperatures,
and the corresponding drier soils, during the drier winter
season. P. glabrescens’ respiration did not acclimate to daily
changes in temperature or experimental warming (Figure 5 and
Supplementary Figures S5, S7B,D). While there are few studies
to corroborate respiratory acclimation through in situ tropical
warming studies, Slot et al. (2014) found that canopy leaves
exposed to only one week of nighttime warming were able to
acclimate through a down-regulation of basal respiration rate
(R25). Studies on juvenile tropical species have found evidence
of both decreased slope (Cheesman and Winter, 2013; Krause
et al., 2013) or both decreased basal rate and slope (Cheesman
and Winter, 2013; Drake et al., 2015) of respiratory acclimation.
Meta-analyses suggest that plants across all biomes will acclimate
their rates of respiration in response to warmer temperatures
(Way and Oren, 2010; Slot and Kitajima, 2015) and, our study

adds an important set of results suggesting that respiratory
acclimation might not be universal across tropical species.

There were no treatment differences in the ratio of
respiration to photosynthesis (R:A; Figure 5 and Supplementary
Figure S5E,F). Because these species were operating well below
their optimum temperatures for photosynthesis (Supplementary
Table S5), +4◦C of current conditions would likely not
negatively affect leaf carbon balance for these two species. It
is possible, however, that maximum vegetation temperatures
inside the plots were underestimated (Supplementary Table S5).
The infrared thermometer reads temperature over multiple
surfaces; therefore, measured temperature was likely lower
than the actual temperature experienced for some individual
leaves if the thermometer was measuring multiple leaves
experiencing different temperatures. Photosynthesis and
respiration were measured on different days; therefore, we were
unable to investigate variability in R:A with daily fluctuations of
temperature and soil moisture.

Soil Moisture: A Stronger Driver Than
Temperature
Our study aimed to investigate how plants specifically respond to
elevated temperature, however, along with heating plant tissues,
our warming treatment caused soil drying (Supplementary
Figure S2D). Changing precipitation patterns and soil drying
are predicted to have large effects on ecosystem carbon balance
(Ciais et al., 2005; Phillips et al., 2009; Kao and Ganguly, 2011;
Sherwood and Fu, 2014). Periodic drought and lowered soil
moisture cause declines in tropical forest productivity (Santos
et al., 2018; van Schaik et al., 2018). Importantly, hierarchical
partitioning revealed that deeper soil moisture, even more so
than vegetation temperature or shallow soil moisture, was the
most influential climate variable determining variation in many
gas exchange parameters (Supplementary Figure S11). Deeper,
rather than shallow, soil moisture may have been a stronger
driver because it was less variable in general (Figure 2D; Kimball
et al., 2018) likely because of less surface evaporation and fewer
roots present to rapidly draw water from that soil depth (Yaffar
and Norby, 2020). Topt increased as soil moisture decreased
(Figures 8A,B), suggesting that neither species’ Topt will likely
be negatively affected by a drying climate. Topt increasing with
drying soil in both of our species is somewhat surprising and
the increase may not be a direct effect of soil drying. If increases
in vegetation temperature (Tveg) coincided with soil drying, the
negative relationship between Topt and soil moisture could be
due to the indirect influence of higher Tveg , however, Topt only
increased with Tveg for P. brachiata. We may lack the data to fully
explain Topt responses to soil moisture.

While drier soils may not negatively affect Topt , we
did observed decreased Aopt for P. brachiata as soils dried
(Figure 8C). This negative association between photosynthesis
and drier soil also occurred for P. glabrescens during the summer
(Figure 8D), suggesting that drying soil has the potential to
negatively affect both species’ carbon uptake. Similarly, a long-
term study found that photosynthesis declined as soil moisture
decreased in 11 boreal and temperate species, likely due to
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stomatal conductance restrictions (Reich et al., 2018). R25 also
decreased as soil moisture decreased (Figures 9C,D), perhaps
following the trend of Aopt , where decreased substrate may
have limited the rate of respiration in drier soils. Soil drying
often occurs with ecosystem-level warming experiments, and
is also expected to occur with climate warming (e.g., Jarvi
and Burton, 2013; Rich et al., 2015). Accordingly, the role
soil moisture played in our study and the likelihood that, in
the absence of precipitation changes, higher temperatures will
result in reduced soil moisture, reinforces the importance of
investigating how both temperature and moisture affect plant
responses to climate change.

Assessing Physiological Responses by
Treatment Versus Actual Environmental
Conditions
We assessed thermal acclimation of physiological responses in
two ways: (1) by assessing treatment effects using a binary
comparison of control vs. warmed plots, and (2) by exploring
responses to actual environmental conditions experienced by
the plants in the day prior to each measurement. Although the
experiment was initially designed to assess thermal acclimation
through treatment effects, we detected stronger responses when
looking at the responses to values of environmental variables
across all treatments and time points. Several factors may have
contributed to the disparity between the two assessments. First,
in situ studies contend with many sources of variation across
space and time. Gunderson et al. (2010) found a higher capacity
for acclimation in seedlings grown in a growth chamber than
saplings grown in the field. The authors suggest factors such as
uncontrolled VPD and lower soil moisture could have limited
acclimation capacity in situ.

The differences between plots prior to initiation of the
warming treatment necessitated the gain score analysis
comparing pre- and post- warming responses. This approach
required all leaf-level measurements to be pooled at the plot
level, thus dramatically reducing our statistical power compared
to the regression-style analyses, which included plant-level
data. We found no differences in temperature, soil moisture,
or available nutrients between treatments that could easily
explain pre-warming physiological variation between heated
and control plots (Kimball et al., 2018; Reed et al., 2020). In
January 2016, prior to initiation of the warming treatment,
there were no differences in foliar nitrogen per unit leaf area for
either P. brachiata (Student’s t test, p = 0.122) nor P. glabrescens
(p = 0.520). Our experience here highlights not only the value of
pre-treatment measurements, but also the importance of high-
resolution measurements of actual environmental conditions
when designing large-scale in situ experiments.

CONCLUSION AND IMPLICATIONS

We assessed physiological acclimation potential of two Puerto
Rican understory shrub species +4◦C in an in situ field-
scale warming experiment in a tropical forest and, overall,
found different acclimation potential between species. Only
one of our two study species, P. brachiata, acclimated to

warmer temperatures through a wider photosynthetic thermal
niche and higher photosynthetic optimum temperatures. In
contrast, our other study species, P. glabrescens, showed
no evidence photosynthetic acclimation, and in fact showed
declines in both photosynthesis and stomatal conductance with
warmer temperatures Surprisingly, we found little evidence
for leaf respiratory acclimation, P. brachiata R25 decreased
with increasing vegetation temperature during the drier winter
season, but P. glabrescens showed no acclimation to experimental
warming or daily temperature variations. These data provide
important insight into how tropical understory plants respond to
warming, as there are limited examples and, to our knowledge, no
other large-scale in situ assessments of tropical forest understory
plant physiological acclimation.

Expanding in situ experimental warming studies to include
more species across different tropical forest types is essential, as a
lack of acclimation could indicate altered tropical forest carbon
uptake as global temperatures rise. Of our two study species,
P. brachiata may be more resilient to climate warming due to
higher plasticity in traits that conserve water and promote carbon
gain. P. glabrescens experienced lower rates of photosynthesis at
higher daily vegetation temperatures, perhaps due to reduced
stomatal conductance. If a trend of higher physiological plasticity
in early successional species and reduced photosynthesis with
higher shade tolerance is conserved across more tropical
understory species, we could see shifts in understory composition
with climate warming. Soil moisture played an important role in
determining the variation of many gas exchange variables and
thus should be carefully considered in situ warming studies.

This study was conducted on understory species, yet upper
canopy foliage may respond similarly to temperature as shaded
layers (Slot et al., 2019) and, due to high heat stress, leaves in the
canopy are already operating at or above thermal thresholds for
photosynthesis (Doughty and Goulden, 2008; Mau et al., 2018).
Thus, canopy foliage may not have the plasticity to up-regulate
physiology to the same degree as understory plants. If so, the
understory could become an even more dominant component of
tropical forests’ carbon cycle. In conclusion, our study addresses
a critical gap in our understanding of how tropical plants may
respond to warming and suggests that species’ plasticity may play
an important role in their ability to respond to climate change.
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The shrub Cistus incanus L. is well-adapted to Mediterranean conditions thanks to
its morpho-anatomical, physiological and biochemical traits. However, its distribution
and survival in coastal dunes will be likely threatened by ongoing runaway climate
change. We investigated how the harsh climatic conditions generated by the 2015
summer heat wave triggered specific anatomical, physiological, and biochemical
responses of this species in its natural environment. These adjustments were
compared to those measured in summer 2014. The drier and hotter conditions of
summer 2015 determined an increment in leaf lamina thickness, due to a greater
palisade parenchyma, thus leading to an increase in the whole leaf mass per area.
These morphoanatomical adjustments enhanced leaf resistance against dehydration,
optimized carbon assimilation, and delayed leaf senescence. In addition, the higher
amount of secondary metabolites detected for 2015, in particular tannins and
monoterpenes, contributed to the maintenance of physiological performances even
under hotter and drier conditions, preventing oxidative stress through the consumption
of excess reducing power. In conclusion, our study offers new evidence on the
integration of morphophysiological and metabolic adjustments of this species growing
in its natural habitat to cope with ongoing climate change.

Keywords: drought, flavonols, heat wave, leaf morpho-anatomical traits, Mediterranean maquis, monoterpenes,
photosynthesis, tannins

INTRODUCTION

Mediterranean climate is characterized by mild and humid winters and hot and dry summers, with
most of the rainfalls concentrated in the cold season (Lionello et al., 2006). Summer drought is
considered the primary constraint affecting both productivity and distribution of Mediterranean
vegetation due to a combination of high irradiance, high temperatures and water scarcity (Gratani
et al., 2013; Flexas et al., 2014).
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Mediterranean maquis vegetation mostly consists of evergreen
sclerophylls with a deep root system and semi-deciduous
shrubs, which reduce transpiring surface during stressful periods
(Galmés et al., 2007; Medrano et al., 2009). Shrub species, in
particular, are a widespread life form in the coastal ecosystem
and their potential resilience to environmental change deserves
special attentions (Arena et al., 2011; Galle et al., 2011;
Puglielli et al., 2017a). Mediterranean shrubs display a vast
array of strategies to cope with severe climatic constraints
(Lefi et al., 2004; Sardans and Peñuelas, 2013), which may in
part correlate with the large biological diversity encountered in
Mediterranean areas suffering from most severe environmental
pressures (Van Der Plas et al., 2016). Evergreen species usually
display a conservative resource use strategy (David et al., 2007),
characterized by low net photosynthesis and relative growth
rate, and the utilization of the fresh assimilated carbon for
leaf construction (Sardans and Peñuelas, 2013). By contrast,
semi-deciduous species display a higher physiological plasticity
compared to the evergreen counterparts, with a decline in
photosynthetic performances during central hours in summer
season, when high solar irradiance occurs in concomitance
with severe reduction in soil water availability and excessive air
temperature (Di Ferdinando et al., 2014).

Among these metabolic adjustments, the increase in
polyphenol contents in stressed plants has been linked to
improve photoinhibition tolerance and, in general, to the
protection of photosynthetic organs from oxidative damages
(Brunetti et al., 2015). Mediterranean shrubs also emit large
amounts of biogenic volatile organic compounds (BVOCs),
among which mono- and sesqui-terpenes are the most abundant.
These compounds play prominent functions against biotic and
abiotic stresses as well as in mediating ecological interactions
(Loreto and Schnitzler, 2010; Niinemets et al., 2013; Loreto
et al., 2014; Mu et al., 2018). Specifically, monoterpenes have
been shown to protect leaves against oxidative and thermal
damages, decreasing the rate of formation of reactive oxygen
species (ROS) that can damage the photosynthetic apparatus
(Loreto et al., 1998, 2014). It is known that water stress may
result in increased monoterpene emission (Ormeño et al., 2007)
or in a significant change in the blend composition of stored
monoterpenes (Brilli et al., 2013).

Cistus L. is a genus of dicotyledonous plants colonizing open
areas of stony and infertile soils (Papaefthimiou et al., 2014).
Among Cistus spp., Cistus × incanus L. (pink rock-rose, hereby
C. incanus) belongs to the autochthonous Tertiary Mediterranean
flora (Quézel, 1985). This species is classified as a summer
drought semi-deciduous species, shedding a high percentage
of leaves and branches and increasing the mass investments
per leaf area unit during drought (LMA, leaf mass per area)
(Catoni et al., 2012; De Dato et al., 2013; Grant et al., 2015).
The semi-deciduousness allows this species to be well-adapted to
summer drought (Correia and Ascensao, 2016; Puglielli, 2019).
In addition, also seasonal dimorphism, expressed both in the leaf
morphoanatomical traits as well as in the wood properties, may
be considered another important adaptation of this species to the
Mediterranean harsh climate (Aronne and De Micco, 2001; De
Micco and Aronne, 2009; Arena et al., 2013). Indeed, summer leaf

anatomy is characterized by a crimped lamina partially rolled to
form crypts in the lower surface and a thick palisade parenchyma
in the mesophyll tissue (Aronne and De Micco, 2001; Rotondi
et al., 2003).

Despite being well-adapted to multiple stress factors,
C. incanus distribution and survival in coastal dune areas will
be likely negatively affected by the ongoing climatic change
conditions (Nogués et al., 2015; Gori et al., 2019). In this
respect, very few field investigations have been conducted on the
effects of drought and heat stress on this Mediterranean shrub
(Gratani et al., 2008; De Micco and Aronne, 2009; Gratani et al.,
2018; Parra and Moreno, 2018; Gori et al., 2019). Furthermore,
morpho-physiological and metabolic responses of this species
to extreme drought remain poorly investigated despite the
increasing frequencies of heat waves hitting the Mediterranean
region as a consequence of climate change.

In this context, the contrasting climatic conditions of the
summers 2014 and 2015 provided an optimum opportunity to
study the modifications in this maquis shrub behavior in response
to ongoing climate change in its natural environment. In fact, the
summer 2014 showed irregular rainfalls and moderate drought,
while the summer 2015 was one of the driest and hottest in
Europe in the last 70 years as a result of an extreme heatwave that
lasted about 30 days until the end of July (Russo et al., 2015).

We took advantage of contrasting climatic conditions of
summers 2014 and 2015 to test if changes in morpho-anatomical
traits allow to maintain physiological performances and enhance
the biosynthesis of secondary metabolites in C. incanus. We
hypothesized that semi-deciduous Mediterranean shrubs species
adapted to harsh environment, such as C. incanus, are able to
face drought and heat stress thank to a coordination of morpho-
anatomical, physiological and biochemical traits. We expected
that higher temperature in 2015 may have promoted a major
investment in leaf construction and boosted the production of
secondary metabolites, thus reducing water loss and damages
to photosynthetic apparatus caused by oxidative stress. Overall,
this study provides the substantial contribution of secondary
metabolites, both condensed tannins and monoterpenes, to the
suite of traits conferring high plasticity to C. incanus and,
consequently to its high resilience against extreme environmental
pressures associated to climate change.

MATERIALS AND METHODS

Plant Material, Study Area, Sampling
Design and Meteorological Data
In May 2014, eight healthy individuals of C. incanus were selected
in the population previously described in Gori et al. (2019)
and screened for size and uniformity. C. incanus plants were
0.6 ± 0.07 m height with a canopy area of around 0.6 ± 0.08 m2.
The study was performed over 2 consecutive years on cloudless
days in summer 2014 and 2015 (8–9 July 2014 and 14–15 July
2015) on the coastal sand dunes located in Castiglione della
Pescaia (GR, Italy, 42◦ 46′ N, 10◦ 53′ E).

The diurnal time courses of leaf water potential was monitored
at five different sampling hours, at 4:00 (predawn, PD), 8:00,
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12:00 (midday, MD), 15:00, and 18:00, while gas exchanges,
chlorophyll fluorescence parameters, chlorophyll index and
epidermal flavonol index at 8:00, 12:00, 15:00, and 18:00.
Samples for polyphenol analysis and Biogenic Volatile Organic
Compounds (BVOCs) were collected between 12:30 and 14:00.
Air temperature (T), precipitation (P) and global irradiance (Gi)
were recorded every hour by the weather station “Grosseto”
(Italy) and provided from the regional archive of the LaMMA
Consortium1.

Water Relations
Two leaves per plant were collected in the field and transported
to the laboratory in sealed zip-lock, tared plastic bags stored in
a fridge bag. The leaves were weighed to determine fresh mass
(FW) and then allowed to hydrate until saturation (constant
weight) for 48 h in darkness to determine turgid mass (TW).
Then, leaves were dried in an oven at 80◦C for 48 h to determine
dry mass (DW). Finally, Relative Water Content (RWC) was
calculated using the following equation:

RWC(%) = (FW − DW)/(TW − DW)

Leaf water potentials (Ψw) were directly measured in field,
after the cut of two twigs per plant, using a Scholander-
type pressure chamber (PMS Instruments, Corvallis, OR). The
measurements of RWC and Ψw obtained from the same plant
were combined to make an individual replicate.

Morphological and Anatomical
Measurements
From the upper part of the canopy 10 adult leaves per plant were
sampled at midday to measure LMA by the calculation of the dry
mass (drying the leaves in oven at 80◦C for 48 h) to leaf area ratio
(mg cm−2). One twig per plant was collected and transported to
the laboratory for anatomical measurements. Light microscopy
segments of leaf tissue were taken from the basal-mid-lamina
regions of eight adult leaves and fixed for 2 h at room temperature
in 0.2 M phosphate buffer (pH 7.2) with 2.5% glutaraldehyde
(Sigma Aldrich). Then, they were washed twice in the same
buffer and post-fixed in 2% osmium tetroxide (Sigma Aldrich) for
additional 2 h. Following dehydration in a graded ethanol series
(30, 40, 50, 60, 70, 80, 95, and 100%), the samples were gradually
embedded in Spurr resin (Sigma Aldrich) and polymerized at
70◦C for 24 h (Spurr, 1969). Semi-thin sections, 1–2 µm, were
affixed to glass slides and observations were carried out in a Leica
DM LB2 Light Microscope (Leica Microsystem, Germany).

Gas Exchanges and Chlorophyll
Fluorescence
Measurements of gas exchanges and photosystem II maximum
efficiency (8PSII) were performed on two fully expanded and
healthy leaves per plant, selected in the most illuminated part
of the canopy, utilizing a LI-6400 portable photosynthesis
system (Li-Cor, Lincoln, NE, United States) equipped with a
cuvette of 2 cm2. Photosynthesis (Pn), stomatal conductance (gs),

1http://lamma.rete.toscana.it

intercellular CO2 concentration (Ci) and 8PSII were measured
at (CO2) of 400 µmol mol−1 and at the photosynthetic photon
flux density recorded in the environment. The integral of daily
photosynthesis (Pn), calculated using Sigma Plot 11.0 (Systat
Software, Inc., San Jose, CA), has been employed to quantify
the amount of carbon fixed during the day. Then, mesophyll
conductance to CO2 (gm) was calculated using the variable J
method (Harley et al., 1992) as follows:

gm =
Pn

Ci− 0∗[JF + 8∗(Pn+ Rd]
JF− 4∗(Pn+Rd)

where 0, representing the CO2 compensation point to
photorespiration, was obtained from data reported in Galle
et al. (2011), while light respiration (Rd) was calculated using
the Kok method at PPFD steps of 150, 100, 80, 60, and 30 µmol
m−2s−1 (Kok, 1948).

Electron transport rate (JF) was calculated from chlorophyll
fluorescence:

JF = 8 PSII∗ PPFD∗ α∗ β

where8PSII is the actual photochemical efficiency of Photosystem
II (Genty et al., 1989), the partitioning factor (β) between
photosystems I and II was considered to be 0.5 and leaf
absorbance (α) 0.84.

Moreover, we use the ratio JF/Pn as an indicator of the excess
of electron transport which can be diverted to other alternative
electron sinks rather than photosynthesis (Arena and Vitale,
2018; Brunetti et al., 2018).

After gas exchanges, Fv/Fm was measured on the same leaves
using a portable chlorophyll fluorescence system (Handy Pea,
Hansatech, Norflolk, United Kingdom). Before measurements,
leaves were adapted to the dark for 30 min. Gas exchange and
chlorophyll fluorescence measurements obtained from the same
plant were combined to make an individual replicate.

Biochemical Parameters
Non-destructive Determination of Chlorophyll and
Epidermal Flavonols
At each daily sampling hour, four leaves per plant were measured
with a Dualex R© device (Dualex R© Research, FORCE-A R©, Orsay,
France) on adaxial and abaxial side. Chlorophyll index (Chli)
and epidermal Flavonol index (Flavi) were obtained as described
in Agati et al. (2016). In particular, the Chli was calculated
as the average of the adaxial and abaxial measurements, while
the Flavi was calculated as the sum of both measurements. All
measurements obtained from the same plant were combined to
make an individual replicate.

HPLC Quantification of Polyphenols
Two leaves per plant were collected, immediately frozen in
liquid nitrogen, stored at −80◦C and then lyophilized. In detail,
lyophilized samples (150 mg of DW) were extracted twice with
5 mL of ethanol/water (75/25) adjusted at pH2.5 with formic
acid and the supernatant partitioned with 3× 5 mL of n-hexane.
The ethanol fraction was reduced to dryness, and the residue
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was rinsed with 1 mL of methanol/water (90/10). Aliquots
of 10µL were injected into the Flexar liquid chromatography
equipped with a quaternary 200Q/410 pump and an LC 200
diode array detector (DAD) (all from Perkin Elmer R©, Bradford R©,
CT, United States). Identification and quantification of these
metabolites was carried out using retention times and UV
spectral characteristics of authentic standards, as well as based on
literature data (Gori et al., 2016). The total polyphenols content
(PolTot) consists in the sum of individual polyphenols detected,
namely tannins (Tan) and flavonols (Flav).

GC-MS Quantification of Biogenic Volatile Organic
Compounds (BVOCs)
The emission of BVOCs was measured on the same leaves
used for gas exchange analyses by partially diverting the outlet
of the cuvette of the Li-Cor system described above into a
silico-steel cartridge packed with 200 mg of Tenax (Agilent,
Cernusco sul Naviglio, Italy). A volume of 4 dm3 of air was
pumped through the trap at a rate of 200 cm3 min−1 utilizing
an environmental air sampling equipment (A.P. BUCK, Inc.,
Orlando, FL). Prior to the first enclosure of the leaves, blank
samples from the empty cuvettes were taken every sampling day.
The cartridge was analyzed using a Perkin Elmer Clarus 580
gas chromatograph coupled with a Clarus 560 Mass-Selective-
Detector and a thermal desorber TurboMatrix (Perkin Elmer
Inc., Waltham, MA, United States) operating for 25 min at
250◦C. The desorbed compounds were separated in a 30-m
Elite-5-MS capillary column. The temperature of the column
was first maintained at 40◦C (5 min), then increased with a
5◦C min−1 175 ramp to 250◦C, and maintained at 250◦C for
2 min. BVOCs were identified using the NIST library provided
with the GC/MS Turbomass software. The authentic standards
of α-pinene, β-pinene and myrcene (Sigma Aldrich, Milan,
Italy) were used to prepare calibration curves as well as to
compare the peak retention time and the peak fragmentation
of monoterpenes found in the samples. Authentic standards of
other compounds collected in the traps (tujene, α-phellandrene,
and β-phellandrene) were not available, therefore the amount of
these compounds was calculated using the calibration curve of
α-pinene. Total BVOC emission (BVOCsTot) consists in the sum
of individual monoterpenes detected in the samples.

Statistical Analysis
Statistical analysis was performed using the SPSS software
program (SPSS, Inc., Chicago, IL, United States). To test the daily
trend of parameters, we performed a two way ANOVA followed
by Tukey’s post-hoc test. When a mean value was reported
for each summer, Student’s t-tests were performed to evaluate
differences between the two years. Linear regression analyses
were performed to determine the effect of air temperature on
gas exchanges and chlorophyll fluorescence parameters (Pn, gs,
Fv/Fm and8PSII) and water relations (Ψw and RWC) considering
the data collected in four different sampling hours (8:00, 12:00,
15:00, and 18:00) and on total polyphenols content (PolTot)
and BVOCs emission considering the data collected at 12:00.
The linear regression analysis was also applied to determine
the differential contribution of the morpho-anatomical traits

(upper and lower epidermis, palisade and spongy parenchyma)
to the total leaf thickness (LT) and to the gas exchange and
chlorophyll fluorescence parameters (Pn, gs, Fv/Fm, and 8PSII).
With the same set of data, a principal component analysis
(PCA) was applied to gas exchange and chlorophyll fluorescence
parameters (Pn, gs, Fv/Fm, and 8PSII), water relations (RWC
and Ψw) and morpho-anatomical (leaf thickness) or total
polyphenols content (PolTot), biogenic organic compounds
(BVOCs) emission and morpho-anatomical (leaf thickness) in
order to distinguish the trait syndromes between the year of
sampling. The PCA was calculated based on a correlation matrix
using OriginPro 2020 software.

RESULTS

Meteorological Data
In July 2014, the average maximum temperature (Tmax) was
29◦C, almost 5◦C lower than that recorded in July 2015. Average
minimum temperatures (Tmin) were 17.7 and 21.1◦C in July
2014 and 2015, respectively (Table 1). Hence, summer 2015 was
unusually dry and hot as a consequence of a severe heat wave
that hit the Mediterranean regions for about 30 days between the
end of June and July (Russo et al., 2015). During the 2 months
prior measurements cumulative rainfall was 84 mm in 2014 and
29 mm in 2015 (Table 1). During the days of measurements,
temperatures (Figure 1A) and global irradiance (Figure 1B) had
a typically daily trend, showing higher values during the central
hours. The daily irradiance did not change between the two
summers (Figure 1B). Whereas, in 2014 the daily time course
of temperature was consistently lower than in 2015 (Figure 1A),
with minimum and maximum temperatures of 18◦C and 30◦C in
2014, and 22◦C, and 33◦C in 2015, respectively (Figure 1A).

Morpho-Anatomical Leaf Traits
The microscopy analysis revealed significant variations among
the samples collected in summer 2014 and 2015 (Figure 2A and
Table 2). In both years, leaves showed a typical structure of a
heliophylous plant: a dorso-ventral orientation, a high mesophyll
density, with a well-developed palisade consisting of two/three
layers of elongate-prismatic cells and a spongy parenchyma with
a few airspaces (Figure 2A). In the leaves collected in 2015,
the vacuolar accumulation of tannins, as evidenced through
osmium staining, as spherical deposits or adjacent to the internal
surface of the vacuolar membrane; condensed tannins fill almost
completely the vacuoles of adaxial epidermis and palisade

TABLE 1 | Meteorological data of the two study years.

T MAX (◦C) T min (◦C) Cumulative rainfall (mm)

July July May–July

2014 29.0 17.7 84.0

2015 33.9 21.1 29.0

Average maximum and minimum temperatures (◦C) and cumulative rainfall (mm)
referred to May, June, and July prior the days of measurements. Data of
the weather station “Grosseto” (Italy) from the regional archive of the LaMMA
Consortium (http://lamma.rete.toscana.it).
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FIGURE 1 | Time course of average air temperatures (T,◦C) (A) and of global irradiance (Gi, Wm−2) (B) of the sampling days in July 2014 (black line) and July 2015
(gray line). Data of the weather station “Grosseto” (Italy) from the regional archive of the LaMMA Consortium (http://lamma.rete.toscana.it).

parenchyma cells, whereas occur in fewer cells or in smaller
quantities in spongy and abaxial epidermis cells (Figure 2A). In
addition, leaves collected in 2015 showed a significant increase in
the thickness of almost all leaf tissues compared to those collected
in 2014, i.e., increases of 44.2% (t-test; p ≤ 0.001) in the palisade
and of 28.2% (t-test; p = 0.024) in the lower epidermis (Table 2).
A slight, but not significant increment, was observed also in
the spongy parenchyma. The palisade parenchyma was the leaf
tissue that mostly contributed to increase the leaf thickness in
2015 presenting a higher coefficient of determination (R2 = 0.66)
when compared to the other tissues (spongy mesophyll R2 = 0.35,
upper epidermis R2 = 0.44 and lower epidermis = regression not
significant) (Figure 2B and Supplementary Table S1B). A strong,
significant increase in LMA (+34.5%) (t-test; p = 0.002) was
observed in 2015, as LMA ranged from 11.2 mg cm−2 in July 2014
to 17.1 mg cm−2 in July 2015 (Table 2).

Water Relations and Gas Exchanges
Plants had a better water status in 2014 than in 2015, as
shown by the significantly higher values of RWC recorded at

all sampling hours (two way ANOVA; p < 0.001) (Table 3).
As expected, RWC showed the maximum values at PD (∼70%
in 2014 vs. ∼60% in 2015) in both years. In 2014, after 8:00
RWC decreased significantly (two way ANOVA; p< 0.001) never
recovering to the morning value during the day. Similarly, in
2015, RWC declined significantly after 8:00 and, following the
depression registered during the hottest hours of the day, showed
a significant recovery to the morning values. A significant year-
sampling time interaction was revealed for water potential (Ψw)
(two way ANOVA; p < 0.001). Ψw was significant lower in
2015 than in 2014 (two way ANOVA; p < 0.001), except for
the late-afternoon value 2014 (two way ANOVA; p = 0.463)
(Table 3). This parameter followed a typically daily pattern,
showing marked reduction during the central hours of the day
in both years. It is worth noting that midday Ψw fell to a
minimum of −4.8 MPa in 2015, compared to the 2014 value
which reached −3.2 MPa (Table 3). Both parameters of water
status (RWC and Ψw) presented a negative relation with the air
temperatures (Supplementary Table S1A). A significant year-
sampling time interaction was revealed for net photosynthetic
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FIGURE 2 | Transverse cross sections of osmium-stained C. incanus leaves
collected in July 2014 (a) and 2015 (b) illustrating the difference in in thickness
of palisade parenchyma and epidermal cells between the plants collected in
the two different years (A). Condensed tannin deposits are shown in the
vacuoles of cells. UE, upper epidermis; PM, palisade mesophyll; SM, spongy
mesophyll; LE, lower epidermis; T, tannin. Bars = 50 µm. Linear regressions
between leaf thickness and the other morpho-anatomical traits (B). Linear
regressions between leaf thickness and photosynthesis (Pn) and stomatal
conductance (gs) (C). Detailed analysis is presented in Supplementary
Table S1.

TABLE 2 | Morpho-anatomical traits of C. incanus leaves in July 2014 and 2015.

Parameters 2014 2015

UE (µm) 17.81 ± 7.1 n.s. 22.89 ± 2.5

PM (µm) 65.48 ± 10 *** 94.47 ± 11

SM (µm) 50.36 ± 14 n.s. 57.89 ± 10

LE (µm) 8.52 ± 2.3 * 10.92 ± 1.4

PM/SM (%) 149.7 ± 79 n.s. 171.1 ± 52

LT (µm) 148.5 ± 14 *** 189.5 ± 17

LMA (mg cm−2) 11.18 ± 1.7 ** 17.07 ± 1.8

UE, upper epidermis; PM, palisade mesophyll; SM, spongy mesophyll; LE, lower
epidermis; PM/SM, palisade/spongy mesophyll ratio; LT, leaf thickness; LMA, leaf
mass per area. Data are means ± SD (anatomical parameters n = 8; LMA n = 80).
Asterisks represent differences between the two years, *(p ≤ 0.05), **(p ≤ 0.01),
***(p ≤ 0.001) based on t-test.

rate (Pn) (two way ANOVA; p < 0.001). Pn dropped from
morning to midday in 2015, ranging from 2.92 ± 0.80 µmol
m−2 s−1 to 0.99 ± 0.24 µmol m−2 s−1 (-66% two way ANOVA;
p < 0.001), while in 2014 it did not change in the same time
slot (two way ANOVA; p = 0.064). Differences in Pn diurnal
time courses emerged between the two summers after 12:00.
In fact, while in 2014 Pn values increased from 12:00 to 15:00
(+85% two way ANOVA; p < 0.001) and subsequent decreased
at 18:00 (-65% two way ANOVA; p < 0.001), in 2015, Pn did
not change from 12:00 to late afternoon (two way ANOVA;
p > 0.05) (Figure 3A). The daily integral of photosynthesis (Pn)
did not show significant differences between the two summers
(0.12 ± 0.03 g CO2 d−1m−2 in 2014 and 0.11 ± 0.01 g
CO2 d−1m−2 in 2015) (t-test; p = 0.55) (Figure 3B). Stomatal
conductance (gs) was significantly lower in 2014 than in 2015
at all sampling hours (two way ANOVA; p < 0.001), except
for values recorded at 18:00 (two way ANOVA; p = 0.324)
(Figure 4A). However, gs had a very similar trend in the two
summers, with the highest values recorded at 8:00 and 15:00
and the lowest at 12:00 and 18:00 (Figure 4A). A significant
linear regression between the leaf thickness and the Pn and gs
was observed (Figure 2C and Supplementary Table S1A) with
gs presenting the higher coefficient of determination (R2 = 0.59)
when comparing to Pn (R2 = 0.28). However, the relationship
between those parameters with the air temperature was only
significant for the gs (Supplementary Table S1A). Similarly to
gs, mesophyll conductance calculated at 12:00 (gmMD), showed
significantly higher values in 2015 than in 2014 (t-test; p = 0.05)
(Figure 4A). In 2014, Ci did not change from morning to
12:00 in 2014, while a significant increment was observed for
this parameter in 2015 (Figure 4B). Then while in 2014 Ci
strongly dropped from 12:00 to 15:00 (-24% two way ANOVA;
p < 0.001) and partially recovered in the late afternoon, in
2015 this parameter slowly returned to the morning value at
18:00 (Figure 4B). In addition, significant year-sampling time
interaction was revealed for both Ci and JF/Pn (two way ANOVA;
p < 0.001). The morning and midday values of the JF/Pn
ratio were similar and did not change between the 2 years
(two way ANOVA; p > 0.05) (Figure 4C). However, in 2015,
the JF/Pn ratio increased significantly during the afternoon
and resulted 86 and 68% higher than in 2014 at 15:00 (two
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TABLE 3 | Time course of relative water content (RWC) and of water potential (Ψw) of C. incanus plants in July 2014 and 2015.

RWC (%) Ψw (Mpa)

2014 2015 2014 2015

PD 71 ± 4 a *** 60 ± 3 a −2.0 ± 0.18 a ** −2.7 ± 0.58 a

08:00 68 ± 3 a *** 53 ± 3 ab −2.7 ± 0.19 b *** −3.9 ± 0.55 b

12:00 53 ± 5 b ** 45 ± 4 c −3.2 ± 0.08 b *** −4.6 ± 0.43 bc

15:00 55 ± 5 b * 49 ± 5 cb −3.0 ± 0.19 b *** −4.8 ± 0.33 c

18:00 59 ± 3 b * 54 ± 3 ab −2.7 ± 0.25 b n.s. −2.9 ± 0.25 a

Significance Hour*** Year*** Hour × Year n.s. Hour*** Year*** Hour × Year***

Two way ANOVA followed by Tukey’s pairwise comparison was performed to compare data (means ± SD; n = 8). Letters indicate significant differences
(p ≤ 0.05) among sampling hours for each years, whereas asterisks represent significant differences among yeas for each sampling hour, *(p ≤ 0.05), **(p ≤ 0.01),
***(p ≤ 0.001). PD, predawn.

FIGURE 3 | Time course of net photosynthetic rate (Pn) (A) and integration of daily net photosynthetic rate (Pn) (B) of C. incanus leaves in July 2014 and 2015. Two
way ANOVA followed by Tukey’s pairwise comparison was performed to compare data (means ± SD; n = 8) in (A). Letters indicate significant differences (p ≤ 0.05)
among sampling hour for each year, whereas asterisks represent significant differences among years for each sampling hour, *(p ≤ 0.05), **(p ≤ 0.01), ***(p ≤ 0.001).
The statistic adopted in panel B was a Student’s t-tests, asterisks represent differences between the two years, *(p ≤ 0.05), **(p ≤ 0.01), ***(p ≤ 0.001).

Frontiers in Ecology and Evolution | www.frontiersin.org 7 November 2020 | Volume 8 | Article 57629634

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-576296 November 6, 2020 Time: 12:17 # 8

Alderotti et al. C. incanus Morpho-Physiological and Metabolic Traits

FIGURE 4 | Time course of stomatal conductance (gs) (A), intercellular CO2 concentration (Ci) (B), and electron transport rate (JF) to net photosynthetic rate (Pn)
ratio (C) of C. incanus leaves in July 2014 and 2015. Insert graph in (A) shows mesophyll conductance at midday (gmMD) in July 2014 and 2015. Two way ANOVA
followed by Tukey’s pairwise comparison was performed to compare data (means ± SD; n = 8). Letters indicate significant differences (p ≤ 0.05) among sampling
hour for each year, whereas asterisks represent significant differences among years for each sampling hour, *(p ≤ 0.05), **(p ≤ 0.01), ***(p ≤ 0.001). The statistic
adopted for the inclusion in (A) was a Student’s t-test, asterisks represent differences between the two years, *(p ≤ 0.05), **(p ≤ 0.01), ***(p ≤ 0.001).
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way ANOVA; p < 0.001) and at 18:00 (two way ANOVA;
p< 0.001), respectively.

The PCA identified groups of plants with similar water
relations, gas exchange and morpho-anatomical features, with the
first two components of the PCA explaining 41.58 and 27.74% of
the variances. In the biplot (Supplementary Figure S1A) samples
collected in different years were segregated in distinct groups.

The samples collected in 2015 were mainly grouped at the
negative score of PC1 presenting lower values of 9w and RWC
than samples collected in 2014 and grouped at the positive score
of PC2 for gs and leaf thickness (LT). The Pn vector contributed
less for distinguishing both years.

Chlorophyll Fluorescence and
Chlorophyll Index
Photosystem II maximum efficiency (Fv/Fm) showed a typical
midday depression at 12:00 in both years (Figure 5A) (two
way ANOVA; p < 0.001) with a negative correlation with
air temperature along the day (Supplementary Table S1A).
However, while in summer 2014 Fv/Fm recovered optimal values
at 15:00, in 2015, this parameter fully recovered only at 18:00.
In addition, Fv/Fm was significantly higher in 2014 than in
2015 at 8:00 (two way ANOVA; p = 0.024) and at 15:00 (two
way ANOVA; p < 0.001) (Figure 5A). Photosystem II actual
efficiency (8PSII) differed between the 2 years, with significant
lower values in 2014 than in 2015 (two way ANOVA; p < 0.001).
The minimum values of 8PSII were observed from 12:00 to
15:00 in both summers (Figure 5B). The chlorophyll index
(Chli) was significantly higher in 2014 than in 2015 at all
sampling hours (two way ANOVA; p < 0.001) (Figure 5C).
However, the daily trends of this parameter were similar in
both years, with a reduction during the central hours of the day
followed by a recovery at 18:00 (Figure 5C). The PCA identified
groups of plant species with similar chlorophyll fluorescence
and chlorophyll index as previously described for gas exchanges
and water relations, with samples collected in different years
segregated in distinct groups (Supplementary Figure S1A).
According to the PCA analysis the samples collected in 2015
were mainly grouped at the negative score of PC1 presenting the
lower values of Fv/Fm however, 8PSII vector contributed less for
distinguishing both years.

Flavonol Index and Polyphenols
The Flavonol index (Flavi) exhibited very similar values and
daily trends in the two summers, increasing from 8:00 to 12:00
and then declining from 12:00 to 15:00 until 18:00 (Figure 6A).
Moreover, at 12:00, the value of Flavi was significantly higher
in summer 2014 than in 2015 (two way ANOVA; p = 0.026)
(Figure 6A). Total polyphenols (PolTot) were higher in 2015 than
in 2014 (t-test; p = 0.022) (Figure 6B) with a positive relation
with air temperature (Supplementary Table S1), because of the
significant difference in the total content of tannins, passing
from ∼ 51 µmol g−1 dw−1 in 2014 to ∼70 µmol g−1 dw−1

in 2015 (t-test; p = 0.002) (Figure 6C). In contrast, the total
content of flavonols did not change from 2014 to 2015 (t-test;
p = 0.183) (Figure 6C).

Biogenic Volatile Organic Compounds
The total emission of BVOCs increased about fivefold in 2015
compared to 2014 (t-test; p < 0.001) (Figure 7A) presenting a
positive relation with air temperature (Supplementary Table S1).
All BVOCs detected in the study were monoterpenes. The most
important monoterpenes emitted by C. incanus leaves were α-
and β-pinene, their sum accounted for about 69% of the total
emitted compounds in 2014 and for 60% in 2015 (Figure 7B).
Other monoterpenes detected were: α-, β- phellandrene, thujene,
and myrcene. In summer 2015, the emission of α-pinene,
β-pinene and myrcene were about five times higher compared
to summer 2014 (t-test; p < 0.001; p = 0.013; p = 0.011). The
emissions of β-phellandrene and thujene increased three and
nine times, respectively (t-test; p = 0.005; and p < 0.001), while
α-phellandrene emission was about 15 times higher in July 2015
than July 2014 2014 (t-test; p < 0.001) (Figure 7B). The PCA
identified groups of plant species with similar BVOCs (and also
for PolTot), with samples collected in different years segregated
in distinct groups (Supplementary Figure S1B). The samples
collected in 2015 were grouped at the positive score of PC1
(84.16% of the total variation), presenting the higher values for
PolTot and BVOCs as well as for the leaf thickness (LT).

DISCUSSION

Leaves of summer 2014 maintained a better water status
compared to the drier and hotter summer 2015 (Table 3).
In particular, the higher leaf dehydration observed during the
heat wave in July 2015, as estimated by the lower RWC,
led to a consequent drop in Ψw (Table 3). Leaf morpho-
anatomical traits may have played an important role to avoid
leaf shrinkage associated to dehydration during drought. Indeed,
when water is a limiting factor, plants undergo anatomical
alterations, particularly in their leaves, in which the transpiration
flow is regulated by stomatal closure (Bosabalidis and Kofidis,
2002; Scoffoni et al., 2014). It has already been reported
that the dimorphic C. incanus develops xerophytic leaves
during summer (Puglielli and Varone, 2018; Puglielli, 2019).
In our study, total lamina thickness was increased by 28% in
2015, as compared to 2014, mainly due to a higher palisade
parenchyma (+44%) and to a greater epidermal thickness
(+28%) (Table 2 and Supplementary Table S1B). The smaller
leaf size (Supplementary Figure S2) and the greater contribution
of upper epidermis and of mesophyll tissues, in particular
palisade parenchyma, to the whole leaf structure (Figure 2B
and Supplementary Table S1B), could have been important
to increase resistance against dehydration and cell collapsing
induced by the drier conditions of summer 2015 (Bosabalidis and
Kofidis, 2002; De Micco and Aronne, 2012; Mansoor et al., 2019).
We hypothesize that accumulation of leaf condensed tannins,
both in upper epidermis and mesophyll cells (Figure 2A), may
have contributed to strengthen the leaf structure of C. incanus
in 2015 as previously reported for other species grown in
xeric environments (Grossoni et al., 1998; Gravano et al.,
2000; Bussotti, 2008). We suggest that the increment in leaf
condensed tannins and the higher LT observed in the drier
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FIGURE 5 | Diurnal trends of maximal photochemical efficiency of PSII (Fv/Fm) (A), actual efficiency of PSII (8PSII) (B), and Chlorophyll index (Chli) (C) of C. incanus
leaves in July 2014 and 2015. Two way ANOVA followed by Tukey’s pairwise comparison was performed to compare data (means ± SD; n = 8). Letters indicate
significant differences (p ≤ 0.05) among sampling hour for each year, whereas asterisks represent significant differences among years for each sampling hour,
*(p ≤ 0.05), **(p ≤ 0.01), ***(p ≤ 0.001).
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FIGURE 6 | Epidermal Flavonol index (Flavi) (A), total polyphenols content
(PolTot) (B), condensed tannins (Tannins) and flavonols leaves content
(Flavonols) (C) of C. incanus leaves in July 2014 and 2015. Two way ANOVA
followed by Tukey’s pairwise comparison was performed to compare data
(means ± SD; n = 8). Letters indicate significant differences (p ≤ 0.05) among
sampling hour for each year, whereas asterisks represent significant
differences among years for each sampling hour, *(p ≤ 0.05), **(p ≤ 0.01),
***(p ≤ 0.001).

and hotter summer 2015 resulted in a significant increase in
LMA (+36%). Indeed, previous studies have clearly shown a
positive relationship between LMA and LT (Puglielli et al.,
2017c, 2019b; Gratani et al., 2018) and a possible contribution
of soluble phenolics to LMA (Poorter et al., 2009). The higher
LMA may have provided both a lower evaporative surface area
and a lower light harvesting capability per unit of leaf mass

(Table 2; Boughalleb and Hajlaoui, 2011; De Micco et al., 2011;
Perez-Martin et al., 2014; De la Riva et al., 2016), enabling
plants to tolerate lower Ψw without significant losses in leaf
turgor (Munné-Bosch et al., 2003). LMA may have also an
influence on leaf physiology by affecting the diffusion of CO2
from substomatal cavities through intercellular air space to sites
of carboxylation in the mesophyll tissues (Loreto and Centritto,
2008; Flexas et al., 2014; Peguero-Pina et al., 2017). In particular,
several studies on non-stressed tree species have shown that
a higher LMA constrains leaf mesophyll conductance (gm),
thus limiting photosynthetic assimilation rates (Syvertsen et al.,
1995; Hassiotou et al., 2009). Nevertheless, recent evidences have
shown that, when a higher LMA is accompanied to an increment
in thickness of palisade parenchyma, this anatomical adaptation
may be accompanied by a higher diffusion and availability of CO2
across the leaf, facilitating the assimilation process (Evans, 1999;
Milla-Moreno et al., 2016; Peguero-Pina et al., 2017). Similarly,
in our study, the increment in LT and LMA in July 2015 may
have led to a higher gm and, in turn, resulted in a higher CO2
uptake at midday compared to July 2014 (Figure 3A and Table 3).
This result is in accordance with previous research on drought-
acclimated plants, in which a positive relationship between gm
and mesophyll thickness was found, supporting the hypothesis
that, under water stress, a thicker leaf increases the surface
area of chloroplasts exposed to intercellular airspace per unit
leaf area (Hanba et al., 1999; Terashima et al., 2001; De Micco
et al., 2011; Galmés et al., 2013; Flexas et al., 2014). The higher
LMA may have also contributed to lower leaf temperature in
summer 2015 (Gratani and Varone, 2004), as similar daily leaf
temperatures were observed between the 2 years (Supplementary
Figure S3), despite the higher air temperatures caused by the
heatwave in July 2015 (Figure 1A; Russo et al., 2015). In addition,
the peculiar location of stomata inside epidermal crypts may
have allowed the higher gs values in 2015, which contributed
to the regulation of leaf temperature and the maintenance of
similar Pn between the 2 years (Figure 3B and Supplementary
Figure S1A; Aronne and De Micco, 2001). We cannot exclude
that other leaf morpho-anatomical adjustments (e.g., leaf rolling,
variations in leaf angles and density in leaf pubescence) may
have contributed to protect the photosynthetic apparatus under
the drier and hotter conditions of July 2015 (Figures 3A, 4A
and Supplementary Figure S2; De Micco and Aronne, 2012;
Arena et al., 2019). Particularly, paraheliotropism is an adaptative
strategy of C. incanus to counteract the deleterious impact
of high irradiance to protect leaves under stress condition,
especially in summer, thus avoiding photoinhibition (Puglielli
et al., 2017b; Pérez-Llorca et al., 2019). However, the Pn time
course in 2015 (Figure 3A) showed the typical trend of a
severe water-stressed plants, with a higher value in the morning
followed by significant drop as the day progressed (Marino et al.,
2014). In contrast, in 2014 at 15:00, the peak in Pn coupled
with the drop of Ci (Figures 3A, 4B) indicated the lack of
significant biochemical limitations to photosynthesis (Lawlor
and Cornic, 2002). Conversely, in summer 2015, Ci did not
change significantly throughout the day with respect to the
morning value, despite the significant drop in Pn. This result
might be associated to leaf rolling and suggests that, despite
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FIGURE 7 | Total biogenic volatile organic compound emission (BVOCTot) (A) and monoterpenes emitted (B) by C. incanus leaves in July 2014 and 2015. Data are
means ± SD (n = 8). Asterisks represent differences between the two years, *(p ≤ 0.05), **(p ≤ 0.01), ***(p ≤ 0.001) based on t-test.

C. incanus leaf photochemistry is tolerant to extreme drought as
well as different environmental conditions (Arena et al., 2011;
Gori et al., 2019; Puglielli et al., 2019a), RUBP (ribulose 1, 5-
bisphosphate) regeneration was partially impaired in July 2015,
particularly during the hottest hours of the day, thus determining
a Pn decline in 2015 when temperature was higher (Gratani
et al., 2018). It is noteworthy that many studies have shown
that enzymes involved in RUBP regeneration are impaired by
water stress at gs lower than 0.1 mol H2O m−2 s−1 (Sharkey

and Seemann, 1989; Sánchez-Rodríguez et al., 1997; Grassi and
Magnani, 2005). In our case, even if gs values were below
this threshold in both years, we can hypothesize a significant
metabolic impairment of Pn only in July 2015, especially during
the hottest hours of the day (Figure 4). However, in C. incanus
leaves, RUBP regeneration is likely not limited by a decrease in
Jf and NADPH (nicotinamide adenine dinucleotide phosphate)
synthesis (Flexas et al., 2004). In fact, the observed increase
of Jf/Pn at 15:00 in July 2015 (Figure 4C) indicates an excess
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of reducing power along the electron transport chain and a
lower ability to use electrons for carbon assimilation (Sebastiani
et al., 2019). In 2015, the excess of reducing power may have
resulted in suboptimal Fv/Fm values (Figure 5A; Demmig and
Björkman, 1987), which together with higher Ci (Figure 4B) and
8PSII (Figure 5B), may suggest higher utilization of alternative
electron sinks (Grant et al., 2015; Puglielli et al., 2017b; Brunetti
et al., 2018). At the same time, the daily down-regulation of
8PSII and the reduction of leaf chlorophyll content (Figure 5C)
observed in both years may have worked as a photoprotection
mechanism to dissipate the high amount of light intercepted
during the central hours of the day (Figure 1B; Baquedano
and Castillo, 2007; Gori et al., 2019). When the capacity of
plants to use the radiant energy is severely constrained, the
excess of reducing power may be utilized for the biosynthesis
of secondary metabolites, such as isoprenoids and polyphenols
(Niinemets et al., 2002a,b; Harrison et al., 2013; Tattini et al.,
2015). Indeed, secondary metabolites have been suggested to act
as alternative electron sinks by consuming trioses phosphate,
ATP (adenosine triphosphate) and NADPH, thus playing a role
as an energy escape valve (Hernández and Van Breusegem,
2010; Morfopoulos et al., 2013). Among secondary metabolites,
polyphenols perform different functions depending on their
location in the leaf, acting as both radiation screeners, quenchers
of ROS and key molecules involved in the acclimation processes
to diurnal changes in UV-B radiation (Agati and Tattini, 2010;
Agati et al., 2012; Jansen et al., 2012; Barnes et al., 2016;
Tohge and Fernie, 2017; Neugart and Schreiner, 2018). Indeed,
the comparable trends of flavonol index (Flavi) observed in
both years (Figure 6A) could be related to similar diurnal
changes in UV radiations (Stephanou and Manetas, 1997; Brossa
et al., 2009). Furthermore, the reduction of chlorophyll content
(Figure 5C), concomitantly with the increase in flavonols in
the epidermis (Figure 6A) observed at 12:00 in both summers,
may indicate that reversible changes in leaf biochemistry have
helped C. incanus overcome stressful conditions on a daily
basis (Mittler, 2006). Polyphenols of C. incanus leaves mainly
belong to the classes of flavonols (quercetin and myricetin
derivatives) and condensed tannins (Gori et al., 2016, 2020).
Both classes of molecules possess antioxidant function and may
have played a role in the inhibition of radical formation under
severe stress conditions (Figure 6C; Hernández et al., 2004;
Barbehenn et al., 2006; Sebastiani et al., 2019). In addition,
flavonols may have contributed to both UV-B shielding and
improve photo-protection at 12:00 (Burchard et al., 2000).
As above mentioned, tannins may have helped increase leaf
structure under the drier and hotter conditions of summer 2015
(Figure 2 and Supplementary Figure S1B; Ishida et al., 2008;
Tharayil et al., 2011; Sumbele et al., 2012; Top et al., 2017). In
support of this hypothesis, we found a statistically significant
correlation between total polyphenols, mainly constituted by
tannins, and air temperature (Table 2 and Supplementary
Table S1A). The increase in tannin production observed in July
2015 could be also interpreted as a defense trait of C. incanus
to protect the resources acquired during the growing season,
thus contributing to retard leaf senescence and abscission and
optimizing resource acquisition in nutrient-poor soils conditions

(Mediavilla et al., 2001; Wright and Westoby, 2002; Poorter et al.,
2009; Massad et al., 2014; Gratani et al., 2016; Puglielli et al.,
2017a). Finally, the increment of the fiber-bound proportion
of tannins in the leaf cell walls during leaf maturation may
have contributed to the lignification process, thus protecting
against pathogens and herbivores attack (Zucker, 1983; Bussotti
et al., 1998). Another mechanism for counteracting leaf photo-
oxidative damage under drought is the biosynthesis of BVOCs
(Loreto and Schnitzler, 2010). The emission of monoterpenes
is largely widespread among Mediterranean shrub vegetation
exposed to concomitant stresses. In fact, these BOVCs have
multiple protective functions (Rivoal et al., 2010; Fares et al.,
2013; Fineschi et al., 2013; Llusià et al., 2016), ranging from
antioxidant (Loreto et al., 2004; Llusià et al., 2006), protection
against high temperatures (Owen et al., 2002; Haberstroh et al.,
2018), defense against pathogens and herbivores to wound
sealing after damage (Pichersky and Gershenzon, 2002). We
observed a strong increment in monoterpene emissions in July
2015 compared to July 2014 (Figure 7), likely as a consequence
of the higher air temperatures due to the 2015 heat wave
(Figure 1A and Supplementary Figure S1B). This is because,
being highly volatile, the higher air temperature in 2015 increased
the monoterpene partial pressure gradient between leaf and the
atmosphere (Niinemets et al., 2010), resulting in their higher
emissions than in 2014 (Supplementary Table S1A). However,
no qualitative differences in the blend of monoterpenes emerged
between the two years. Our results are consistent with those
of Owen et al. (2001, 2002) who found α-pinene as the major
monoterpene produced by this species. In addition, α-pinene
and β-pinene, β-myrcene and α-phellandrene emissions were
already detected in others Cistus spp. (Ormeño et al., 2007;
Rivoal et al., 2010; Haberstroh et al., 2018). A high production
of these compounds has been shown to help the leaves to
withstand drought, which supports the assumption that they
improve membrane stability, thus conferring thermal protection
(Loreto et al., 1998; Copolovici et al., 2005). Hence, the diverse
blend of terpenes detected in the emissions of this species may
likely contributes to the drought tolerance of C. incanus under
field conditions.

CONCLUSION

In conclusion, the results of our study indicate that C. incanus is
a climate resilient species able to tolerate different environmental
conditions, including threats caused by extreme weather events,
as revealed from the new evidence on its capacity to adjust
morpho-physiological and biochemical traits. In particular, the
major investment in leaf construction observed in the drier and
hotter conditions caused by the summer 2015 heat wave helped
avoid leaf shrinkage associated to dehydration. Interestingly,
the stimulation of the biosynthesis of secondary metabolites, in
particular of monoterpenes and tannins, may have increased
leaf thermo-tolerance and may have counteracted photooxidative
damage, thus protecting C. incanus photosynthetic apparatus
and allowing the maintenance of carbon assimilation despite
the severe water and temperature stresses. Therefore, our

Frontiers in Ecology and Evolution | www.frontiersin.org 13 November 2020 | Volume 8 | Article 57629640

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-576296 November 6, 2020 Time: 12:17 # 14

Alderotti et al. C. incanus Morpho-Physiological and Metabolic Traits

results suggest that C. incanus might have greater potential to
acclimate to climate change in its natural environment.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

AG and CB: conceptualization and validation. GM, CG, BM, and
AG: data curation. GM and BM: formal analysis. MC and FF:
funding acquisition. AG: investigation. CB: methodology. MC:
supervision. FA, CB, and AG: writing – original draft. MC, FF,

and MT: writing – review and editing. All authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by funds from the Italian MIUR to
CNR, project Economia Circolare (Green & Circular Economy-
GECE) (FOE-2019, 436 DBA.AD003.139).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fevo.2020.
576296/full#supplementary-material

REFERENCES
Agati, G., Azzarello, E., Pollastri, S., and Tattini, M. (2012). Flavonoids as

antioxidants in plants: location and functional significance. Plant Sci. 196,
67-76. doi: 10.1016/j.plantsci.2012.07.014

Agati, G., and Tattini, M. (2010). Multiple functional roles of flavonoids in
photoprotection. New Phytol. 186, 786-793. doi: 10.1111/j.1469-8137.2010.
03269.x

Agati, G., Tuccio, L., Kusznierewicz, B., Chmiel, T., Bartoszek, A., Kowalski, A.,
et al. (2016). Nondestructive optical sensing of flavonols and chlorophyll in
white head cabbage (Brassica oleracea L. var. capitata subvar. alba) grown under
different nitrogen regimens. J. Agric. Food Chem. 64, 85-94. doi: 10.1021/acs.
jafc.5b04962

Arena, C., De Micco, V., De Maio, A., Mistretta, C., Aronne, G., and Vitale,
L. (2013). Winter and summer leaves of Cistus incanus: differences in leaf
morphofunctional traits, photosynthetic energy partitioning, and poly (ADP-
ribose) polymerase (PARP) activity. Botany 91, 805-813.

Arena, C., Mistretta, C., Di Natale, E., Mennella, M. R. F., De Santo, A. V., and
De Maio, A. (2011). Characterization and role of poly (ADP-ribosyl) ation
in the Mediterranean species Cistus incanus L. under different temperature
conditions. Plant Physiol. Biochem. 49, 435-440. doi: 10.1016/j.plaphy.2011.
02.004

Arena, C., and Vitale, L. (2018). Chilling-induced reduction of photosynthesis
is mitigated by exposure to elevated CO2 concentrations. Photosynthetica 56,
1259-1267. doi: 10.1007/s11099-018-0843-3

Arena, C., Vitale, L., Bianchi, A. R., Mistretta, C., Vitale, E., and Parisi, C.,
et al. (2019). The ageing process affects the antioxidant defences and the poly
(ADPribosyl) ation activity in Cistus incanus L. leaves. Antioxidants. 8:528.
doi: 10.3390/antiox8110528

Aronne, G., and De Micco, V. (2001). Seasonal dimorphism in the Mediterranean
Cistus incanus L. subsp. incanus. Ann. Bot. 87, 789-794. doi: 10.1006/anbo.2001.
1407

Baquedano, F. J., and Castillo, F. J. (2007). Drought tolerance in the Mediterranean
species Quercus coccifera, Quercus ilex, Pinus halepensis, and Juniperus
phoenicea. Photosynthetica 45, 229-238. doi: 10.1007/s11099-007-0037-x

Barbehenn, R. V., Jones, C. P., Hagerman, A. E., Karonen, M., and Salminen, J. P.
(2006). Ellagitannins have greater oxidative activities than condensed tannins
and galloyl glucoses at high pH: potential impact on caterpillars. J. Chem. Ecol.
32, 2253-2267. doi: 10.1007/s10886-006-9143-7

Barnes, P. W., Tobler, M. A., Keefover-Ring, K., Flint, S. D., Barkley, A. E.,
Ryel, R. J., et al. (2016). Rapid modulation of ultraviolet shielding in plants is
influenced by solar ultraviolet radiation and linked to alterations in flavonoids.
Plant Cell Environ. 39, 222-230. doi: 10.1111/pce.12609

Bosabalidis, A. M., and Kofidis, G. (2002). Comparative effects of drought stress on
leaf anatomy of two olive cultivars. Plant Sci. 163, 375-379. doi: 10.1016/S0168-
9452(02)00135-8

Boughalleb, F., and Hajlaoui, H. (2011). Physiological and anatomical changes
induced by drought in two olive cultivars (cv Zalmati and Chemlali). Acta
Physiol Plant 33, 53-65. doi: 10.1007/s11738-010-0516-8

Brilli, F., Tsonev, T., Mahmood, T., Velikova, V., Loreto, F., and Centritto, M.
(2013). Ultradian variation of isoprene emission, photosynthesis, mesophyll
conductance, and optimum temperature sensitivity for isoprene emission in
water-stressed Eucalyptus citriodora saplings. J. Exp. Bot. 64, 519-528. doi: 10.
1093/jxb/ers353

Brossa, R., Casals, I., Pintó-Marijuan, M., and Fleck, I. (2009). Leaf flavonoid
content in Quercus ilex L. resprouts and its seasonal variation. Trees 23, 401-408.
doi: 10.1007/s00468-008-0289-5

Brunetti, C., Guidi, L., Sebastiani, F., and Tattini, M. (2015). Isoprenoids and
phenylpropanoids are key components of the antioxidant defense system of
plants facing severe excess light stress. Environ. Exp. Bot. 119, 54-62. doi: 10.
1016/j.envexpbot.2015.04.007

Brunetti, C., Loreto, F., Ferrini, F., Gori, A., Guidi, L., Remorini, D., et al. (2018).
Metabolic plasticity in the hygrophyte Moringa oleifera exposed to water stress.
Tree Physiol. 38, 1640-1654. doi: 10.1093/treephys/tpy089

Burchard, P., Bilger, W., and Weissenböck, G. (2000). Contribution of
hydroxycinnamates and flavonoids to epidermal shielding of UV-A and UV-
B radiation in developing rye primary leaves as assessed by ultraviolet-induced
chlorophyll fluorescence measurements. Plant Cell Environ. 23, 1373-1380. doi:
10.1046/j.1365-3040.2000.00633.x

Bussotti, F. (2008). Functional leaf traits, plant communities and acclimation
processes in relation to oxidative stress in trees: a critical overview. Glob Chang
Biol. 14, 2727-2739. doi: 10.1111/j.1365-2486.2008.01677.x

Bussotti, F., Gravano, E., Grossoni, P., and Tani, C. (1998). Occurrence of tannins
in leaves of beech trees (Fagus sylvatica) along an ecological gradient, detected
by histochemical and ultrastructural analyses. New Phytol. 138, 469-479. doi:
10.1046/j.1469-8137.1998.00121.x

Catoni, R., Gratani, L., and Varone, L. (2012). Physiological, morphological and
anatomical trait variations between winter and summer leaves of Cistus species.
Flora 207, 442-449. doi: 10.1016/j.flora.2012.02.007

Copolovici, L. O., Filella, I., Llusià, J., Niinemets, Ü., and Peñuelas, J. (2005).
The capacity for thermal protection of photosynthetic electron transport varies
for different monoterpenes in Quercus ilex. Plant Physiol. 139, 485-496. doi:
10.1104/pp.105.065995

Correia, O., and Ascensao, L. (2016). “Summer semi-deciduous species of
the Mediterranean landscape: a winning strategy of cistus species to face
the predicted changes of the Mediterranean climate,” in Plant Biodiversity.
Monitoring, Assessment and Conservation, eds A. A. Ansari, S. S. Gill, Z. K.
Abbas, and M. Naeem (Wallingford: CAB International), 195–217.

David, T. S., Henriques, M. O., Kurz-Besson, C., Nunes, J., Valente, F., and Vaz, M.
et al. (2007). Water-use strategies in two co-occurring Mediterranean evergreen
oaks: surviving the summer drought. Tree Physiol. 27, 793-803. doi: 10.1093/
treephys/27.6.793

Frontiers in Ecology and Evolution | www.frontiersin.org 14 November 2020 | Volume 8 | Article 57629641

https://www.frontiersin.org/articles/10.3389/fevo.2020.576296/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fevo.2020.576296/full#supplementary-material
https://doi.org/10.1016/j.plantsci.2012.07.014
https://doi.org/10.1111/j.1469-8137.2010.03269.x
https://doi.org/10.1111/j.1469-8137.2010.03269.x
https://doi.org/10.1021/acs.jafc.5b04962
https://doi.org/10.1021/acs.jafc.5b04962
https://doi.org/10.1016/j.plaphy.2011.02.004
https://doi.org/10.1016/j.plaphy.2011.02.004
https://doi.org/10.1007/s11099-018-0843-3
https://doi.org/10.3390/antiox8110528
https://doi.org/10.1006/anbo.2001.1407
https://doi.org/10.1006/anbo.2001.1407
https://doi.org/10.1007/s11099-007-0037-x
https://doi.org/10.1007/s10886-006-9143-7
https://doi.org/10.1111/pce.12609
https://doi.org/10.1016/S0168-9452(02)00135-8
https://doi.org/10.1016/S0168-9452(02)00135-8
https://doi.org/10.1007/s11738-010-0516-8
https://doi.org/10.1093/jxb/ers353
https://doi.org/10.1093/jxb/ers353
https://doi.org/10.1007/s00468-008-0289-5
https://doi.org/10.1016/j.envexpbot.2015.04.007
https://doi.org/10.1016/j.envexpbot.2015.04.007
https://doi.org/10.1093/treephys/tpy089
https://doi.org/10.1046/j.1365-3040.2000.00633.x
https://doi.org/10.1046/j.1365-3040.2000.00633.x
https://doi.org/10.1111/j.1365-2486.2008.01677.x
https://doi.org/10.1046/j.1469-8137.1998.00121.x
https://doi.org/10.1046/j.1469-8137.1998.00121.x
https://doi.org/10.1016/j.flora.2012.02.007
https://doi.org/10.1104/pp.105.065995
https://doi.org/10.1104/pp.105.065995
https://doi.org/10.1093/treephys/27.6.793
https://doi.org/10.1093/treephys/27.6.793
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-576296 November 6, 2020 Time: 12:17 # 15

Alderotti et al. C. incanus Morpho-Physiological and Metabolic Traits

De Dato, G. D., Micali, M., Jaoudé, R. A., Liberati, D., and De Angelis, P. (2013).
Earlier summer drought affects leaf functioning of the Mediterranean species
Cistus monspeliensis L. Environ. Exp. Bot.93, 13-19. doi: 10.1016/j.envexpbot.
2013.03.007

De la Riva, E. G., Olmo, M., Poorter, H., Ubera, J. L., and Villar, R. (2016). Leaf
mass per area (LMA) and its relationship with leaf structure and anatomy in
34 Mediterranean woody species along a water availability gradient. PLoS One
11:e0148788. 10.1371/journal.pone.0148788

De Micco, V., Arena, C., Vitale, L., Aronne, G., and Virzo De Santo, A. (2011).
Anatomy and photochemical behaviour of Mediterranean Cistus incanus
winter leaves under natural outdoor and warmer indoor conditions. Botany 89,
677-688. doi: 10.1139/b11-059

De Micco, V., and Aronne, G. (2009). Seasonal dimorphism in wood anatomy
of the Mediterranean Cistus incanus L. subsp. incanus. Trees 23, 981-989. doi:
10.1007/s00468-009-0340-1

De Micco, V., and Aronne, G. (2012). “Morpho-Anatomical traits for plant
adaptation to drought,” in Plant Responses to Drought Stress: From
Morphological to Molecular Features, eds A. Ricardo (New York, NY: Springer),
37–61.

Demmig, B., and Björkman, O. (1987). Comparison of the effect of excessive light
on chlorophyll fluorescence (77K) and photon yield of O2 evolution in leaves of
higher plants. Planta 171, 171-184. doi: 10.1007/BF00391092

Di Ferdinando, M., Brunetti, C., Agati, G., and Tattini, M. (2014). Multiple
functions of polyphenols in plants inhabiting unfavorable Mediterranean areas.
Environ. Exp. Bot. 103, 107-116. doi: 10.1016/j.envexpbot.2013.09.012

Evans, J. R. (1999). Leaf anatomy enables more equal access to light and CO2
between chloroplasts. New Phytol. 143, 93-104. doi: 10.1046/j.1469-8137.1999.
00440.x

Fares, S., Schnitzhofer, R., Jiang, X., Guenther, A., Hansel, A., and Loreto, F. (2013).
Observations of diurnal to weekly variations of monoterpene-dominated fluxes
of volatile organic compounds from mediterranean forests: implications for
regional modeling. Environ. Sci. Technol. 47, 11073-11082. doi: 10.1021/
es4022156

Fineschi, S., Loreto, F., Staudt, M., and Peñuelas, J. (2013). “Diversification
of volatile isoprenoid emissions from trees: evolutionary and ecological
perspectives” in Biology, Controls and Models of Tree Volatile Organic
Compound Emissions, eds Ü. Niinemets, and R. K. Monson (Dordrecht, NL:
Springer) 1–20.

Flexas, J., Bota, J., Loreto, F., Cornic, G., and Sharkey, T. D. (2004). Diffusive and
metabolic limitations to photosynthesis under drought and salinity in C3 plants.
Plant Biol. 6, 269-279. 10.1055/s-2004-820867

Flexas, J., Diaz-Espejo, A., Gago, J., Gallé, A., Galmés, J., Gulías, J.,
et al. (2014). Photosynthetic limitations in Mediterranean plants: a
review. Environ. Exp. Bot. 103, 12-23. doi: 10.1016/j.envexpbot.2013.09.
002

Galle, A., Florez-Sarasa, I., Aououad, H. E., and Flexas, J. (2011). The
Mediterranean evergreen Quercus ilex and the semi-deciduous Cistus albidus
differ in their leaf gas exchange regulation and acclimation to repeated drought
and re-watering cycles. J. Exp. Bot.62, 5207-5216. doi: 10.1093/jxb/err233

Galmés, J., Abadía, A., Cifre, J., Medrano, H., and Flexas, J. (2007). Photoprotection
processes under water stress and recovery in Mediterranean plants with
different growth forms and leaf habits. Physiol. Plant. 130, 495-510. doi: 10.
1111/j.1399-3054.2007.00919.x

Galmés, J., Ochogavía, J. M., Gago, J., Roldán, E. J., Cifre, J., and Conesa, M.
À. (2013). Leaf responses to drought stress in Mediterranean accessions of
Solanum lycopersicum: anatomical adaptations in relation to gas exchange
parameters. Plant Cell Environ. 36, 920-935. doi: 10.1111/pce.12022

Genty, B., Briantais, J. M., and Baker, N. R. (1989). The relationship between
the quantum yield of photosynthetic electron transport and quenching of
chlorophyll fluorescence. Biochim. Biophys. Acta 990, 87-92. doi: 10.1016/
S0304-4165(89)80016-9

Gori, A., Ferrini, F., Marzano, M. C., Tattini, M., Centritto, M., Baratto, M. C.,
et al. (2016). Characterisation and antioxidant activity of crude extract and
polyphenolic rich fractions from C. incanus leaves. Int. J. Mol. Sci. 17:1344.
doi: 10.3390/ijms17081344

Gori, A., Nascimento, L. B., Ferrini, F., Centritto, M., and Brunetti, C.
(2020). Seasonal and diurnal variation in leaf phenolics of three medicinal
mediterranean wild species: what is the best harvesting moment to obtain

the richest and the most antioxidant extracts? Molecules 25:956. doi: 10.3390/
molecules25040956

Gori, A., Tattini, M., Centritto, M., Ferrini, F., Marino, G., Mori, J., et al. (2019).
Seasonal and daily variations in primary and secondary metabolism of three
maquis shrubs unveil different adaptive responses to Mediterranean climate.
Conserv. Physiol.7:coz070. doi: 10.1093/conphys/coz070

Grant, O. M., Tronina, Ł., García-Plazaola, J. I., Esteban, R., Pereira, J. S., and
Chaves, M. M. (2015). Resilience of a semi-deciduous shrub, Cistus salvifolius,
to severe summer drought and heat stress. Funct. Plant Biol. 42, 219-228.
doi: 10.1071/FP14081

Grassi, G., and Magnani, F. (2005). Stomatal, mesophyll conductance and
biochemical limitations to photosynthesis as affected by drought and leaf
ontogeny in ash and oak trees. Plant Cell Environ. 28, 834-849. doi: 10.1111/
j.1365-3040.2005.01333.x

Gratani, L., Catoni, R., and Varone, L. (2013). Morphological, anatomical and
physiological leaf traits of Q. ilex, P. latifolia, P. lentiscus, and M. communis
and their response to Mediterranean climate stress factors. Bot Stud. 54, 35-46.
doi: 10.1186/1999-3110-54-35

Gratani, L., Catoni, R., and Varone, L. (2016). Evergreen species response to
Mediterranean climate stress factors. iForest 9, 946-953. doi: 10.3832/ifor1848-
009

Gratani, L., and Varone, L. (2004). Adaptive photosynthetic strategies of the
Mediterranean maquis species according to their origin. Photosynthetica 42,
551-558. doi: 10.1007/S11099-005-0012-3

Gratani, L., Varone, L., and Catoni, R. (2008). Relationship between net
photosynthesis and leaf respiration in Mediterranean evergreen species.
Photosynthetica 46, 567-573. doi: 10.1007/s11099-008-0095-8

Gratani, L., Varone, L., Crescente, M. F., Catoni, R., Ricotta, C., and Puglielli, G.
(2018). Leaf thickness and density drive the responsiveness of photosynthesis to
air temperature in Mediterranean species according to their leaf habitus. J. Arid
Environ. 150, 9-14. doi: 10.1016/j.jaridenv.2017.12.007

Gravano, E., Desotgiu, R., Tani, C., Bussotti, F., and Grossoni, P. (2000). Structural
adaptations in leaves of two Mediterranean evergreen shrubs under. JME 1,
165–170.

Grossoni, P., Bussotti, F., Tani, C., Gravano, E., Antarelli, S., Bottacci, A., et al.
(1998). Morpho-anatomical aterations in leaves of Gagus vatica L. and Quercus
ilex L. in different environmental stress condition. Chemosphere 36, 919–924.
doi: 10.1016/S0045-6535(97)10148-5

Haberstroh, S., Kreuzwieser, J., Lobo-do-Vale, R., Caldeira, M. C., Dubbert, M., and
Werner, C. (2018). Terpenoid emissions of two Mediterranean woody species in
response to drought stress. Front. Plant Sci.9, 1071-1087. doi: 10.3389/fpls.2018.
01071

Hanba, Y. T., Miyazawa, S. I., and Terashima, I. (1999). The influence of leaf
thickness on the CO2 transfer conductance and leaf stable carbon isotope ratio
for some evergreen tree species in Japanese warm-temperate forests. Funct. Ecol.
13, 632-639. doi: 10.1046/j.1365-2435.1999.00364.x

Harley, P. C., Loreto, F., Di Marco, G., and Sharkey, T. D. (1992). Theoretical
considerations when estimating the mesophyll conductance to CO2 flux by
analysis of the response of photosynthesis to CO2. Plant Physiol. 98, 1429-1436.
doi: 10.1104/pp.98.4.1429

Harrison, S. P., Morfopoulos, C., Dani, K. S., Prentice, I. C., Arneth, A., Atwell, B. J.,
et al. (2013). Volatile isoprenoid emissions from plastid to planet. New Phytol.
197, 49-57. doi: 10.1111/nph.12021

Hassiotou, F., Ludwig, M., Renton, M., Veneklaas, E. J., and Evans, J. R. (2009).
Influence of leaf dry mass per area, CO2, and irradiance on mesophyll
conductance in sclerophylls. J. Exp Bot. 60, 2303-2314. doi: 10.1093/jxb/
erp021

Hernández, I., Alegre, L., and Munné-Bosch, S. (2004). Drought-induced changes
in flavonoids and other low molecular weight antioxidants in Cistus clusii grown
under Mediterranean field conditions. Tree Physiol. 24, 1303-1311. doi: 10.1093/
treephys/24.11.1303

Hernández, I., and Van Breusegem, F. (2010). Opinion on the possible role of
flavonoids as energy escape valves: novel tools for nature’s Swiss army knife?
Plant Sci. 179, 297-301. doi: 10.1016/j.plantsci.2010.06.001

Ishida, A., Nakano, T., Yazaki, K., Matsuki, S., Koike, N., Lauenstein, D. L., et al.
(2008). Coordination between leaf and stem traits related to leaf carbon gain
and hydraulics across 32 drought-tolerant angiosperms. Oecologia 156, 193-202.
doi: 10.1007/s00442-008-0965-6

Frontiers in Ecology and Evolution | www.frontiersin.org 15 November 2020 | Volume 8 | Article 57629642

https://doi.org/10.1016/j.envexpbot.2013.03.007
https://doi.org/10.1016/j.envexpbot.2013.03.007
https://doi.org/10.1139/b11-059
https://doi.org/10.1007/s00468-009-0340-1
https://doi.org/10.1007/s00468-009-0340-1
https://doi.org/10.1007/BF00391092
https://doi.org/10.1016/j.envexpbot.2013.09.012
https://doi.org/10.1046/j.1469-8137.1999.00440.x
https://doi.org/10.1046/j.1469-8137.1999.00440.x
https://doi.org/10.1021/es4022156
https://doi.org/10.1021/es4022156
https://doi.org/10.1016/j.envexpbot.2013.09.002
https://doi.org/10.1016/j.envexpbot.2013.09.002
https://doi.org/10.1093/jxb/err233
https://doi.org/10.1111/j.1399-3054.2007.00919.x
https://doi.org/10.1111/j.1399-3054.2007.00919.x
https://doi.org/10.1111/pce.12022
https://doi.org/10.1016/S0304-4165(89)80016-9
https://doi.org/10.1016/S0304-4165(89)80016-9
https://doi.org/10.3390/ijms17081344
https://doi.org/10.3390/molecules25040956
https://doi.org/10.3390/molecules25040956
https://doi.org/10.1093/conphys/coz070
https://doi.org/10.1071/FP14081
https://doi.org/10.1111/j.1365-3040.2005.01333.x
https://doi.org/10.1111/j.1365-3040.2005.01333.x
https://doi.org/10.1186/1999-3110-54-35
https://doi.org/10.3832/ifor1848-009
https://doi.org/10.3832/ifor1848-009
https://doi.org/10.1007/S11099-005-0012-3
https://doi.org/10.1007/s11099-008-0095-8
https://doi.org/10.1016/j.jaridenv.2017.12.007
https://doi.org/10.1016/S0045-6535(97)10148-5
https://doi.org/10.3389/fpls.2018.01071
https://doi.org/10.3389/fpls.2018.01071
https://doi.org/10.1046/j.1365-2435.1999.00364.x
https://doi.org/10.1104/pp.98.4.1429
https://doi.org/10.1111/nph.12021
https://doi.org/10.1093/jxb/erp021
https://doi.org/10.1093/jxb/erp021
https://doi.org/10.1093/treephys/24.11.1303
https://doi.org/10.1093/treephys/24.11.1303
https://doi.org/10.1016/j.plantsci.2010.06.001
https://doi.org/10.1007/s00442-008-0965-6
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-576296 November 6, 2020 Time: 12:17 # 16

Alderotti et al. C. incanus Morpho-Physiological and Metabolic Traits

Jansen, M. A. K., Hideg, E., and Lidon, F. J. C. (2012). UV-B radiation: when does
the stressor cause stress? Emir. J. Food Agric. 24, 1–3. doi: 10.9755/ejfa.v24i6.
14663

Kok, B. (1948). A critical consideration of the quantum yield of Chlorella
photosynthesis. Enzymologia 13, 1–56.

Lawlor, D. W., and Cornic G. (2002). Photosynthetic carbon assimilation and
associated metabolism in relation to water deficits in higher plants. Plant Cell
Environ. 25, 275-294. doi: 10.1046/j.0016-8025.2001.00814.x

Lefi, E., Medrano, H., and Cifre, J. (2004). Water uptake dynamics, photosynthesis
and water use efficiency in field-grown Medicago arborea and Medicago citrina
under prolonged Mediterranean drought conditions. Ann. Appl. Biol. 144,
299-307. doi: 10.1111/j.1744-7348.2004.tb00345.x

Lionello, P., Malanotte-Rizzoli, P., Boscolo, R., Alpert, P., Artale, V., Li, L., et al.
(2006). “The Mediterranean climate: an overview of the main characteristics
and issues,” in Mediterranean Climate Variability, eds P. Lionello, P. Malanotte-
Rizzoli, and R. Boscolo (Amsterdam, NL: Elviser), 1–26. doi: 10.1016/S1571-
9197(06)80003-0

Llusià, J., Peñuelas, J., Alessio, G. A., and Estiarte, M. (2006). Seasonal contrasting
changes of foliar concentrations of terpenes and other volatile organic
compound in four dominant species of a Mediterranean shrubland submitted
to a field experimental drought and warming. Physiol Plant. 127, 632-649.
doi: 10.1111/j.1399-3054.2006.00693.x

Llusià, J., Roahtyn, S., Yakir, D., Rotenberg, E., Seco, R., Guenther, A., et al. (2016).
Photosynthesis, stomatal conductance and terpene emission response to water
availability in dry and mesic Mediterranean forests. Trees 30, 749-759. doi:
10.1007/s00468-015-1317-x

Loreto, F., Förster, A., Dürr, M., Csiky, O., and Seufert, G. (1998). On the
monoterpene emission under heat stress and on the increased thermotolerance
of leaves of Quercus ilex L. fumigated with selected monoterpenes. Plant Cell
Environ. 21, 101-107. doi: 10.1046/j.1365-3040.1998.00268.x

Loreto, F., Pinelli, P., Manes, F., and Kollist, H. (2004). Impact of ozone on
monoterpene emissions and evidence for an isoprene-like antioxidant action
of monoterpenes emitted by Quercus ilex leaves. Tree Physiol. 24, 361-367.
doi: 10.1093/treephys/24.4.361

Loreto, F., Pollastri, S., Fineschi, S., and Velikova, V. (2014). Volatile isoprenoids
and their importance for protection against environmental constraints in the
Mediterranean area. Environ. Exp. Bot. 103, 99-106. doi: 10.1016/j.envexpbot.
2013.09.005

Loreto, F., and Schnitzler, J. P. (2010). Abiotic stresses and induced BVOCs. Trends
Plant Sci. 15, 154-166. doi: 10.1016/j.tplants.2009.12.006

Loreto F., and Centritto M. (2008). Leaf carbon assimilation in a water-limited
world. Plant Biosyst. 142, 154-161. doi: 10.1080/11263500701872937

Mansoor, U., Fatima, S., Hameed, M., Naseer, M., Ahmad, M. S. A., Ashraf, M.,
et al. (2019). Structural modifications for drought tolerance in stem and leaves
of Cenchrus ciliaris L. ecotypes from the Cholistan Desert. Flora 261:151485.
doi: 10.1016/j.flora.2019.151485

Marino, G., Pallozzi, E., Cocozza, C., Tognetti, R., Giovannelli, A., Cantini, C., et al.
(2014). Assessing gas exchange, sap flow and water relations using tree canopy
spectral reflectance indices in irrigated and rainfed Olea europaea L. Environ.
Exp. Bot. 99, 43-52. doi: 10.1016/j.envexpbot.2013.10.008

Massad, T. J., Trumbore, S. E., Ganbat, G., Reichelt, M., Unsicker, S., Boeckler, A.,
et al. (2014). An optimal defense strategy for phenolic glycoside production
in Populus trichocarpa–isotope labeling demonstrates secondary metabolite
production in growing leaves. New Phytol. 203, 607-619. doi: 10.1111/nph.
12811

Mediavilla, S., Escudero, A., and Heilmeier, H. (2001). Internal leaf
anatomy and photosynthetic resource-use efficiency: interspecific and
intraspecific comparisons. Tree Physiol. 21, 251-259. doi: 10.1093/treephys/
21.4.251

Medrano, H., Flexas, J., and Galmés, J. (2009). Variability in water use efficiency at
the leaf level among Mediterranean plants with different growth forms. Plant
Soil 317, 17-29. doi: 10.1007/s11104-008-9785-z

Milla-Moreno, E. A., McKown, A. D., Guy, R. D., and Soolanayakanahally, R. Y.
(2016). Leaf mass per area predicts palisade structural properties linked to
mesophyll conductance in balsam poplar (Populus balsamifera L.). Botany 94,
225-239. doi: 10.1139/cjb-2015-0219

Mittler, R. (2006). Abiotic stress, the field environment and stress combination.
Trends Plant Sci. 11, 15-19. doi: 10.1016/j.tplants.2005.11.002

Morfopoulos, C., Prentice, I. C., Keenan, T. F., Friedlingstein, P., Medlyn, B. E.,
Peñuelas, J., et al. (2013). Unifying conceptual model for the environmental
responses of isoprene emissions from plants. Ann. Bot. 112, 1223-1238. doi:
10.1093/aob/mct206

Mu, Z., Llusià, J., Liu, D., Ogaya, R., Asensio, D., Zhang, C., et al. (2018). Seasonal
and diurnal variations of plant isoprenoid emissions from two dominant species
in Mediterranean shrubland and forest submitted to experimental drought.
Atmos Environ. 191, 105-115. doi: 10.1016/j.atmosenv.2018.08.010

Munné-Bosch, S., Jubany-Marí, T., and Alegre, L. (2003). Enhanced photo-and
antioxidative protection, and hydrogen peroxide accumulation in drought-
stressed Cistus clusii and Cistus albidus plants. Tree Physiol. 23, 1-12. doi:
10.1093/treephys/23.1.1

Neugart, S., and Schreiner, M. (2018). UVB and UVA as eustressors in horticultural
and agricultural crops. Sci. Hortic. 234, 370-381. doi: 10.1016/j.scienta.2018.02.
021

Niinemets, Ü., Arneth, A., Kuhn, U., Monson, R. K., Peñuelas, J., and Staudt,
M. (2010). The emission factor of volatile isoprenoids: stress, acclimation,
and developmental responses. Biogeosciences 7, 2203–2223. doi: 10.5194/bg-7-
2203-2010

Niinemets, Ü., Hauff, K., Bertin, N., Tenhunen, J. D., Steinbrecher, R., and Seufert,
G. (2002a). Monoterpene emissions in relation to foliar photosynthetic and
structural variables in Mediterranean evergreen Quercus species. New Phytol.
153, 243-256. doi: 10.1046/j.0028-646X.2001.00323.x

Niinemets, Ü., Kännaste, A., and Copolovici, L. (2013). Quantitative patterns
between plant volatile emissions induced by biotic stresses and the degree of
damage. Front. Plant Sci. 4:276. doi: 10.3389/fpls.2013.00262

Niinemets, Ü., Seufert, G., Steinbrecher, R., and Tenhunen, J. D. (2002b). A model
coupling foliar monoterpene emissions to leaf photosynthetic characteristics
in Mediterranean evergreen Quercus species. New Phytol. 153, 257-275. doi:
10.1046/j.0028-646X.2001.00324.x

Nogués, I., Medori, M., and Calfapietra, C. (2015). Limitations of monoterpene
emissions and their antioxidant role in Cistus sp. under mild and severe
treatments of drought and warming. Environ. Exp. Bot.119, 76-86. doi: 10.1016/
j.envexpbot.2015.06.001

Ormeño, E., Mevy, J. P., Vila, B., Bousquet-Mélou, A., Greff, S., Bonin, G., et al.
(2007). Water deficit stress induces different monoterpene and sesquiterpene
emission changes in Mediterranean species. Relationship between terpene
emissions and plant water potential. Chemosphere67, 276-284. doi: 10.1016/j.
chemosphere.2006.10.029

Owen, S. M., Boissard, C., and Hewitt, C. N. (2001). Volatile organic compounds
(VOCs) emitted from 40 Mediterranean plant species: VOC speciation and
extrapolation to habitat scale. Atmos. Environ. 35, 5393-5409. doi: 10.1016/
S1352-2310(01)00302-8

Owen, S. M., Harley, P., Guenther, A., and Hewitt, C. N. (2002). Light dependency
of VOC emissions from selected Mediterranean plant species. Atmos Environ.
36, 3147-3159. doi: 10.1016/S1352-2310(02)00235-2

Papaefthimiou, D., Papanikolaou, A., Falara, V., Givanoudi, S., Kostas, S., and
Kanellis, A. K. (2014). Genus Cistus: a model for exploring labdane-type
diterpenes’ biosynthesis and a natural source of high value products with
biological, aromatic, and pharmacological properties. Front. Chem.2:35. doi:
10.3389/fchem.2014.00035

Parra, A., and Moreno, J. M. (2018). Drought differentially affects the post-fire
dynamics of seeders and resprouters in a Mediterranean shrubland. Sci. Total
Environ.626, 1219-1229. doi: 10.1016/j.scitotenv.2018.01.174

Peguero-Pina, J. J., Sisó, S., Flexas, J., Galmés, J., García-Nogales, A., Niinemets,
Ü., et al. (2017). Cell-level anatomical characteristics explain high mesophyll
conductance and photosynthetic capacity in sclerophyllous Mediterranean
oaks. New Phytol. 214, 585-596. doi: 10.1111/nph.14406

Pérez-Llorca, M., Casadesús, A., Müller, M., and Munné-Bosch, S. (2019).
Leaf orientation as part of the leaf developmental program in the semi-
deciduous shrub, Cistus albidus L.: diurnal, positional and photoprotective
effects during winter. Front. Plant Sci. .10:767. doi: 10.3389/fpls.2019.
00767

Perez-Martin, A., Michelazzo, C., Torres-Ruiz, J. M., Flexas, J., Fernández,
J. E., Sebastiani, L., et al. (2014). Regulation of photosynthesis and stomatal
and mesophyll conductance under water stress and recovery in olive trees:
correlation with gene expression of carbonic anhydrase and aquaporins. J. Exp.
Bot. 65, 3143-3156. doi: 10.1093/jxb/eru160

Frontiers in Ecology and Evolution | www.frontiersin.org 16 November 2020 | Volume 8 | Article 57629643

https://doi.org/10.9755/ejfa.v24i6.14663
https://doi.org/10.9755/ejfa.v24i6.14663
https://doi.org/10.1046/j.0016-8025.2001.00814.x
https://doi.org/10.1111/j.1744-7348.2004.tb00345.x
https://doi.org/10.1016/S1571-9197(06)80003-0
https://doi.org/10.1016/S1571-9197(06)80003-0
https://doi.org/10.1111/j.1399-3054.2006.00693.x
https://doi.org/10.1007/s00468-015-1317-x
https://doi.org/10.1007/s00468-015-1317-x
https://doi.org/10.1046/j.1365-3040.1998.00268.x
https://doi.org/10.1093/treephys/24.4.361
https://doi.org/10.1016/j.envexpbot.2013.09.005
https://doi.org/10.1016/j.envexpbot.2013.09.005
https://doi.org/10.1016/j.tplants.2009.12.006
https://doi.org/10.1080/11263500701872937
https://doi.org/10.1016/j.flora.2019.151485
https://doi.org/10.1016/j.envexpbot.2013.10.008
https://doi.org/10.1111/nph.12811
https://doi.org/10.1111/nph.12811
https://doi.org/10.1093/treephys/21.4.251
https://doi.org/10.1093/treephys/21.4.251
https://doi.org/10.1007/s11104-008-9785-z
https://doi.org/10.1139/cjb-2015-0219
https://doi.org/10.1016/j.tplants.2005.11.002
https://doi.org/10.1093/aob/mct206
https://doi.org/10.1093/aob/mct206
https://doi.org/10.1016/j.atmosenv.2018.08.010
https://doi.org/10.1093/treephys/23.1.1
https://doi.org/10.1093/treephys/23.1.1
https://doi.org/10.1016/j.scienta.2018.02.021
https://doi.org/10.1016/j.scienta.2018.02.021
https://doi.org/10.5194/bg-7-2203-2010
https://doi.org/10.5194/bg-7-2203-2010
https://doi.org/10.1046/j.0028-646X.2001.00323.x
https://doi.org/10.3389/fpls.2013.00262
https://doi.org/10.1046/j.0028-646X.2001.00324.x
https://doi.org/10.1046/j.0028-646X.2001.00324.x
https://doi.org/10.1016/j.envexpbot.2015.06.001
https://doi.org/10.1016/j.envexpbot.2015.06.001
https://doi.org/10.1016/j.chemosphere.2006.10.029
https://doi.org/10.1016/j.chemosphere.2006.10.029
https://doi.org/10.1016/S1352-2310(01)00302-8
https://doi.org/10.1016/S1352-2310(01)00302-8
https://doi.org/10.1016/S1352-2310(02)00235-2
https://doi.org/10.3389/fchem.2014.00035
https://doi.org/10.3389/fchem.2014.00035
https://doi.org/10.1016/j.scitotenv.2018.01.174
https://doi.org/10.1111/nph.14406
https://doi.org/10.3389/fpls.2019.00767
https://doi.org/10.3389/fpls.2019.00767
https://doi.org/10.1093/jxb/eru160
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-576296 November 6, 2020 Time: 12:17 # 17

Alderotti et al. C. incanus Morpho-Physiological and Metabolic Traits

Pichersky, E., and Gershenzon, J. (2002). The formation and function of plant
volatiles: perfumes for pollinator attraction and defense. Curr. Opin. Plant Biol.
5, 237-243. doi: 10.1016/S1369-5266(02)00251-0

Poorter, H., Niinemets, Ü., Poorter, L., Wright, I. J., and Villar, R. (2009). Causes
and consequences of variation in leaf mass per area (LMA): a meta-analysis.
New Phytol. 182, 565-588. doi: 10.1111/j.1469-8137.2009.02830.x

Puglielli, G. (2019). Beyond the concept of winter-summer leaves of mediterranean
seasonal dimorphic species. Front. Plant Sci. 10:696. doi: 10.3389/fpls.2019.
00696

Puglielli, G., Catoni, R., Spoletini, A., Varone, L., and Gratani, L. (2017a). Short-
term physiological plasticity: trade-off between drought and recovery responses
in three Mediterranean Cistus species. Ecol. Evol. 7, 10880-10889. doi: 10.1002/
ece3.3484

Puglielli, G., Gratani, L., and Varone, L. (2019a). Leaf rolling as indicator of
water stress in Cistus incanus from different provenances. Photosynthetica 57,
202-208. doi: 10.32615/ps.2019.014

Puglielli, G., Redondo-Gómez, S., Gratani, L., and Mateos-Naranjo, E. (2017b).
Highlighting the differential role of leaf paraheliotropism in two Mediterranean
Cistus species under drought stress and well-watered conditions. J. Plant
Physiol. 213, 199-208. doi: 10.1016/j.jplph.2017.02.015

Puglielli, G., and Varone, L. (2018). Inherent variation of functional traits in winter
and summer leaves of Mediterranean seasonal dimorphic species: evidence of a
‘within leaf cohort’spectrum. AoB Plants 10:ply027.doi: 10.1093/aobpla/ply027

Puglielli, G., Varone, L., and Gratani, L. (2019b). Diachronic adjustments of
functional traits scaling relationships to track environmental changes: revisiting
Cistus species leaf cohort classification. Flora 254, 173-180. doi: 10.1016/j.flora.
2018.08.010

Puglielli, G., Varone, L., Gratani, L., and Catoni, R. (2017c). Specific leaf area
variations drive acclimation of Cistus salvifolius in different light environments.
Photosynthetica 55, 31-40. doi: 10.1007/s11099-016-0235-5

Quézel, P. (1985). “Definition of the Mediterranean region and the origin of its
flora,” in Plant Conservation in the Mediterranean Area, eds C. Gòmez Campo
(Dordrecht,NL: Spinger), 9–24.

Rivoal, A., Fernandez, C., Lavoir, A. V., Olivier, R., Lecareux, C., Greff, S. et al.
(2010). Environmental control of terpene emissions from Cistus monspeliensis
L. in natural Mediterranean shrublands. Chemosphere 78, 942-949. doi: 10.1016/
j.chemosphere.2009.12.047

Rotondi, A., Rossi, F., Asunis, C., and Cesaraccio, C. (2003). Leaf xeromorphic
adaptations of some plants of a coastal Mediterranean macchia ecosystem. JME
4, 25–36.

Russo, S., Sillmann, J., and Fischer, E. M. (2015). Top ten European heatwaves since
1950 and their occurrence in the coming decades. Environ. Res. Lett. 10:124003.

Sánchez-Rodríguez, J., Martinez-Carrasco, R., and Pérez, P. (1997). Photosynthetic
electron transport and carbon-reduction-cycle enzyme activities under long-
term drought stress in Casuarina equisetifolia Forst. & Forst. Photosyn. Res. 52,
255-262. doi: 10.1023/A:1005878307607

Sardans, J., and Peñuelas, J. (2013). Plant-soil interactions in Mediterranean forest
and shrublands: impacts of climatic change. Plant Soil 365, 1-33. doi: 10.1007/
s11104-013-1591-6

Scoffoni, C., Vuong, C., Diep, S., Cochard, H., and Sack, L. (2014). Leaf shrinkage
with dehydration: coordination with hydraulic vulnerability and drought
tolerance. Plant Physiol. 164, 1772-1788. doi: 10.1104/pp.113.221424

Sebastiani, F., Torre, S., Gori, A., Brunetti, C., Centritto, M., Ferrini, F., et al.
(2019). Dissecting adaptation mechanisms to contrasting solar irradiance in
the mediterranean shrub Cistus incanus. Int. J. Mol. Sci.20:3599. doi: 10.3390/
ijms20143599

Sharkey, T. D., and Seemann, J. R. (1989). Mild water stress effects on carbon-
reduction-cycle intermediates, ribulose bisphosphate carboxylase activity, and

spatial homogeneity of photosynthesis in intact leaves. Plant Physiol. 89, 1060-
1065. doi: 10.1104/pp.89.4.1060

Spurr, A. R. (1969). A low-viscosity epoxy resin embedding medium for electron
microscopy. J. Ultrastruct. Res. 26, 31–43.

Stephanou, M., and Manetas, Y. (1997). The effects of seasons, exposure, enhanced
UV-B radiation, and water stress on leaf epicuticular and internal UV-B
absorbing capacity of Cistus creticus: a Mediterranean field study. J. Exp. Bot.
48, 1977-1985. doi: 10.1093/jxb/48.11.1977

Sumbele, S., Fotelli, M. N., Nikolopoulos, D., Tooulakou, G., Liakoura, V.,
Liakopoulos, G., et al. (2012). Photosynthetic capacity is negatively correlated
with the concentration of leaf phenolic compounds across a range of different
species. AoB Plants. 2012:pls25. doi: 10.1093/aobpla/pls025

Syvertsen, J. P., Lloyd, J., McConchie, C., Kriedemann, P. E., and Farquhar, G. D.
(1995). On the relationship between leaf anatomy and CO2 diffusion through
the mesophyll of hypostomatous leaves. Plant Cell Environ. 18, 149-157. doi:
10.1111/j.1365-3040.1995.tb00348.x

Tattini, M., Loreto, F., Fini, A., Guidi, L., Brunetti, C., Velikova, V., et al.
(2015). Isoprenoids and phenylpropanoids are part of the antioxidant
defense orchestrated daily by drought-stressed Platanus× acerifolia plants
during Mediterranean summers. New Phytol. 207, 613-626. doi: 10.1111/nph.
13380

Terashima, I., Miyazawa, S. I., and Hanba, Y. T. (2001). Why are sun leaves thicker
than shade leaves? Consideration based on analyses of CO2 diffusion in the leaf.
J. Plant Res. 114, 93-105. doi: 10.1007/PL00013972

Tharayil, N., Suseela, V., Triebwasser, D. J., Preston, C. M., Gerard, P. D., and
Dukes, J. S. (2011). Changes in the structural composition and reactivity of
Acer rubrum leaf litter tannins exposed to warming and altered precipitation:
climatic stress-induced tannins are more reactive. New Phytol. 191, 132-145.
doi: 10.1111/j.1469-8137.2011.03667.x

Tohge, T., and Fernie, A. R. (2017). An overview of compounds derived from
the shikimate and phenylpropanoid pathways and their medicinal importance.
Mini Rev Med Chem. 17, 1013-1027. doi: 10.2174/138955751666616062412
3425

Top, S. M., Preston, C. M., Dukes, J. S., and Tharayil, N. (2017). Climate
influences the content and chemical composition of foliar tannins in green and
senesced tissues of Quercus rubra. Front. Plant Sci. 8:423. doi: 10.3389/fpls.2017.
00423

Van Der Plas, F., Manning, P., Allan, E., Scherer-Lorenzen, M., Verheyen, K.,
Wirth, C., et al., (2016). Jack-of-all-trades effects drive biodiversity–ecosystem
multifunctionality relationships in European forests. Nat. Commun. 7, 1-11.
doi: 10.1038/ncomms11109

Wright, I. J., and Westoby, M. (2002). Leaves at low versus high rainfall:
coordination of structure, lifespan and physiology. New Phytol. 155, 403-416.
doi: 10.1046/j.1469-8137.2002.00479.x

Zucker, W. V. (1983). Tannins: does structure determine function? An ecological
perspective. Am. Nat. 121, 335-365. doi: 10.1086/2840

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Alderotti, Brunetti, Marino, Centritto, Ferrini, Giordano, Tattini,
Moura and Gori. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Ecology and Evolution | www.frontiersin.org 17 November 2020 | Volume 8 | Article 57629644

https://doi.org/10.1016/S1369-5266(02)00251-0
https://doi.org/10.1111/j.1469-8137.2009.02830.x
https://doi.org/10.3389/fpls.2019.00696
https://doi.org/10.3389/fpls.2019.00696
https://doi.org/10.1002/ece3.3484
https://doi.org/10.1002/ece3.3484
https://doi.org/10.32615/ps.2019.014
https://doi.org/10.1016/j.jplph.2017.02.015
https://doi.org/10.1093/aobpla/ply027
https://doi.org/10.1016/j.flora.2018.08.010
https://doi.org/10.1016/j.flora.2018.08.010
https://doi.org/10.1007/s11099-016-0235-5
https://doi.org/10.1016/j.chemosphere.2009.12.047
https://doi.org/10.1016/j.chemosphere.2009.12.047
https://doi.org/10.1023/A:1005878307607
https://doi.org/10.1007/s11104-013-1591-6
https://doi.org/10.1007/s11104-013-1591-6
https://doi.org/10.1104/pp.113.221424
https://doi.org/10.3390/ijms20143599
https://doi.org/10.3390/ijms20143599
https://doi.org/10.1104/pp.89.4.1060
https://doi.org/10.1093/jxb/48.11.1977
https://doi.org/10.1093/aobpla/pls025
https://doi.org/10.1111/j.1365-3040.1995.tb00348.x
https://doi.org/10.1111/j.1365-3040.1995.tb00348.x
https://doi.org/10.1111/nph.13380
https://doi.org/10.1111/nph.13380
https://doi.org/10.1007/PL00013972
https://doi.org/10.1111/j.1469-8137.2011.03667.x
https://doi.org/10.2174/1389557516666160624123425
https://doi.org/10.2174/1389557516666160624123425
https://doi.org/10.3389/fpls.2017.00423
https://doi.org/10.3389/fpls.2017.00423
https://doi.org/10.1038/ncomms11109
https://doi.org/10.1046/j.1469-8137.2002.00479.x
https://doi.org/10.1086/2840
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


OPINION
published: 06 April 2021

doi: 10.3389/ffgc.2021.654032

Frontiers in Forests and Global Change | www.frontiersin.org 1 April 2021 | Volume 4 | Article 654032

Edited by:

Raffaella Balestrini,

Institute for Sustainable Plant

Protection, National Research Council

(CNR), Italy

Reviewed by:

Franco Faoro,

University of Milan, Italy

Walter Chitarra,

Council for Agricultural and

Economics Research (CREA), Italy

*Correspondence:

Tetyana Nosenko

tetiana.nosenko@

helmholtz-muenchen.de

Robert Hänsch

rhaensch@tu-braunschweig.de

Specialty section:

This article was submitted to

Forest Ecophysiology,

a section of the journal

Frontiers in Forests and Global

Change

Received: 15 January 2021

Accepted: 15 March 2021

Published: 06 April 2021

Citation:

Nosenko T, Hanke-Uhe M, Heine PA,

Shahid A, Dübel S, Rennenberg H,

Schumacher J, Winkler JB,

Schnitzler J-P, Hänsch R and

Kaufholdt D (2021) Plant Defense

Proteins as Potential Markers for Early

Detection of Forest Damage and

Diseases.

Front. For. Glob. Change 4:654032.

doi: 10.3389/ffgc.2021.654032

Plant Defense Proteins as Potential
Markers for Early Detection of Forest
Damage and Diseases

Tetyana Nosenko 1*, Manuel Hanke-Uhe 2, Philip Alexander Heine 3, Afsheen Shahid 4,

Stefan Dübel 3, Heinz Rennenberg 4,5, Jörg Schumacher 2, Jana Barbro Winkler 1,

Jörg-Peter Schnitzler 1, Robert Hänsch 5,6* and David Kaufholdt 6

1 Research Unit Environmental Simulation (EUS), Institute for Biochemical Plant Pathology, Helmholtz Zentrum München,

Neuherberg, Germany, 2 Faculty for Forest and Environment, Eberswalde University for Sustainable Development,

Eberswalde, Germany, 3Department of Biotechnology, Technische Universität Braunschweig, Braunschweig, Germany,
4 Institute of Forest Sciences, Chair of Tree Physiology, Albert-Ludwigs-University Freiburg, Freiburg, Germany, 5Center of

Molecular Ecophysiology (CMEP), College of Resources and Environment, Southwest University, Chongqing, China,
6 Institute of Plant Biology, Technische Universität Braunschweig, Braunschweig, Germany

Keywords: forest disease diagnostic, molecular markers, antimicrobial peptides, defensins, plant defense

ADDRESSING THE PROBLEM—WHY FORESTRY NEEDS

DIAGNOSTIC TOOLS?

Over the last two decades, European forest ecosystems have been exposed to increasing stress
associated with an increasing number, duration and severity of extreme events triggered by climate
change (Dyderski et al., 2018). For forest plants, the concomitant stresses are not limited to direct
detrimental effects of rising temperatures, drought and heavy rainfall, but also include enhanced
virulence of native plant pathogens and herbivores and the introduction of new pests (Stenlid
and Oliva, 2016). The detection of forest diseases at an early stage, when visible symptoms cannot
yet be observed, is a crucial prerequisite to counteract regional spreading of pathogens. However,
the effective monitoring of forest damage and diseases requires reliable and easy-to-use portable
test systems.

CURRENT METHODS FOR DETECTION AND DIAGNOSIS OF

FOREST DAMAGE AND DISEASES IN AN ASYMPTOMATIC STAGE

For the detection and asymptomatic diagnosis of plant diseases, currently, a wide variety of
biochemical molecular methods is applied. These approaches include well-established methods
such as polymerase chain reaction, immunofluorescence, fluorescence in situ hybridization,
enzyme immunosorbent assay and flow cytometry, and the use of portable sensors developed on
the basis of the above-mentioned laboratory techniques. For a detailed description of the principles,
advantages, and disadvantages of these methods we recommend several recently published review
articles by Fang and Ramasamy (2015), Lau and Botella (2017), and Luchi et al. (2020). A common
feature of most molecular biology techniques is that they are based on the recognition of pathogen
DNA, RNA, or protein molecules present in the sampled plant tissue and often assume an
advanced stage of the infection, which has spread over a large part of the tree. Such molecular
markers are often highly specific for a particular pathogen and are therefore susceptible to false
negative results in diseases caused by non-indigenous pathogens (i.e., invasive species) or species
with high genetic diversity (Luchi et al., 2020). Therefore, other types of molecular markers are
required for the detection of disease by different types of stress in forest populations at the early,
asymptomatic stage.
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Several advanced techniques have been applied to monitor
stress conditions in agricultural land and forests, including
biophysical methods such as thermographic, hyperspectral
reflectance, and advanced fluorescence imaging techniques, as
well as metabolome analyses such as profiling of volatile organic
compounds or plant hormones (Martinelli et al., 2015). However,
the interpretation of the results obtained with these methods
depends on the availability of large amounts of data that
would allow to distinguish between normal seasonal and diurnal
variations of the measured parameters and their pathological
profiles, and on appropriate data processing and analytical
techniques. Both data collection and data analysis require special
experience and are not field applicable.

To overcome these disadvantages, the development of a
new test system based on host immune responses could be
a promising strategy. We hypothesize that new host-derived
markers, in combination with serological techniques already
well-established for forest disease diagnosis, will provide a
promising tool for the detection of forest damage and diseases
at their early asymptomatic stage. Such a prospective technology
will be an antibody-based Lateral-Flow-Test (LFT) targeting a
particular stress-induced plant defense protein (Figure 1A).

PREREQUISITES OF GENE- OR

PROTEIN-BIOMARKERS FOR THE EARLY

DETECTION OF DISEASES

First of all, we have to keep in mind that the purpose of such
markers is not to detect a particular species of plant pathogens or
herbivores but rather to identify a general problem resulted from
a predefined range of causative agents. Therefore, good host-
derived markers should respond to a broad spectrum of stressors.
In addition to the broad target range, potential markers are
expected to exhibit specific spatio-temporal expression pattern.
Disease-causing agents trigger two types of reactions in plants:
a local reaction restricted to the attacked tissue and systemic
reactions including biochemical and biophysical changes in
tissues and organs distal to the affected locus (Eyles et al., 2010).
Only genes or proteins involved in systemic reactions constitute
potential markers for the early disease detection. Finally, in order
to have an unrestricted time for sampling, a reliable marker
should be rapidly upregulated and maintain a high expression
level during a particular stress with negligible diurnal variation.

ANTIMICROBIAL PEPTIDES AS

POTENTIAL MARKERS FOR THE EARLY

DETECTION OF FOREST DISEASES

Are there any proteins in plants that fulfill the above criteria?
To answer this question, we present here the relevant current
knowledge about a large group of proteins of innate plant
immunity, the antimicrobial peptides (AMPs), with special
emphasis on the defensins as the best-studied class of AMPs.
These peptides comprise a diverse group of short, cysteine-
rich proteins, some of which are also known as Pathogenesis-
Related (PR) proteins. AMPs, which are ubiquitous in higher

plants, are characterized by a remarkable primary sequence
variation and high stability of their three-dimensional protein
structure maintained by disulfide bonds formed by highly
conserved cysteine residues (Campos et al., 2018; Kovaleva et al.,
2020). Based on their tertiary structure, AMPs are classified
into defensins, thionins, lipid-transfer proteins, heveins, and
other multigene families. Depending on the species, each family
consists of dozens to hundreds of genes. AMPs are secreted
mainly in the apoplastic space of peripheral cell layers and act as
the plant’s first line of defense against pathogenic fungi, bacteria,
viruses, and herbivores (Lazzaro et al., 2020).

Spectra of the AMP Antimicrobial Activities
The majority of AMPs are positively charged at their surface and
cause broad-spectrum antimicrobial activity by interacting with
negatively charged microbial membranes. This interaction leads
to a change in membrane structure, followed by cell death or, in
some cases, to an intrusion of AMPs into the pathogen interior,
where they interact with specific intracellular targets (van der
Weerden et al., 2008). Other known AMP mechanisms of
function include interaction of AMPs with specific lipid, protein,
or oligosaccharide molecules of bacterial or fungal cell walls
(Thevissen et al., 2000), inhibition of fungal phytopathogenic
proteins (Slavokhotova et al., 2014), induction of systemic
iron deficiency (Hsiao et al., 2017), and inhibition of digestive
enzymes of insects (Major and Constabel, 2008). Each particular
mechanism determines the spectrum of antimicrobial activities
and spatiotemporal expression patterns of individual AMPs.

The specificity of antimicrobial activity and target range of
individual AMPs vary widely within and between species. The
type I defensins AtPDF1.1 and AtPDF1.2 from Arabidopsis
thaliana are probably the best studied AMPs involved in non-
specific plant resistance to a wide range of biotic and abiotic
challenges such as necrotrophic fungi, bacteria, herbivorous
insects, and an excess of heavy metals (Nguyen et al., 2014;
Hsiao et al., 2017). Many AMPs are known to possess a more
specific antimicrobial activity with their target range limited
to a particular taxonomical group of plant pathogens. These
limitations are due to the aforementioned ability of some AMPs
to attach to membrane or cell wall molecules specific to certain
groups of microorganisms such as fungi-specific sphingolipids or
digestive enzymes of insects (Thevissen et al., 2000; Wijaya et al.,
2000; Medeiros and Pockman, 2011). The most striking example
of extreme functional specialization are defensin-like peptides
involved in the regulation of plant-bacterial symbiosis. These
AMPs are able to differentiate even between different strains of
a symbiotic bacterium (Simsek et al., 2013).

Spatio-Temporal Patterns of Antimicrobial

Peptide Formation Under Stress
Similar to their target ranges, plant AMPs show a great
heterogeneity in tissue specificity and longevity after onset
of the stress response. Many functionally promiscuous AMPs
are known to be tightly integrated into general immune
signaling networks and therefore form an integral part of the
plant’s systemic response to infection or environmental stress.
For example, the aforementioned broad-spectrum defensins
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FIGURE 1 | Plant defense proteins as potential markers for an early detection of forest diseases. (A) Schematic representation of a plant proteins-based test system.

In trees, visible symptoms often appear years after disease induction. At molecular level, plants develop a systemic defense response from hours to days after onset

of infection or stress. Plant defense proteins, such as antimicrobial peptides (AMP), can be detected in leaf extracts using Lateral-Flow-Test (LFT) with two specific

antibodies. The first anti-AMP antibody forms a mobile complex with an AMP molecule and flows in the direction of the stripe region containing an immobilized second

anti-AMP antibody capturing this complex. If AMPs are present, the color of the corresponding stripe region changes because of macroscopic gold particles bound to

the mobile anti-AMP antibody. Using LFTs, tree diseases can be detected at an early asymptomatic stage. In addition, more detailed results are conceivable with a

multiple-readout test stripe containing multiple test lines with two antibody pairs against different antigens, e.g., one antibody pair against a general stress-marker and

another against an AMP characterized by a narrow spectrum of antimicrobial activity. More technical details of LFTs are described elsewhere (Yetisen et al., 2013). (B)

Current state of knowledge on defense proteins in woody plants: The case of defensins. Total number of defensin and defensin-like genes predicted using standard

homology-based genome annotation (brown) and AMP-targeted (orange) pipelines are given for selected herbaceous and woody plant species (species names in

green and black, respectively). Information about the number of genes identified using the AMP-specific approaches is available for A. thaliana, A. halleri, and A. lyrata

(Silverstein et al., 2005), M. truncatula (de Bang et al., 2017), T. aestivum (International Wheat Genome Sequencing, 2018), V. vinifera (Giacomelli et al., 2012), S.

lycopersicum, P. persica, and P. trichocarpa (Liu et al., 2017). Stars indicate species, for which corresponding information is not available.

AtPDF1.1 and AtPDF1.2 are known to be part of the plant’s
immune response triggered by the phytohormones ethylene and
jasmonic acid. In response to infestation with necrotrophic
fungi and bacteria, these AMPs are upregulated both locally
at the inoculation site and systemically in tissues distal to the
infection site as early as 6 h after the infection and remain
detectable during at least the following 3 days (Hsiao et al., 2017).
A broad-spectrum defensin PtDef from Populus trichocarpa
showed a graduate increase of its expression levels in response
to abiotic stresses, such as drought and cold, during seven
days of the experiment (Wei et al., 2020). Further examples
of systemic AMPs involved in either hormone-mediated or
reactive oxygen species-activated MAPK signaling cascades are
described in the review by Bolouri Moghaddam et al. (2016).
In contrast, defensin-like nodular peptides exhibit a very high
tissue specificity: they are not only expressed exclusively in root
nodules, but also differentiate between several nodular zones
(Roux et al., 2014); their temporal expression patterns are fine-
tuned to the developmental stages of bacterial symbionts (Marx
et al., 2016).

Some of the examples presented above suggest that AMP
markers are applicable for the early detection of plant diseases.
Depending on the task, the test-system may utilize either
general-stress response, or more specific (e.g., fungal infection)

AMP markers, or both (i.e., a dual-readout LFT; Gong et al.,
2018). However, along with advantages, we have to consider
challenges for developing a test-system for the early detection of
plant diseases.

How Much Do We Know About AMPs in

Perennial Woody Plants?
Currently, the greatest obstacle to the selection of host-derived
markers for early detection of forest diseases is our limited
knowledge on defense mechanisms in trees. The plant immune
system has been studied primarily in the model organism
Arabidopsis and several important crop species. These studies
show an incredible between-species variation of gene copy
number and biological functions of plant defense proteins, even
between closely related species (Hanks et al., 2005; Mondragon-
Palomino et al., 2017). Because of this variation, it is impossible to
extrapolate findings derived from short-lived herbaceous plants
directly to long-lived woody plants. As they are at the forefront
of the host-parasite arms race, defense genes are subject to
rapid diversification, which hinders their identification using
homology-based techniques (Liu et al., 2017). To overcome
such obstacles, specific computational approaches have been
developed for the identification of genes involved in plant
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defense. In the case of AMPs, gene identification methods are
based on the conserved patterns of cysteine residues and presence
of N-terminal signal peptides. In Figure 1B, we show that the
number of genes annotated in plant genomes as AMPs varies
considerably depending on the identification method applied. So
far only very few genomes of perennial woody plants have been
screened using specific AMP-targeting approaches. In addition,
only very few studies have addressed the functions of AMPs in
trees [e.g., Pinus sylvestris (Hrunyk et al., 2017; Khairutdinov
et al., 2017), Picea glauca (Picart et al., 2012), and P. trichocarpa
(Major and Constabel, 2008; Wei et al., 2020)]. Nevertheless,
the results of these studies support the following statements: (a)
There is a high diversity of AMPs in long-living woody plants. (b)
Similar to herbaceous species, AMPs in tree species are involved
in the development of resistance to a variety of biotic and abiotic
stresses. (c) The target range and mechanisms of antimicrobial
activity of individual AMPs of woody plants are species-specific.

CONCLUDING REMARKS

Defensins and other AMPs are promising candidates for early
detection of plant diseases independent of a stress-factor in
general. An AMP-dependent test-system can be designed for
the tree species dominant in particular regions and used as a
part of the regional forest monitoring program. Engineering
highly specific antibodies is challenging but possible withmodern
techniques for the monoclonal antibody production like phage
display (Bradbury et al., 2011). Unfortunately, the knowledge on

immune responses in woody plants is rudimentary and needs
further investigations. Advances in DNA and RNA sequencing
technologies make it possible to generate whole genome and
transcriptome sequence data for ecologically important forest
tree species such as English oak and beech (Mishra et al.,
2018; Plomion et al., 2018). This increasing availability of
data can partially compensate for the lack of experimental
evidence on the diversity, expression type, and tissue specificity
of defense proteins of woody plants, information that can be
used for the pre-selection of protein markers for developing
an antibody-based LFT stripe for early detection of diseases in
these species.
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Evapotranspiration Intensification
Over Unchanged Temperate
Vegetation in the Baltic Countries Is
Being Driven by Climate Shifts
Bruno Montibeller*†, Jaak Jaagus†, Ülo Mander† and Evelyn Uuemaa†

Department of Geography, Institute of Ecology and Earth Sciences, University of Tartu, Tartu, Estonia

Shifts in climate driven by anthropogenic land use and land cover change are expected
to alter various land–atmosphere interactions. Evapotranspiration (ET) is one of these
processes and plays a fundamental role in the hydrologic cycle. Using gridded reanalysis
and remote sensing data, we investigated the spatiotemporal trends of precipitation,
temperature, and ET for areas in the Baltic countries Lithuania, Latvia and Estonia
where the land cover type had not changed from 2000 to 2018. We focused on ET
but investigated the spatiotemporal trends for the three variables at monthly, seasonal,
and annual time scales during this period to quantify trade-offs among months and
seasons. We used the Mann-Kendall test and Sen’s slope to calculate the trends and
rate of change for the three variables. Although precipitation showed fewer statistically
significant increasing and decreasing trends due to its high variability, temperature
showed only increasing trends. The trends were concentrated in late spring (May,
+0.14◦C annually), summer (June and August,+0.10◦C), and early autumn (September,
+0.13◦C). For unchanged forest and cropland areas, we found no statistically significant
ET trends. However, Sen’s slope indicated increasing ET in April, May, June, and
September for forest areas and in May and June for cropland. Our results indicate that
during the study period, the temperature changes may have lengthened the growing
season, which affected the ET patterns of forest and cropland areas. The results also
provide important insights into the regional water balance and complement the findings
of other studies.

Keywords: Baltic region, climate change, evapotranspiration, remote sensing, land use and land cover change

INTRODUCTION

Changes in precipitation and temperature regimes differ among the world’s climatic regions.
Previous studies have demonstrated changes or high variability in the patterns of two key climate
variables, precipitation and temperature, in recent years in a range of climatic regions (Van den
Besselaar et al., 2013; Silva Junior et al., 2018; Haghtalab et al., 2019; Krauskopf and Huth, 2020).
The impact of these changes, which varies among the climatic regions, is exemplified by an
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increased number of extreme events, such as heat waves, intense
rainfall, or long-term droughts (Sena et al., 2012). In addition,
according to the Intergovernmental Panel on Climate Change
(IPCC) (Seneviratne et al., 2012), the frequency and magnitude
of these extreme events and the climate variability are expected to
increase in the future.

Among the factors responsible for the changing climate,
anthropogenic land use and land cover (LULC) change is a main
factor (Pielke, 2005; Ceccherini et al., 2020; Sy and Quesada,
2020), and is having a stronger impact than was assumed in
previous studies (Seneviratne et al., 2012). Depending on the
extent and intensity of the LULC change, climate variables can
be affected at local, regional, and global scales (Hale et al., 2006;
Mahmood et al., 2014; Cao et al., 2015; Chen and Dirmeyer, 2017;
Findell et al., 2017). In Eastern India, for instance, 25 to 50% of
the overall temperature increase of ∼0.3◦C from 1981 to 2010
could be explained by local LULC change (Gogoi et al., 2019).
In the Amazon, Llopart et al. (2018) analyzed how the spread
of deforestation affected the regional climate using simulated
scenarios and climate models. They reported that deforestation
caused a dipole pattern in response to the region’s precipitation,
with increased precipitation in the eastern Amazon (+8.3%) and
decreased precipitation in the west (−7.9%). At a global scale,
Lawrence and Chase (2010) found that anthropogenic land cover
change imposed a warming trend in the near surface atmosphere
and reducing precipitation regionally, and both climate factors
varied greatly between regions of the world.

In most cases, the impact of LULC change on climate results
from changes in the biophysical and biogeochemical processes
that regulate the complex land–atmosphere interactions
(Pongratz et al., 2010; Alkama and Cescatti, 2016; Perugini
et al., 2017). Evapotranspiration (ET) is one of the processes
affected by climate and LULC change, and it plays an important
role in balancing the hydrological cycle (Zhang et al., 2016). In
temperate forest regions, for example, ET returns 71% of the
precipitation to the atmosphere (Miralles et al., 2011). Using
ET data derived from remote sensing or modeling, studies have
been exploring the consequences of climate and LULC change
on the dynamics of ET (Dias et al., 2015; Spera et al., 2016;
Poon and Kinoshita, 2018; Paca et al., 2019; Qu and Zhuang,
2019; dos Santos et al., 2020). Wang et al. (2019) analyzed the
spatiotemporal variability of ET over a Chinese catchment that
has experienced strong climate and LULC changes. They found
that the annual mean ET increased by nearly 14 mm as the
result of a warming and drying trend combined with increasing
areas of forest, grassland, water bodies, and urban land. Using a
water-balance approach (i.e., the difference between precipitation
and stream discharge) to estimate ET, Hamilton et al. (2018)
found that ET is resilient in temperate humid catchments that
have been experiencing climate and LULC change; that is, ET
remained relatively stable. They attributed this resilience to field
measurements that showed the ET rates did not differ greatly
between rain-fed annual crops and perennial vegetation, and to
the fact that these LULC types showed the biggest changes in
area during the study period. However, this approach was limited
because the ET was only calculated for the entire catchment and
not independently for the different LULC types.

Even though several studies have provided spatiotemporal
analysis of the combined effects of climate and LULC changes
on ET (Mao et al., 2015; Li et al., 2017; Teuling et al., 2019),
fewer studies have investigated the changes in ET in areas
where LULC has not changed (Gaertner et al., 2019), where
changes in ET are most likely driven by changes in climate
variables. The limited number of studies that have investigated
ET changes in areas where LULC has not changed, such as
many forested areas, have reported different patterns for different
climate regions. For semi-deciduous tropical forests, Vourlitis
et al. (2014) showed that ET has decreased, whereas for temperate
forests, Gaertner et al., 2019) reported that ET increased due
to the longer growing season. Most of these studies evaluated
annual ET changes, and restricted the assessment of the trade-offs
between monthly and seasonal time scales (e.g., increasing ET in
spring can be offset by an ET decrease in summer). Moreover,
the studies did not account simultaneously for spatial variation
and changes over time. Therefore, they did not produce a clear
understanding on how ET changes spatially and temporally at
different time scales (e.g., monthly, seasonally, and annually)
in areas with stable LULC. Studies of ET in this context of
stability are important because they help us to understand how
stable LULC types such as forest and agricultural areas have
been adapting to the new climate conditions and reveal the
importance of these areas as a long-term solution to minimize
climate change by stabilizing water cycles and sequestering
carbon (Funk et al., 2019).

Given the abovementioned limitations of existing research
and the lack of understanding of how ET rates change spatially
and temporally at large scales, we designed the present study to
investigate the changes in ET over areas with stable forest and
cropland areas. We focused our analysis on three Baltic countries
(Estonia, Latvia, and Lithuania). We used a newly developed
gap-filled ET remote sensing dataset (Running et al., 2019) that
provided data from 2000 to 2018. We chose these countries
because the region has seen a clear shift in its climate from 1951
to 2015, with gradual warming and a slight trend of increasing
precipitation (Jaagus et al., 2017). In addition, most of the region
has not shown significant LULC changes during the study period,
and no similar study has been performed in these three countries.

We defined unchanged forest as areas that showed no
significant disturbance caused by anthropogenic activities such
as clear-cut or selective logging during the study period. We
defined unchanged cropland as cultivated land that remained
cultivated throughout the study period but did not consider
the effects of crop changes (e.g., from winter wheat to corn) to
represent an LULC change. We chose forest and cropland areas
for our analysis because these LULC types cover the majority
of Estonia, Latvia, and Lithuania, and both types show large
continuous patches of unchanged LULC. We also explored the
spatiotemporal patterns of the two key factors that affect ET (i.e.,
precipitation and temperature) using gridded reanalysis data to
better understand the driving forces for the changes in ET.

We posed two questions: (i) What are the spatial and temporal
patterns of temperature, precipitation, and ET throughout the
Baltic countries? (ii) How has ET of unchanged forest and
cropland areas changed in this region? We hypothesized that
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even though the region has not experienced intense LULC change
since 2000, the overall ET rates of forest and croplands have
changed to adapt to the observed shifts in the climate regime in
response to large-scale atmospheric circulation patterns (Jaagus
et al., 2003). Note that although climate change is the terminology
adopted by most similar studies, we decided to use the term
climate shift because our study period is shorter than the period
(at least 30 years) recommended for climate change studies
(Seneviratne et al., 2012).

MATERIALS AND METHODS

Study Area
The study area encompasses 175 × 103 km2 of the three
Baltic countries in north-eastern Europe. The region’s climate is
characterized as humid continental Dfb according to the Köppen
climate classification, with mean annual temperature ranging
between 5.5 and 6.5◦C and mean annual precipitation ranging
between 600 and 750 mm. In the westernmost part of the study
region, which lies on the coast of the Baltic Sea, winters are much
milder and the Köppen climate type changes to Cfb. However,
parts of the region have shown shifts in the precipitation and
temperature trends. The precipitation has increased during the
cold months of the year (November to March) and in June, but
the annual mean temperature has increased by 0.3 to 0.4 K per
decade from 1951 to 2015 (Jaagus et al., 2017).

Data
Precipitation and Temperature Data
We used the gridded daily precipitation and daily mean
temperature products from version v20.0e of the European
Climate Assessment and Dataset, which is called E-OBS (Cornes
et al., 2018). E-OBS was developed by interpolating climate data
between weather stations based on data provided by the national
meteorological agencies of the European countries. The product
is available as a regular grid with a resolution of 0.1 or 0.25◦, and
covers the period since 1950. We used the 0.1◦-resolution dataset,
which represents a resolution of about 10 km. E-OBS has been
applied in climate monitoring studies (Nastos et al., 2013; Van
Der Schrier et al., 2013) and for validation of climate products
(Katsanos et al., 2016; Domínguez-Castro et al., 2020). The
reported shortcoming of this dataset is the uneven distribution of
weather stations, which compromises the interpolation of E-OBS
precipitation and temperature estimates (Hofstra et al., 2010).
However, this limitation is less problematic in our study region,
which has a higher weather station density (Navarro et al., 2019)
than in other areas of Europe.

Even though the E-OBS grid was developed from national
quality-controlled data, we checked for potential errors (e.g.,
missing or extreme low and high values) in the gridded
precipitation and temperature datasets. We found no errors.
To perform our analysis, we aggregated the gridded 0.1◦ daily
precipitation and temperature data into monthly, seasonal, and
annual temporal scales. We defined the seasons using the
standard periods used for northern hemisphere climatology
(Jaagus et al., 2017), with spring comprising March, April,

and May; summer, June, July and August; autumn, September,
October, and November; and winter, December, January, and
February. For precipitation, we summed all total daily values for
each month, season, and year, but for temperature, we calculated
the mean for each temporal scale.

Evapotranspiration Data
To perform the ET analysis, we used the relatively recently
developed MODIS MOD16A2GF product that comprises gap-
filled 8-day composite images produced at 0.00416◦ pixel
resolution (∼500 m) (Running et al., 2019). The gap-filled
data is generated by mainly removing contaminated FPAR/LAI
input data. For the cases where the pixel of FPAR/LAI pixels
did not meet the quality criteria, the value is determined by
linear interpolation between the previous period’s value (Running
et al., 2019). The MODIS ET pixels represent the sum of ET
(kg/m2) for 8-day periods. The product is an improvement
of the MOD16A2 product that eliminates poor-quality pixels
(e.g., pixels contaminated by cloud cover or aerosols). The
MOD16A2 product provides almost real time estimates of ET
using the Penman-Monteith equation, and has been used in
several studies (Spera et al., 2016; Moura et al., 2019). We
acquired 8-day composite MOD16A2GF images from January
2000 until December 2018.

Before analysis, we removed MODIS ET pixels with values
ranging from 32,761 to 32,767 by assigning those values of
NoData (the coding used by the R and QGis software). These
pixels are flagged in the original dataset as non-vegetated areas,
and therefore, no ET rate was calculated (Running et al., 2019).
Moreover, we removed all pixels that showed negative values. In
this way, we only used pixels that had plausible values during
the entire period of analysis (2000 to 2018). Because of the pixel-
removal process, our ET analysis covered 70% of the total Baltic
countries territory (∼120 × 103 km2). To retrieve the monthly
ET rates, we calculated the mean of the 8-day composites images
within the respective month for each pixel. The mean value was
then divided by eight to obtain daily values, which were finally
multiplied by the number of days of each month. We used this
approach to retrieve the monthly ET rates because April, May,
October, and November had different number of 8-day composite
images in leap years. The seasonal and annual ET rates were
calculated by aggregating the monthly values. We did not analyze
the winter season for four reasons: (i) No data was available in
January and February of 2016. (ii) The winter months of other
years showed many pixels with negative values, and this would
have resulted in the exclusion of a large number of pixels since
we worked only with pixels that had plausible values for the
whole period. (iii) ET rates in winter are low and the values are
negligible, therefore studies have mainly used only the months of
the growing season (Gaertner et al., 2019; Niu et al., 2019; Ruiz-
Pérez and Vico, 2020). (iv) The ET analysis was not stratified by
forest type and as deciduous and evergreen forest are present in
the region, the ET rates analysis would be bias since some forest
types loses or maintain the leaves. Although the original unit for
the ET rates was kg/m2, we decided to convert this to mm (at
a rate of 1 kg/m2 for 1 mm), to align with the units used in
previous studies.
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Land Use and Land Cover Data
For LULC data, we used version 2.0.7 of the (CCI Land
Cover product1). This product consists of annual time series of
consistent global land cover maps with 300-m spatial resolution
from 1992 to 2018. We used the product data from 2000, 2005,
2010, 2015, and 2018. For 2018, we used version 2.1.1 of the
product, which is consistent with v2.0.7. The advantage of the
newer dataset is its consistency over time. We reclassified the
original 22 LULC types into 6 main classes based on the IPCC
class definitions (ESA, 2017 Land Cover CCI Product user guide
version 2.0, 2017) (Supplementary Table 1). The final LULC
types were cropland, forest, grassland, urban, wetland, and other.
We identified the pixels of forest and cropland that remained
as these classes throughout the study period to extract the
unchanged forest and cropland areas. The map was only created
for forest and cropland because these two LULC types covered
more than 87% of the entire study region. Moreover, these LULC
types also showed large continuous areas in which the LULC did
not change, unlike in the other LULC types, and this lets us test
our research hypothesis.

Analysis
First, we examined the monthly, seasonal, and annual spatial and
temporal trends for temperature and precipitation for the entire
region using the E-OBS data, and the MOD16A2GF data for ET.
We examined the trends at a pixel level, with a spatial resolution
of 0.00416◦. Second, we assessed the monthly, seasonal, and
annual ET for unchanged forest and cropland areas using the
MOD16A2GF data. We used the Mann-Kendall test to detect
significant increasing or decreasing trends.

Spatial Analysis
To analyze ET over forested and cropland areas, we calculated
the vegetation cover of forest and cropland within the MODIS
ET pixels that were overlapped by these LULC types. The MODIS
ET pixels were defined as forest or cropland pixels if, during
the entire study period, these LULC types covered >50% of the
pixel area. The MODIS pixels that showed <50% of its area
as forest or cropland during the study period were considered
to have changed, and were excluded from this analysis. In this
way, we could investigate the MODIS ET pixels that showed
a decrease, increase, or no trend during the study period
for areas that had forest or cropland as the major (>50%)
LULC type.

To obtain the most representative ET values for unchanged
forested and cropland areas, we created a buffer that extended
1 km inward from the edge of the unchanged area and extracted
only those pixels that were completely within the unchanged area.
This removed the potential bias due to the edge effect for the
border pixels. After these procedures, we retrieved 15,359 pixels
of forest and 899 pixels of croplands as the most representative
MODIS ET pixels of these LULC types. We averaged the
monthly, seasonal and annual ET values of these pixels for
the trend analysis.

1https://www.esa-landcover-cci.org/?q=node/164

Trend Analysis
We used the non-parametric Mann-Kendall test (Mann, 1945;
Kendall, 1957; Khambhammettu, 2005) to identify pixels with
significant temporal trends (significant increase or decrease,
or no significant trend) for the three variables (precipitation,
temperature, and ET). The Mann-Kendall test has been widely
applied for trend analysis of time series of meteorological (Jaagus,
2006; Almeida et al., 2017; Atta-ur and Dawood, 2017) and
hydrological data (Hamed, 2008; Dinpashoh et al., 2011; Jaagus
et al., 2017). However, the Mann-Kendall test has been shown
to be sensitive to autocorrelation in the input data (Kumar
et al., 2009). Therefore, before applying the Mann-Kendall test,
we calculated the lag 1 coefficient of correlation test for serial
correlation (Bari et al., 2016; Gao et al., 2020) in the time series
of precipitation, temperature and ET for all time scales of the
analysis. The calculation indicated that an average of <3% of
all pixels analyzed showed significant autocorrelation in all-time
series. Thus, we decided not to apply any correction and to use
the Mann-Kendall test on the original data. We used a confidence
level of 95% to define significant decreases and increases in the
time series for each pixel (p < 0.05).

To estimate the magnitude of the trend, we used the non-
parametric Sen’s slope value (SS) method (Sen, 1968). The
magnitude of the change is given by the median slope value
for all pairwise points in the time series. Negative values of SS
indicate a decreasing trend, whereas positive slopes indicate an
increase. To calculate the Mann-Kendall trend and SSs, we used
the package “wql” (Jassby and Cloern, 2017) implemented in
version 3.6.1 of the R software. We calculated the trends as well
as the SS values for all pixels at monthly, seasonal, and annual
scales. We calculated SS values even for those pixels that did not
show significant trends according to MK test.

RESULTS

Land Use and Land Cover Change
In 2000, 53.1% of the Baltic countries were covered by
forest, followed by cropland (36.7%) and grassland (5.2%)
(Supplementary Table 2). Urban, wetland and other land
together totaled 5.0% of the region (Supplementary Table 2).
By 2018, forest area had decreased by 0.4% and cropland
had increased by 0.4% (Supplementary Table 2). Although
the total change in the area of LULC types was negligible,
the changes of areas of cropland and forest to other classes
were noticeable (Figure 1). For example, 2,532.1 km2 of forest
was converted into cropland and 801 km2 into grassland from
2000 to 2018. At the same time 2,300.8 km2 of cropland was
converted into forest (Figure 1). Despite these changes, 72.8%
of the forest area and 73.2% of the cropland area in 2000
remained completely unchanged throughout the study period
(Supplementary Table 3).

Spatiotemporal Precipitation Analysis
Our spatial and temporal analyses of the monthly precipitation
at a pixel level indicated that half of the months showed
no significant trend in the 2,557 pixels analyzed between
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FIGURE 1 | Changes in the areas of forest and cropland in the Baltic countries from 2000 to 2018.

2000 and 2018 (Figure 2A). April, September, and December
showed a significant increase in 13.6, 3.1, and 8.1% of the
total pixels (Supplementary Table 4), respectively. March, June,
and July presented significant decreasing trends in a small
proportion of the pixels (0.8, 1.4, and 0.2% of the total,
respectively). Spatially, it is interesting to note that the pixels
with the significant decreasing trend were mainly concentrated
in the south-west of Lithuania (in March and June), whereas
the increase in precipitation was not only in the south and
southwest of Lithuania and Latvia but also in the northeast
of Estonia (Figure 2A). The SS values (Figure 2B) revealed
the magnitude of the change for the pixels with a significant
trend (p < 0.05) and without a significant trend (p > 0.05).
September showed an average SS value of 2.37 ± 0.29 mm per
year (mean ± SD) for the pixels with a significant increase,
for a total increase of 45 mm per pixel for the whole study
period. The pixels with an increasing trend in April and
December showed an average SS increase of 1.60 ± 0.26 and
1.31 ± 0.32 mm per year, respectively (Supplementary Table 4).
Similar SS values were observed for the pixels with a significant
decreasing trend in March, June, and July, with average SS
decreases of 1.66, 2.33, and 2.22 mm per year, respectively
(Supplementary Table 4).

Although the trend analysis for seasonal precipitation
(Supplementary Figure 1) showed that spring had only four
pixels with a significant increasing trend and 31 pixels with a
significant decreasing trend, the average SS reveals an overall
increase trend of 0.32 ± 1 mm per year (mean ± SD) in the
region. The pixels with an increasing trend in spring had an
average SS value of 1.40± 0.24 mm per year, versus−1.34 mm per
year for pixels with a decreasing trend (Supplementary Table 5).
Winter pixels with an increasing trend (7 piels) had a higher
average SS value (5.63 mm per year) than the spring pixels with an
increasing trend (1.4 mm per year). Autumn and summer showed
no pixel with significant trends. Despite the lack of significant
trends, summer was the only season that showed a decrease
in precipitation for the pixels that showed no significant trend
(mean SS = −0.91 mm per year). The annual analysis revealed
no significant trend for any pixel (Supplementary Figure 2 and
Supplementary Table 6).

Spatial and Temporal Temperature
Analysis
Analysis of the monthly mean temperature showed that 8 months
presented no significant (p< 0.05) trend in any pixel (Figure 3A).
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FIGURE 2 | (A) The results of the Mann-Kendall test for statistically significant (p < 0.05) trends in monthly precipitation at the pixel level. (B) Sen’s slope (SS) values
for changes in precipitation. Positive values represent increasing and negative values represent decreasing precipitation.

Moreover, no pixel with a significant decreasing trend was
observed in any month. Pixels with significant increasing trends
were identified in May (6.2% of the 2,557 pixels), June (4.6%),
August (16.6%) and September (89.3%). In September, the pixels
with a significant increasing trend covered almost the entire
region. However, in May, June and August, the pixels with an
increasing trend were clustered into a few areas in northern and
western Estonia and eastern Latvia and Lithuania. The average SS
values of the pixels with a significant increasing trend (Figure 3B)
were 0.14± 0.14◦C per year in May (mean± SD), 0.10± 0.01◦C
per year in June and August, and 0.13 ± 0.02◦C per year in
September (Supplementary Table 7).

In the seasonal analysis, only autumn had pixels with
significant increasing trends (6.6% of the pixels), and these pixels
were located in the west of Lithuania and Latvia (Supplementary
Figure 4). The pixels with an increasing trend in autumn had
SS values that showed an average increase of 0.11 ± 0.01◦C
per year (Supplementary Table 8). Among the pixels with no
significant trend in the other seasons, winter presented the
highest average SS (0.07◦C per year) with values ranging from
0.14 to −0.02◦C per year (Supplementary Table 8). The annual
analysis showed that 31.8% (813 out of 2557) of the pixels
presented increasing trends (Supplementary Figure 5) and they

are clustered in the west and east regions of Latvia and Lithuania,
and in a smaller area in northern Estonia. The average SS of the
pixels with an increase was 0.07◦C per year, with values ranging
from 0.04 to 0.09◦C per year, versus 0.05◦C per year for pixels
with no trend and values ranging from 0.02 to 0.08◦C per year
(Supplementary Table 9).

Spatial and Temporal ET Analysis From
2000 to 2018
Pixels with significant (p< 0.05) increasing and decreasing trends
for ET (Figure 4A) were more scattered compared to pixels with
significant temperature and precipitation trends (Figure 3A). In
May, June, and September, 23.2, 9.1, and 15.2% of the pixels (from
a total of from 1 423 312) showed increasing ET trends, with
mean SS values of 1.41 ± 0.50 (mean ± SD), 1.69 ± 0.67, and
0.65 ± 0.31 mm per year (Figure 4B), respectively. Interestingly,
the mean SS values for the pixels with a decreasing trend in
May, June, and September were much less common (0.1, 0.2,
and 0.1%, respectively), showed SS values similar to those of
the pixels with an increasing trend (Supplementary Table 10).
August showed spatial segregation, with pixels that showed an
increasing trend (9.3% of pixels) in the eastern part of the
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FIGURE 3 | (A) Mann-Kendall trend analysis for monthly mean air temperature at a pixel level. (B) Sen’s slope values for monthly mean air temperature. Positive
values represent a temperature increase, and negative values represent a decrease.

region and decreasing trends (3%) in the western part of the
region (Figure 4A). November showed the biggest percentage
of pixels with a decreasing trend for ET (9.5% of the total
pixels; Supplementary Table 10). However, the mean SS values
were smaller than the values for pixels with an increasing trend
(Supplementary Table 10). March, April, July, and October
showed <2.5% of the pixels with either increasing or decreasing
trend. For these months (except July), the pixels with no
significant trend revealed an average increase in the ET rates
(Supplementary Table 10).

By analysing the ET trends seasonally, we found that 13% of
the pixels in autumn (Supplementary Table 11) and 13.5% in
spring presented a significant increasing trend, which is more
than the proportion in summer (10%). All seasons had fewer than
1% of the pixels showing a decreasing trend (Supplementary
Table 11). The pixels with a decreasing trend were spread
throughout the Baltic countries during summer and autumn
(Supplementary Figure 6). We also observed the latter spatial
pattern for pixels with an increasing trend in all three seasons. On
an annual basis, the spatiotemporal analysis revealed that 34.9%
of the pixels had a significant increasing trend and only 0.3%
showed a significant decreasing trend (Supplementary Figure 7
and Supplementary Table 12).

We found that 83.5% of the MODIS ET pixels had forest
(48.1%) and cropland (35.4%) as the major LULC type (with
these types accounting for >50% of the MODIS ET pixel area).
Hereafter, we refer to these as forest and cropland pixels. Most of
these pixels (>77%) had no significant trend in ET in any month.
Few forest and cropland pixels (<10%) showed a significant
decreasing trend, with August showing the highest percentage
(5.76%) for forest pixels (Figure 4C). For pixels with increasing
trends, pixels of both LULC types showed similar percentages
for March, April, October, and November (<2%). However, the
difference between crop and forest pixels with an increasing
trend was <4 percentage points in May, June, July, and August,
September had a difference of 7.3 percentage points (11.2% of
forest pixels and 3.8% of crop pixels; Figure 4C).

Evapotranspiration Over Unchanged
Forest and Cropland Areas
We extracted the monthly ET of 10 949 MODIS ET pixels
dominated by unchanged forest and 377 pixels dominated by
unchanged cropland. Using the average monthly ET of these
pixels, the Mann-Kendall trend analysis revealed that neither
forest nor cropland showed a significant increasing or decreasing
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FIGURE 4 | (A) Mann-Kendall trend analysis for evapotranspiration at a pixel scale for each month, with p < 0.05 for significant trends. (B) Sen’s slope values for
evapotranspiration in each month. Positive values represent an increase, and negative values a decrease. (C) Percentage of forest and cropland pixels (>50% of the
MODIS ET pixel area) that showed decreasing and increasing trends in each month.

trend in any month. However, the SS values (Figure 5 and
Supplementary Table 13) indicated that forest had an ET
increase in most month (except July, August, and November)

with May (0.7 mm per year), June (0.55 mm per year), and
September (0.35 mm per year) showing the highest increasing
values (Supplementary Table 13). At the same time, SS values
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FIGURE 5 | Sen’s slope (SS) values of evapotranspiration (ET mm) for forest and croplands in each month.

for cropland also showed increase for most months, except
August (−0.2 mm per year) and November (−0.01 mm per
year). Crop ET in June presented the highest value (0.64 mm
per year), followed by May (0.50 mm per year). On a seasonal
basis, forest showed a significant increasing trend in autumn
(SS = 0.46 mm per year). Moreover, forest showed higher SS
values than cropland in all seasons (Supplementary Table 14).
At an annual scale, only forest had significant increasing trend
(3.46 mm per year).

DISCUSSION

Precipitation and Temperature
In general, our results agreed with those of previous studies
(Kriauciuniene et al., 2012; Jaagus et al., 2014, 2017), which also
identified shifts in precipitation and temperature at monthly,
seasonal, and annual temporal scales using weather station data.
However, our study advanced these studies of climate shifts by
analysing them both spatially (i.e., using a gridded dataset for the
whole region) and at three temporal scales. The monthly analysis
provided new insights that analysis with a coarser temporal
resolution (i.e., seasonal and annual) would have not provided.
For instance, the SS values for the overall summer season
showed a reduction in precipitation. However, the monthly
analysis showed that June and July had areas with statistically
significant decreasing trends for precipitation and negative mean
SS values for the pixels with non-significant trends, whereas
August showed positive SS values. Therefore, the negative SS
values of the summer season were influenced mostly by decreased
June and July precipitation but not by August changes. This
highlights the necessity of evaluating trends at a monthly level, as
this more clearly reveals differences between the months within
a season. Moreover, the spatial analysis using the monthly time
scale provided an overview of the reduction in precipitation,
which was more spatially dispersed in June and more clustered
in July and August. Similar observations can be done for spring.
March and May (the beginning and end of spring) showed
reduced precipitation (negative SS values), whereas April (in

the middle of the spring) showed an increase in precipitation,
although with no significant trend. This dispersion of statistically
significant trends at monthly and seasonal level was also reported
by Jaagus et al. (2017), who investigated precipitation trends in
Estonia using weather station data. They suggested that large-
scale atmospheric circulation patterns were the main factor for
the high spatiotemporal variability in the precipitation over the
region (Supplementary Figure 3).

As was the case in other temperate regions (Zhang et al.,
2017; Oishi et al., 2018), our results also indicated that the Baltic
countries are experiencing a warming shift in most months,
in all seasons (although only autumn showed a significant
increasing trend), and in the mean annual temperature. Most of
the statistically significant increase in temperature at a monthly
scale was detected at the end of spring (May), at the beginning
(June) and end of summer (August), and at the beginning
of autumn (September). Similar findings were reported by
Kriauciuniene et al. (2012), although these authors analyzed a
longer time series record (from 1922 to 2007) for Lithuania,
Latvia and Estonia.

By combining the temperature and the precipitation analysis,
we found critical periods. For example, at the end of spring
(May) and beginning of summer (June), the temperature
showed statistically significant increasing trends, whereas the
precipitation during the same period showed statistically
significant decreasing trends. This can limit soil water availability
during the spring warming period, and this will have several
consequences for plant development, especially during the
growing season. According to Grillakis (2019), soil moisture
droughts events are expected to increase in frequency and spatial
extent, and eastern Europe is likely to be most strongly affected.
Similarly, Samaniego et al. (2018) reported that up to 40%
of European soils will be affected by soil drought caused by
anthropogenic warming if the temperature increases by 3◦C
compared to the pre-industrial period.

Evapotranspiration
Based on the ET trends and the LULC change analysis,
we confirmed that the changes in ET rates over the Baltic
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countries are most likely driven more by shifts in the climatic
variables than by LULC change. This assumption agrees with
the results of Li et al. (2017), who demonstrated a more
significant impact of climate change than LULC change on
ET throughout China. These changes in ET have an impact
on the regional water balance. As highlighted by Teuling
et al. (2019), the reduction in precipitation combined with
an increase in ET to reduce streamflow. For example, by
analysing precipitation, temperature and river discharge trends
from 1991 to 2007, Kriauciuniene et al. (2012) found a significant
decrease in river discharge in the western part of the Baltic
region during the spring, a decrease in the whole region
during the autumn, and an increase throughout the region
during winter. Our results for ET showed statistically significant
increases for most months that showed a reduction in river
discharge in the same study area, and this partially explains
the decrease in the river discharge. However, the reduction
in the number of days and depth of snow cover (Rimkus
et al., 2018) between 1961 and 2015 also affected the regional
water balance, especially by limiting the amount of snowmelt
water and groundwater, which are the major water sources
for several rivers (Kriauciuniene et al., 2012). Moreover, our
monthly ET analysis indicated that May, June, and July are
critical months, since ET exceeds precipitation, on average, in
77% (+31.1 mm), 74.3% (+52.5 mm), and 50.7% (+36.3 mm),
respectively (Supplementary Figure 8). This can potentially
result in a reduction of soil moisture and groundwater availability
if the water transported into the atmosphere by ET is not
returning to the soil as precipitation, especially in June and
July, when precipitation was decreasing. This type of seasonal
hydrological shift was reported as a factor for summer drought
in temperate forests (Parida and Buermann, 2014).

The changes in ET for croplands and forested areas are
potentially a consequence of the lengthening growing season in
the study region. Gaertner et al. (2019) found that an increase of
∼22 days in the growing season since 1982 until 2012 resulted
in an increase of 12 mm in ET in the temperate forest region.
They reported that temperature, vapor pressure deficit, wind,
and humidity are important climatic variable for the change
of the growing season. In addition, precipitation has been
reported as an important factor for increasing growing season
length (Dragoni and Rahman, 2012), since higher growing-
season precipitation allows the vegetation to remain active over
a longer period (Hussain et al., 2019). Therefore, the trends
of increasing precipitation in April, August, and September
(significant and not significant) combined with the temperature
trends in May, August, and September that we observed, have
likely driven the longer growing season. A longer growing season
has been already reported for the study area using analysis of
daily mean air temperature (Linderholm and Walther, 2008).
According to the authors, the growing season increased between
11.5 and 12.2 days mainly due to an earlier starting of ∼10 days
and a later ending of ∼2 days. Considering the findings of
Gaertner et al. (2019), that a longer growing season result in
an increase of ET, we can suggest that the forested ET rate
increase in April and September (Figure 5) and the croplands

ET rate increase in May (Figure 5) are likely caused by the
changes in the growing season duration over the study area. We
found that May and June showed reductions in precipitation
and increases in temperature. This combination can potentially
affect crop development, resulting in a soil moisture decrease that
can cause drought during the early stages of crop development,
and this can potentially result in significant yield reductions.
For instance, the combination of decreased precipitation with
decreased soil moisture can reduce crop yield (for wheat,
canola, and barley) by 25 to 45% in a dry growing season
(Madadgar et al., 2017).

For the forested areas, on the other hand, the reduction of
ET during June and July, although not statistically significant,
can be related to the decreased precipitation during these
months. As a consequence, the forested areas can become more
vulnerable to fires (Donis et al., 2017). One of the reasons
that the decreases in ET over forested areas in June and July
were not significant, and were lower than the decrease over
the cropland, is that the forest can recycle more moisture
due to its deeper roots (Zha et al., 2010). Lian et al. (2020)
found that spring and summer soil moisture in the northern
hemisphere has decreased from 1982 to 2011 due to earlier
vegetation greening. They observed that this process was driven
by an increase in ET rather than increased precipitation. Our
observations for forest and cropland areas also agree with the
results of Rimkus et al. (2017), who used the normalized-
difference vegetation index, the vegetation condition index, and
the standard precipitation index to study drought in the Baltic
countries, concluded that cropland was affected more strongly
than forest by precipitation deficits.

There are certain limitations of our study. First, our
observations for unchanged cropland areas are limited by the
small size of the patches of this LULC class, which did not
allow us to sample <1.2% of MODIS ET pixels. To better
estimate the changes in such small patches, future studies would
benefit from higher resolution ET and climate datasets (Ruiz-
Pérez and Vico, 2020). The datasets could be created using
modeling (e.g., for ET, using the Penman-Monteith or Priestley-
Taylor models). By using a higher spatial resolution, we could
expand our analysis to include other LULC classes. For example,
although we consolidated all forest types into a single forest class
and all cropland types into a single cropland class, forests with
different species or degrees of vegetation cover and different
crops have different ET characteristics. In future research, these
differences should be accounted for in our analysis. Another
shortcoming is the lack of an uncertainty assessment for the
MODIS ET data over the study region. However, several studies
have pointed out the reliability of this data (Aguilar et al., 2018;
Sriwongsitanon et al., 2020), with very good results over forested
areas (Paca et al., 2019) and cropland areas (Velpuri et al.,
2013). Future studies should also investigate the relationship
or combined effect of precipitation and temperature change
on ET rates at different time scales. Furthermore, it would be
interesting to utilize water balance models to investigate how
the changes in ET are affecting the water balance of the region
(Kumar and Merwade, 2011).
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Northern forest ecosystems are exposed to rapid climate change, i.e., climate warming,
extended growing seasons, increasing greenhouse gases, and changes in precipitation
and water availability, accompanied by increasing pressure of herbivores and pathogens.
Silver birch (Betula pendula Roth) is an important deciduous trees species in the
boreal zone, with extensive distribution across Eurasia. Silver birch is an excellent
model system for the adaptation of northern trees to climate change due to recent
advances in genomics, high genetic variation, and intensive studies with different
abiotic and biotic stress factors. In this paper, the current understanding about
the responses and acclimation mechanisms of birch to changing environment is
presented, based on Fennoscandian studies. Several complementary experiments in
laboratory, semi-field and natural field conditions have shown that warming climate
and increasing CO2 is expected to increase the growth and biomass of birch, but the
risk of herbivore damage will increase with negative impact on carbon sink strength.
Deleterious impacts of high humidity, soil drought and increasing ozone has been clearly
demonstrated. All these environmental changes have led to metabolic shifts or changes
in carbon/nutrient balance which may have further ecological impacts. However, high
plasticity and genotypic variation predict excellent acclimation capacity in rapidly
changing environment and a rich genetic pool for sustainable forestry. Because the trees
and forest ecosystems are exposed to multiple environmental factors simultaneously, it
is necessary to continue research with multiple-stress interaction studies.

Keywords: birch, warming, air humidity, water stress, CO2, ozone

INTRODUCTION

White birches (Betula sp.) are among the key species in the northern ecosystems which are strongly
affected by current climate warming, increased pests and pathogen damage, land-use changes
and forest fragmentation (Gauthier et al., 2015; IPCC, 2019). These factors may reduce genetic
diversity and make forests more fragile and sensitive to other threats. Betula pendula (silver birch)
and B. pubescens (downy birch) are the most common broad-leaved tree species in Fennoscandia
and found in most other parts of Europe (Kuuluvainen et al., 2017). B. pendula is economically
important in plywood, fiber and furniture production particularly in Finland due to fast growth and

Frontiers in Forests and Global Change | www.frontiersin.org 1 May 2021 | Volume 4 | Article 68251263

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://doi.org/10.3389/ffgc.2021.682512
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/ffgc.2021.682512
http://crossmark.crossref.org/dialog/?doi=10.3389/ffgc.2021.682512&domain=pdf&date_stamp=2021-05-10
https://www.frontiersin.org/articles/10.3389/ffgc.2021.682512/full
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-682512 May 4, 2021 Time: 16:24 # 2

Oksanen Birch in Changing Environment

good stem form (Verkasalo, 2002; Hynynen et al., 2010; Dubois
et al., 2020). Besides the development of industrial potential
in wider areas of Europe, the ecological and societal (aesthetic
and recreational) value of B. pendula and B. pubescens has been
recognized and evaluated (Dubois et al., 2020). Due to efficient
seed propagation, birches are strong pioneer species in colonizing
forest gaps in diverse climates and soils, enhancing biodiversity
and soil functioning and improving the forest resilience e.g.,
against climate change, forest fires, and wind and herbivore
damage (Mauer and Palatova, 2003; Kanerva and Smolander,
2007; Ascoli and Bovio, 2010; Rosenvald et al., 2011; Lehnert
et al., 2013; Dubois et al., 2020). Besides many opportunities, high
sensitivity to wood rot, crown competition and aero-allergenic
properties of birches must not be ignored (Panula et al., 2009;
Hynynen et al., 2010; Vanhellemont et al., 2016; Dubois et al.,
2020).

Silver birch (B. pendula) is an excellent model system for
the adaptation of northern trees to climate change due to
recent advances in birch genomics (Salojärvi et al., 2017),
intensive long-term studies e.g., for herbivory resistance, nitrogen
economy, photosynthetic efficiency and phenology, and high
genetic variation (Heimonen et al., 2016; Silfver et al., 2020;
Tenkanen et al., 2020). In general, northern tree species of
the boreal zone are adapted to cool climate with four seasons.
Therefore, rapid climate warming is expected to strongly modify
the function, phenology and development of these species.
In addition to warming, changes in precipitation, drought
and increasing greenhouse gases, and increasing herbivore and
pathogen pressure are the most important factors affecting the
boreal and subarctic forest trees and ecosystems (IPCC, 2019;
Oksanen et al., 2019). The aim of this review is to present
and discuss what we have learned about the impacts of these
environmental factors on birch species growing in northern
parts of Europe.

RESPONSES TO WARMING

Heating Experiments
Artificial heating experiments with infra-red heaters have
provided basic knowledge about the direct physiological and
biochemical responses and mechanisms of plants to warming
environment (Mäenpää et al., 2011; Silfver et al., 2020). Field
experiments using infra-red heaters with silver birch saplings
revealed that elevated temperature (ambient +1.2◦C) increased
whole-plant photosynthesis, leaf area, specific leaf area (SLA),
biomass, stem height and delayed autumnal leaf abscission,
while stomatal conductance was declined (Riikonen et al.,
2009; Mäenpää et al., 2011). Gas exchange profiles along
the vertical axis of the saplings showed that the leaves near
the top of the plant were the most responsive to warming
(Mäenpää et al., 2011). Improved defence capacity of birch
due to warming was demonstrated by higher total antioxidant
capacity and redox state of ascorbate (Riikonen et al., 2009).
Elevation of night-time temperature in the growth chamber
conditions increased the leaf level respiration and shifted
the metabolic profiles, depending strongly on the genotypes

(Mäenpää et al., 2013). The most clear responses were seen
as increased concentrations of triperpenoids, hydrolysable
tannins, certain phenolic compounds such as DHPPG (3,4′-
dihydroxypropiophenone-3-ß-D-glucopyranoside) and fructose
(Mäenpää et al., 2013). Metabolic shifts were also observed
in VOC emissions, with the clearest increases in homoterpene
DMNT and several sesquiterpenes (SQT) (Ibrahim et al., 2010).
Higher emissions of certain volatile compounds were related to
improved thermotolerance (Ibrahim et al., 2010).

Another open-air warming experiment using infra-red heaters
in Subarctic area demonstrated the positive impacts of warming
(2.3 and 1.2◦C increases in air and soil temperature, respectively)
on four native Betula species (silver birch, B. pendula; downy
birch, B. pubescens, dwarf birch, B. nana; and mountain birch,
B. pubescens subsp. Czerepanovii) (Silfver et al., 2020). Warming
treatment increased the plant height growth, leaf chlorophyll
concentration, CO2 uptake potential, and advanced the bud
break. When the warming was combined with insecticide
treatment reducing the pressure from insect feeding, the carbon
sink strength of birches was even stronger, indicating the
counteractive and negative impact of herbivores on carbon fluxes
(Silfver et al., 2020). It is therefore expected that birch populations
in the northern boreal and subarctic areas are vulnerable to
climate warming and increasing herbivore pressure, as predicted
earlier e.g., by Pöyry et al. (2011). Further, competition with the
more southern genotypes can affect the genetic structure of the
northern silver birch populations.

Translocation Experiments
A recent translocation experiment with 26 different silver birch
genotypes simulating rapid climate warming across Finland has
provided ecologically relevant information about the acclimation
traits and capacity of birch as well as interactions with the
other biotic and abiotic factors, such as herbivorous insect
communities and nutrient availability (Heimonen et al., 2015a,b,
2016; Tenkanen et al., 2020, 2021). The results of herbivory
studies show that climate warming can change the composition
of herbivorous insect communities on birch, many herbivores can
feed on novel host plant genotypes and the herbivory community
composition is dependent on the physical size of plants and the
phenological pattern of the genotypes (Heimonen et al., 2015a,b,
2016). Most severe herbivore damage was found in the small-
size (height, leaf area) genotypes characterized by late bud burst
and early growth cessation, and originating from high-latitude
provenances (Heimonen et al., 2016).

Long-term field experiments have shown that Finnish silver
birch populations can be divided into northern and southern
groups according to several physiological traits, reflecting the
evolutionary history of this species (Salojärvi et al., 2017;
Tenkanen et al., 2020). Northern birch genotypes showed
higher stomatal conductance (gs) rates but lower water-use
efficiency (WUE) accompanied by more efficient N acquisition
compared to southern genotypes (Ruhanen, 2018; Tenkanen
et al., 2020). Clear differences in the chemical profiles of the
leaves have been confirmed between the northern and southern
groups (Deepak et al., 2018). Complementary laboratory studies
in equal growth conditions revealed also different biomass
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accumulation strategies between the northern and southern birch
origins (Tenkanen et al., 2021): while southern trees invest in
canopy biomass and leaves, northern trees show more efficient
photosynthetic capacity per leaf area (higher gas exchange, higher
Fv/Fm) and relatively more investment in the below-ground
fraction of the plant, but have a shorter total growth period.
High root biomass is assumed to be an adaptation to better
exploit and store the scarce nutrients and water resources in
poor northern and arctic soils, safeguarding the leaf burst in the
spring (Tenkanen et al., 2021). On the other hand, high soil N
availability seems to increase the survival of silver birch plantlets,
and growth and phenology may be adapted to soil N and day
length rather than to temperature (Possen et al., 2014, 2021).
Therefore, it is expected that the role of root compartment and
root processes will be more important for birches in rapidly
changing environment. Transfer of silver birch provenances in
field experiments has, however, produced mixed results for fitness
and survival and more research is needed for resistance traits.
Viherä-Aarnio et al. (2013) indicated that long transfers (>2
latitudes) lead to a sharp decrease in survival and growth, while
successful long-distance transfers of Finnish birches have been
reported in North America and South Korea (Han et al., 1985;
Rousi et al., 2012).

RESPONSES TO WATER STRESS

Soil Drought and Wetness
Impacts of soil drought on ozone-sensitive and ozone-tolerant
silver birch genotypes have been studied in short-term and high-
stress chamber experiment and long-term and mild-stress open-
field experiment together with the ozone fumigation (Pääkkönen
et al., 1998a,b). In both experiments, reduced leaf area, dry mass
of leaves, stem and roots, gas exchange, transpiration rate, the
number of stomata and starch was observed, accompanied by the
higher contents or activity of Rubisco and chlorophyll, depending
on the genotype (Pääkkönen et al., 1998a,b). Improved water-
use-efficiency (WUE) developed in the open-field conditions
(Pääkkönen et al., 1998a,b), while the induction of transcript
levels for stress-protein PR-10 occurred in the chamber study
(Pääkkönen et al., 1998c). Drought treatment mitigated the
negative ozone effects in the acute chamber study, whereas
negative interaction on the two stresses was detected in the
open-field study (Pääkkönen et al., 1998a,b). Accordingly, high
plasticity and a substantial variation in physiological and
morphological responses, particularly in stomatal conductance,
net photosynthesis, WUE, leaf carbon isotope composition, leaf
osmotic potentials, leaf area indicators, root-to-shoot ratio and
fine root growth have been detected among the silver birch
clones exposed to drought in a common garden experiment
by Aspelmeier and Leuschner (2004, 2006).

A semi-field experiment with three silver birch genotypes
exposed to three soil moisture conditions (wet-control-dry)
showed that drought stress reduced the growth, biomass, shoot-
to-root ratio and gas exchange, while the wet treatment has
opposite effects (Possen et al., 2011). Although there was a clear
variation between the genotypes, the maintenance of the foliar

processes as increasing number of leaves and high SLA during
the stress treatments was observed for all genotypes (Possen
et al., 2011). Silver birch seedlings have been also investigated
for the impacts of waterlogging and soil freezing throughout
the year, showing better tolerance against waterlogging during
the winter dormancy compared to growing season (Repo et al.,
2021). However, without the proper insulating snow cover,
the downy birch seedlings suffered from the impaired growth
and carbohydrate metabolism during the next following season
(Domisch et al., 2019).

High Humidity
Responses of silver birch under long-term exposure to high
humidity (low VPD) have been studied with the Free Air
Humidity Manipulation (FAHM) facility in Estonia (Lihavainen
et al., 2016b; Sellin et al., 2016; Oksanen et al., 2019). The
results show that atmospheric humidity is an important climatic
factor for birch trees affecting metabolism, physiology, water
and nutrient cycling and balance, structure and development
of leaf, roots and stem and growth properties (Sellin et al.,
2016; Oksanen et al., 2019). At the whole-tree level, high
humidity reduced the above-ground growth, total leaf area, leaf
biomass, sap flux, slenderness, bud size, LAI (leaf area index)
and soil respiration, delayed leaf fall and enhanced spring-
term bud break, while increases in root biomass was detected
concomitant with the higher number of root tips, increased
fine root biomass, hydraulic conductance and hydrophilic
ectomycorrhiza (Sellin et al., 2016; Oksanen et al., 2019). At the
leaf level, high humidity increased starch, antioxidants (ascorbate
metabolites, tocopherols), phenolic compounds and SLA, while
glandular trichome density, N and P contents, leaf size, dark
respiration, photosynthetic capacity and hydraulic conductance
were declined (Lihavainen et al., 2016b; Sellin et al., 2016;
Oksanen et al., 2019). In the stem, N and P contents and number
of living parenchyma cells were increased, while wood density
was reduced and wood chemistry altered (Sellin et al., 2016).

Short-term complementary laboratory experiments with
high humidity (low VPD) provided more detailed information
about metabolic responses and nutrient cycling of silver birch
(Lihavainen et al., 2016a). In addition to starch, high humidity
increased the foliar concentrations of quercetin glycosides,
raffinose and glutamate, whereas the levels of amino acids
alanine and valine, several citric acid cycle intermediates,
glutamine-to-glutamate ratio, shikimic acid, ribonic acid,
nutrient concentrations (N in particular) and glandular
trichome density were reduced (Lihavainen et al., 2016a).
This metabolic adjustment and limited nutrient availability
shifted the balance towards carbohydrates and phenolics. Leaf
surface wax composition shifted towards less hydrophobic
waxes, with lower alkane and hydrophobic flavonoid contents,
but the responses were mitigated by high N availability
(Lihavainen et al., 2017). The two different experimental
approaches revealed also some differences in plant responses
between the field and laboratory studies (Lihavainen et al.,
2016a). For instance, the transient increase in biomass, height,
leaf number, whole-plant leaf area, stem diameter and root
growth was observed in the laboratory, along with the higher
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stomatal conductance rates, while antioxidants were unaffected
(Lihavainen et al., 2016a; Oksanen et al., 2019). Increasing leaf
wettability was considered predisposing the leaves to pathogen
and pest damage (Lihavainen et al., 2017).

RESPONSES TO GREENHOUSE GASES

Increasing CO2
Impacts of increasing CO2 level has been studied in young
in silver birch trees growing in open-top-chambers and in
paper birch (Betula papyrifera) growing in the Aspen FACE site
(Riikonen et al., 2004, 2005; Kontunen-Soppela et al., 2010a,b).
High CO2 (2× ambient) increased biomass, growth and leaf area
of the trees and lengthened the duration of the green leaves at
the end of the season (Riikonen et al., 2004). Responses of net
photosynthesis rates varied from considerable increase measured
at high-CO2 environment to decline measured at the ambient-
CO2 level, accompanied by reduced leaf N content, lower activity
and amount of Rubisco and accumulation of starch (Riikonen
et al., 2005). Genetic studies have supported these physiological
and biochemical results and revealed the CO2 caused down-
regulation of the expression of several genes relating to the
light reactions of the photosynthesis (Oksanen et al., 2005;
Kontunen-Soppela et al., 2010a,b). Shift in secondary compound
profiles due to high CO2 was observed as increased phenolic
acid and decreased flavonone aglycon and DHPPG contents

(Peltonen et al., 2005). At the leaf structural level, increased
size of starch grains and chloroplasts and higher number of
mitochondria was observed at high CO2 treatment, while SLA
was reduced (Oksanen et al., 2005). Further, leaf chemistry
was altered, reflecting lower nutrient contents, and cell wall
composition was affected, containing a higher proportion of
hemicellulose but lower proportion of a-cellulose, uronic acids,
acid-soluble lignin and acetone-soluble extractives (Oksanen
et al., 2005). As a whole, high CO2 was considered strengthening
the oxidative stress tolerance of silver birch trees through
increased carbon pool for phenolic compounds, detoxification
and cell wall structural modifications, but also exposing the trees
to nutrient imbalance (Oksanen et al., 2005; Riikonen et al., 2005;
Kontunen-Soppela et al., 2010a,b).

Increasing Ozone
Responses of silver birch to increasing tropospheric ozone,
alone and in combination with other environmental factors
such as CO2, warming, soil nitrogen and drought, have been
extensively investigated (e.g., Oksanen et al., 2007 and references
therein). Harmful impacts of ozone has been reported as impaired
growth and photosynthesis, declined Rubisco and chlorophyll
content, altered shoot-to-root ratio at the expense of roots,
visible leaf injuries, H2O2 accumulation (indicating oxidative
stress) and related ultrastructural injuries particularly in the
chloroplasts, altered cell wall chemistry, and disturbed nutrient

FIGURE 1 | The impacts of warming, high air humidity, soil drought and wetness, increasing CO2 and ozone on birch. Positive responses are indicated with (+),
negative responses with (−) and variable (both positive and negative) with (±). ‘Above-ground biomass’ includes stem and leaf biomass.
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cycling and phenology through slower bud break and earlier leaf
senescence (Oksanen et al., 2005, 2007; Oksanen and Kontunen-
Soppela, 2021). These changes have been accompanied by shifted
metabolic profiles towards phenolic compounds and increased
antioxidative capacity through ascorbate metabolism (Yamaji
et al., 2003; Kontunen-Soppela et al., 2007; Riikonen et al.,
2009). Genetic variation in ozone responses is large, allowing the
identification of ozone sensitive and ozone tolerant genotypes
(Oksanen et al., 2007). Similar ozone responses have been
reported also for paper birch growing in the Aspen FACE site in
the temperate zone of the United States (Oksanen et al., 2003;
Kontunen-Soppela et al., 2010b).

DISCUSSION

The present understanding about the impacts of warming, high
air humidity, soil drought and wetness, increasing CO2 and
ozone on birch is shown in Figure 1, based on Fennoscandian
studies. Warming climate is expected to increase the growth
and biomass of birch, but the risk of herbivore damage will
increase with negative impact on carbon sink strength (Mäenpää
et al., 2011; Heimonen et al., 2015a,b, 2016; Silfver et al., 2020;
Figure 1). Deleterious impacts of high humidity, soil drought
and increasing ozone on birch has been clearly demonstrated
(Pääkkönen et al., 1998a,b; Oksanen et al., 2007; Possen et al.,
2011; Lihavainen et al., 2016b, 2017; Figure 1), as well as the
positive impact of increasing CO2 on growth (Riikonen et al.,
2004). All these environmental changes have led to metabolic
shifts which have been regarded as stress protection mechanisms,
or changes in carbon/nutrient balance which may have further
ecological impacts (Peltonen et al., 2005; Kontunen-Soppela
et al., 2007; Mäenpää et al., 2013; Lihavainen et al., 2016a).
Practically all experiments described above have shown high
plasticity and genotypic variation in silver birch, predicting
excellent acclimation capacity in rapidly changing environment
and a rich genetic pool for sustainable forestry (Possen et al.,
2015, 2021; Deepak et al., 2018; Tenkanen et al., 2020, 2021). High
net assimilation rate, investment in leaf mass and high shoot-to-
root ratio could be related to the fast growth rate of young birch
trees (Possen et al., 2015), while high soil fertility (N content in
particular) promoted the survival of birch in rapidly changing
conditions (Possen et al., 2021).

An increasing body of literature underlines the value of
birch as a model system for understanding how northern
tree respond to climate change. To date, most studies on
European birch species explore tree responses to changes in
a single environmental variable. Yet, in the face of climate
change trees and forest ecosystems will be exposed to multiple
environmental factors simultaneously. However, the effects of
multiple, interacting environmental factors on tree traits cannot
be reliably assessed based on single factor analyses (Niinemets,
2010). Therefore, it is important to increasingly explore the
multiple interactions, as done e.g., by Pääkkönen et al. (1998a,
1998b), Oksanen et al. (2005); Riikonen et al. (2005), and
Kontunen-Soppela et al. (2010a,b) finding that ozone injuries
were mitigated when birch trees were jointly exposed to
drought, elevated CO2, and increased nitrogen availability. More
research is needed particularly for increasing CO2 × water
stress (drought, wetness, humidity) interactions, and for below-
ground processes.

Finally, this review implies that birch with its rapid growth rate
combined with a relatively high herbivore resistance, its ability to
adapt to climatic changes and its recolonization traits possesses
large potential in future silviculture. This is particularly true
for mixed tree stands and reforestation areas. Therefore, birch
deserves more attention in European tree breeding programms
and silvicultural strategies.
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During autumn, evergreen conifers utilize the decrease in daylength and temperature
as environmental signals to trigger cold acclimation, a process that involves the
downregulation of photosynthesis, upregulation of photoprotection, and development of
cold hardiness. Global warming will delay the occurrence of autumn low temperatures
while daylength remains unaffected. The impact of autumn warming on cold acclimation
and the length of the carbon uptake period of species with ranges that encompass
diverse climates, such as Douglas-fir (Pseudotsuga menziesii), remains unclear.
Our study investigated intraspecific variation in the effects of autumn warming on
photosynthetic activity, photosynthetic pigments, and freezing tolerance in two interior
(var. glauca) and two coastal (var. menziesii) Douglas-fir provenances. Following growth
under simulated summer conditions with long days (16 h photoperiod) and summer
temperatures (22/13◦C day/night), Douglas-fir seedlings were acclimated to simulated
autumn conditions with short days (8 h photoperiod) and either low temperatures
(cool autumn, CA; 4/−4◦C day/night) or elevated temperatures (warm autumn, WA;
19/11◦C day/night). Exposure to low temperatures in the CA treatment induced the
downregulation of photosynthetic carbon assimilation and photosystem II efficiency,
increased the size and de-epoxidation of the xanthophyll cycle pigment pool, and
caused the development of sustained nonphotochemical quenching (NPQ). Seedlings
in the WA treatment exhibited no downregulation of photosynthesis, no change in
xanthophyll cycle pigment de-epoxidation, and no development of sustained NPQ.
Albeit these changes, freezing tolerance was not impaired under WA conditions
compared with CA conditions. Interior Douglas-fir seedlings developed greater freezing
tolerance than coastal seedlings. Our findings suggest that autumn warming, i.e., short
photoperiod alone, does not induce the downregulation of photosynthesis in Douglas-fir.
Although autumn warming delays the downregulation of photosynthesis, the prolonged
period of photosynthetic activity does not bear a trade-off of impaired freezing tolerance.

Keywords: Pseudotsuga menziesii, autumn cold acclimation, intraspecific variation, photosynthesis,
photoprotection, freezing tolerance, climate change, autumn warming
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INTRODUCTION

Climate change is projected to increase global average surface
temperatures by 2.5–5◦C by the end of the century (IPCC,
2014). Even larger increases are projected for the middle to high
latitudes of the Northern Hemisphere, which are dominated by
temperate and boreal forests. In these forests, evergreen conifers
undergo cold acclimation during autumn to protect their
overwintering tissues (Chang et al., 2020). This cold acclimation
process involves the cessation of growth, downregulation
of photosynthesis, upregulation of photoprotection, and
development of cold hardiness (Öquist and Hüner, 2003;
Chang et al., 2020). Evergreen conifers rely upon decreases
in temperature and photoperiod during autumn as signals to
trigger these physiological changes (Welling et al., 2002; Rossi
et al., 2008; Singh et al., 2017). Autumn warming will delay the
low temperature signal while the short photoperiod signal will
remain unaffected; this desynchronization has the potential to
disrupt the cold acclimation process (Hänninen, 2016; Chang
et al., 2020). Thus, the impact of projected autumn warming
on evergreen conifer species will be strongly influenced by the
importance of photoperiod versus temperature for the induction
of the physiological changes that constitute cold acclimation
(Way and Montgomery, 2015).

Evergreen conifer cold acclimation begins during late summer
and early autumn with the initiation of growth cessation (Repo
et al., 2000; Hamilton et al., 2016) and bud formation (Chen
et al., 2012; Maurya and Bhalerao, 2017). Most evergreen
conifers utilize short photoperiod as the dominant signal
for initiation of growth cessation (Rossi et al., 2006). In
these species, growth cessation likely involves a preemptive
redirection of photoassimilates from sink tissues to storage
tissues in early autumn (Oleksyn et al., 2000; Palacio et al.,
2014). During late autumn, low temperatures begin to limit
cell division, cell differentiation, and carbon allocation (Rossi
et al., 2008). These changes decrease metabolic sink capacity
and further cease growth. Photosynthesis continues to fuel
the cold acclimation process (Wong et al., 2019; Fréchette
et al., 2020); however, the combined effects of growth cessation
and low temperatures eventually induce a downregulation
of photosynthetic activity (Öquist and Hüner, 2003; Chang
et al., 2020). This downregulation is due to limitation of
the rates of photosynthetic electron transport and the Calvin
cycle (Kingston-Smith et al., 1997; Öquist and Hüner, 2003;
Crosatti et al., 2013). Comparatively, the rates of the primary
photophysical and photochemical reactions of photosystem
II (PSII) are largely temperature independent (Hüner et al.,
1998; Ensminger et al., 2006). This disparity in temperature
sensitivities creates potential for the accumulation of excess
light energy during late autumn and winter (Öquist and Hüner,
2003; Hüner et al., 2013). Excess light energy can lead to
the generation of reactive oxygen species (ROS) that cause
photooxidative damage to PSII (Barber and Andersson, 1992;
Apel and Hirt, 2004). This is especially threatening since low
temperatures also inhibit the repair of damaged PSII subunits,
such as the reaction center protein D1 (Ottander et al., 1995;
Ensminger et al., 2006).

To protect against the harmful effects of low temperatures,
evergreen conifers reorganize their photosynthetic apparatus
into large aggregates that exhibit downregulated photosynthesis
and upregulated photoprotection (Ottander et al., 1995; Savitch
et al., 2002; Chang et al., 2020). In Scots pine (Pinus sylvestris),
the downregulation of photosynthetic activity involves the
moderate degradation of chlorophyll pigments and reaction
center proteins, which causes a decrease in the size of PSII
light-harvesting complexes (LHCs; Ottander et al., 1995; Porcar-
Castell et al., 2008). The upregulation of photoprotective capacity
usually involves the accumulation of carotenoid pigments that
perform ROS scavenging, such as β-carotene, neoxanthin, and
lutein (Krieger-Liszkay et al., 2008; Jahns and Holzwarth,
2012; Chang et al., 2015). It also involves the accumulation
of carotenoid pigments that contribute to nonphotochemical
quenching (NPQ), particularly xanthophyll pigments (Demmig-
Adams and Adams, 1992; Ensminger et al., 2006; Verhoeven,
2014). In response to excess light energy, light-harvesting
violaxanthin is de-epoxidated to form antheraxanthin, which
is further de-epoxidated to form energy quenching zeaxanthin
(Müller et al., 2001; Horton et al., 2008). During the growing
season, these reactions occur in a fast and reversible process called
the xanthophyll cycle, which provides a dynamic mechanism of
NPQ in response to short-term stress (Demmig-Adams et al.,
2012; Janka et al., 2015). During winter, the pigment quantity
(VAZ) and de-epoxidation state (DEPS) of the xanthophyll cycle
are increased, providing a sustained mechanism of NPQ in
response to long-term stress (Sveshnikov et al., 2006; Demmig-
Adams et al., 2012).

Cold acclimation also involves the development of cold
hardiness, which is initiated during early autumn in response
to decreasing photoperiod and evolves during late autumn in
response to the combination of short photoperiod and low
temperature (Chang et al., 2015; Strimbeck et al., 2015). Freezing
temperatures can induce the formation of extracellular ice
crystals that impose mechanical and osmotic stresses, causing
tissue damage and cellular dehydration (Sutinen et al., 2001;
Crosatti et al., 2013). Freezing and thawing in leaves can
also disrupt the integrity of plasma and thylakoid membranes,
resulting in leakage of solutes and collapse of cells and
chloroplasts (Steponkus, 1984). To protect against this, evergreen
conifers, such as Siberian spruce (Picea obovata), undergo
large changes in lipid and carbohydrate metabolism during the
development of cold hardiness (Angelcheva et al., 2014). These
metabolic changes help maintain membrane fluidity (Moellering
et al., 2010; Crosatti et al., 2013) and provide cellular osmo-
and cryoprotection (Angelcheva et al., 2014; Chang et al.,
2015). In addition, specific dehydrin proteins that have osmo-
and cryoprotective functions are expressed (Close, 1997; Chang
et al., 2015, 2016). Together, these cold hardening processes
provide evergreen conifers, such as Douglas-fir, with tolerance
to prolonged exposure to winter temperatures below −40◦C
(Strimbeck et al., 2015).

Several studies have investigated the effects of autumn
warming on cold acclimation in evergreen conifers in order
to assess the impact of climate change on temperate and
boreal forests. Growth chamber experiments employing elevated
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temperatures ranging from +5 to +15◦C have demonstrated
delayed downregulation of photosynthesis in seedlings of white
pine (Pinus strobus; Chang et al., 2016; Fréchette et al., 2016) and
white spruce (Picea glauca; Hamilton et al., 2016; Stinziano and
Way, 2017). These findings are consistent with those of open-
top chamber field experiments on mature Scots pine (Wang,
1996). Delayed development of freezing tolerance due to autumn
warming has also been demonstrated in both growth chamber
and open-top chamber experiments (Repo et al., 1996; Guak et al.,
1998; Chang et al., 2016). However, a +15/+13◦C (day/night)
autumn warming treatment caused the downregulation of
photosynthetic carbon assimilation but not PSII efficiency in
jack pine seedlings (Pinus banksiana) (Busch et al., 2007).
These seedlings responded to the resulting excess light energy
via enhanced dynamic NPQ and increased quantities of ROS-
scavenging β-carotene. In addition, the development of freezing
tolerance in white spruce seedlings was unaffected under a
+14/+12◦C autumn warming treatment (Hamilton et al., 2016).
These contrasting results highlight the variation among evergreen
conifer species in the photoperiod sensitivity of the different cold
acclimation processes.

Responses to shorter photoperiod and lower temperature
during late summer and autumn can also vary within species and
among populations originating from different geographical areas
(i.e., provenances) (Savolainen et al., 2007). Fréchette et al. (2020)
observed in white pine that the timing of the downregulation of
photosynthesis in response to shorter photoperiod was delayed
in southern provenances compared with northern provenances.
In the same field experiment, Fréchette et al. (2020) also
simulated autumn warming (+1.5◦C above ambient during the
day and +3◦C above ambient during the night) and observed
that warming caused a larger delay in the downregulation
of photosynthesis in southern provenances than in northern
provenances. Beuker et al. (1998) observed that northern
provenances of Scots pine and Norway spruce (Picea abies)
initiated the development of freezing tolerance in response to
shorter photoperiods. These examples of intraspecific variation
emerge from selective pressure for local adaptation to climate
(Aitken et al., 2008). Local adaptation often results in patterns
of trait variability that follow latitudinal and elevational gradients
across the ranges of evergreen conifer species (Howe et al., 2003;
Savolainen et al., 2007; Rehfeldt et al., 2014). However, local
adaptation in many populations is lagging behind the shifts in
climate caused by rapid warming (Carter, 1996; Corlett and
Westcott, 2013; Gray and Hamann, 2013). As sessile species
with long generation times, evergreen conifers are limited in
their capacity to migrate and adapt in response to these shifts
(Savolainen et al., 2007; Aitken et al., 2008). Thus, their capacity
for phenotypic plasticity will be a major factor determining their
ability to avoid maladaptation to autumn warming.

Douglas-fir (Pseudotsuga menziesii) has been used in many
studies to demonstrate local adaptation (Eckert et al., 2009;
Eilmann et al., 2013) and phenotypic plasticity (Isaac-Renton
et al., 2014; Hess et al., 2016). It is a dominant and economically
valuable evergreen conifer in western North America with a
range that encompasses diverse climates (Howe et al., 2006;
Mullin et al., 2011). In British Columbia specifically, mean
annual temperature can vary as much as 6◦C among Douglas-fir

provenances (Wang et al., 2012). High levels of intraspecific
variation in growth cessation and freezing tolerance development
have been observed across its latitudinal and elevational gradients
(Bansal et al., 2015; Ford et al., 2017). Intraspecific variation in the
response of photosynthetic and photoprotective mechanisms to
photoperiod and temperature is thus expected as well. The coastal
Douglas-fir variety (var. menziesii) generally originates from low-
to mid-elevation environments with milder climates, whereas
the interior variety (var. glauca) generally originates from mid-
to high-elevation environments with colder climates and larger
daily temperature ranges (Howe et al., 2006). Adaptation of these
varieties in part reflects trade-offs between traits that improve
vigor in milder climates and traits that improve tolerance to
early frost (St Clair et al., 2005). However, selection pressures
are changing rapidly; an increase in average autumn temperature
of up to 6◦C is projected in British Columbia by the end of the
century (Arora et al., 2011; Wang et al., 2012). The impact that
this will have on the physiological mechanisms that regulate the
autumn cold acclimation process in Douglas-fir remains unclear.

In this study, we assessed the effects of simulated autumn
warming on cold acclimation in two interior and two coastal
provenances of Douglas-fir seedlings. We aimed to characterize
the intraspecific variation in (1) the autumn cold acclimation
process as well as (2) the plasticity of this process in
response to warming. We hypothesized that (1) the autumn
cold acclimation process requires both low temperature and
short photoperiod signals in Douglas-fir. Autumn warming
therefore delays the downregulation of photosynthesis and the
corresponding upregulation of photoprotection, which causes
an extension of the carbon uptake period at the cost of
impairment of the development of freezing tolerance. We further
hypothesized that (2) interior Douglas-fir is maladapted to warm
autumn (WA) temperatures at lower latitudes and elevations,
whereas coastal Douglas-fir is maladapted to frost risk at higher
latitudes and elevations.

MATERIALS AND METHODS

Plant Materials and Experimental
Conditions
Seeds of interior and coastal Douglas-fir provenances
(P. menziesii var. glauca and var. menziesii, respectively) in
British Columbia were obtained from the Tree Seed Centre
(Surrey, British Columbia, Canada). Interior Douglas-fir
seeds originated from Little Elk Creek (LIT; 50◦32′24.0′′N,
115◦37′12.0′′W, 1,525 m) and Meldrum Creek (MEL;
52◦02′24.0′′N, 122◦19′48.0′′W, 900 m), and coastal Douglas-
fir seeds originated from Pemberton (PEM; 50◦19′12.0′′N,
122◦43′48.0′′W, 550 m) and Tsowwin River (TSO; 49◦46′48.0′′N,
126◦37′48.0′′W, 225 m) (Figure 1). These four provenances were
selected because they represent a wide scope of the geographic
and climatic conditions present across Douglas-fir’s range in
British Columbia (Table 1).

Seeds were soaked for 24 h in distilled water at room
temperature, surface-sterilized for 5 h in 30 ml of 3% hydrogen
peroxide, and stratified for 3 weeks in the dark at 4◦C. pH
4.5 potting soil was prepared with 21.6% (v/v) silica sand
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FIGURE 1 | Locations of the interior (LIT, MEL) and coastal (PEM, TSO) Douglas-fir provenances used in this experiment.

(Cat. No. 1240s; Bell & Mackenzie, Hamilton, ON, Canada),
13.5% (v/v) sphagnum peatmoss (Premier Tech, Rivière-du-
Loup, PQ, Canada), 10.8% (v/v) Turface (PROFILE, Buffalo
Grove, IL, United States), 7.6% (v/v) coarse perlite (Therm-
O-Rock, New Eagle, PA, United States), 3.2% (v/v) medium
vermiculite (Therm-O-Rock), 0.1% (v/v) dolomitic limestone
(National Lime & Stone, Findlay, OH, United States), and

43.2% (v/v) distilled water. Seeds were planted in 168 ml cones
lightly packed with potting soil and covered with 5 mm of
silica sand. Seeds were germinated for 4 weeks in greenhouse
under 17 h photoperiod and 25/17◦C day/night, 400–1,200 µmol
photos m−2 s−1 of photosynthetically active radiation, and 55%
relative humidity (RH). At 4 weeks after planting, seedlings were
transplanted into 25 l square pots containing one seedling from

TABLE 1 | Historical and projected autumn climate of the Douglas-fir provenances used in this experiment.

Var Prov Lat Long Elev Historical (1961–1990) Projected (2085)

Tmax Tmin Tave P RH Tmax Tmin Tave P RH

(◦N) (◦E) (m) (◦C) (◦C) (◦C) (mm) (%) (◦C) (◦C) (◦C) (mm) (%)

Int LIT 50.54 −115.62 1525 7.9 −3.7 2.1 134 59 14.3 2.9 8.6 174 63

MEL 52.04 −122.33 900 10.1 −1.5 4.3 104 61 16.7 5.1 10.9 126 64

Cst PEM 50.32 −122.73 550 10.9 1.6 6.2 320 69 17.4 7.8 12.6 363 71

TSO 49.78 −126.63 225 12.8 5.2 9 1343 75 18.5 10.7 14.6 1464 76

Climate data were obtained from the ClimateWNA software; predictions for 2085 were based on the CanESM2 model RCP 8.5 scenario (Arora et al., 2011; Wang et al.,
2012). Var, seed lot variety; Int, interior variety; Cst, coastal variety; Prov, provenance; Lat, latitudinal coordinates; Long, longitudinal coordinates; Elev, elevation above sea
level; Tmax , mean maximum autumn temperature; Tmin, mean minimum autumn temperature; Tave, mean average autumn temperature; P, mean total autumn precipitation;
RH, mean autumn relative humidity.
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each provenance. Seedlings were grown for 6 months under 18 h
photoperiod and a temperature regime based on Wang et al.
(2016). Following this growth phase, seedlings were transferred
to growth chambers (BioChambers, Winnipeg, MB, Canada) and
chilled for 2 months under 8 h photoperiod, 8/4◦C day/night, and
50–300 µmol photons m−2 s−1. This was followed by a second 6-
month-long growth phase in greenhouse. During growth phases,
seedlings were watered once per week and fertilized twice per
week according to Wenny and Dumroese (1992).

At the start of the experiment, 2-year-old seedlings were
transferred to four growth chambers and acclimated to simulated
summer control (SC) conditions. This SC treatment consisted of
long days and average summer temperatures (16 h photoperiod;
22/13◦C day/night). Following 6 weeks of acclimation, sampling
and measurements were performed for the SC treatment.
Seedlings were then shifted to simulated WA or cool autumn
(CA) conditions (two growth chambers per treatment). The
WA treatment consisted of short days and elevated temperature
(8 h photoperiod; 19/11◦C day/night), designed to simulate
the projected autumn temperature range for Tsowwin River
in 2085 (Wang et al., 2012) according to the representative
concentration pathway (RCP) 8.5 climate change scenario of the
CanESM2 climate model (Arora et al., 2011). The CA treatment
consisted of short days and low temperatures (8 h photoperiod;
4/-4◦C day/night), designed to reproduce the average autumn
temperature range for Little Elk Creek from 1961 to 1990.
Following 6 weeks of acclimation, sampling and measurements
were performed for the WA and CA treatments. Ten seedlings
per treatment and provenance were randomly selected for
sampling and measurements. All analyses were performed on
2-year-old needles. Seedlings were rotated within each growth
chamber once per week. Photosynthetically active radiation
(PAR) was maintained at 1,200 µmol photons m−2 s−1 midday
and 400 µmol photons m−2 s−1 during the first and last hours
of each day. Light was provided using metal halide and high-
pressure sodium bulbs. RH was set to 55%.

Photosynthetic Gas Exchange and
Chlorophyll Fluorescence
Photosynthetic gas exchange was measured using a GFS-
3000 portable gas exchange system with a standard cuvette
and a 3056-FL PAM-Fluorometer (Walz, Effeltrich, Germany).
Measurements were started at least 1 h after growth lights were
turned on. The measuring cuvette settings were: 400 ml min−1

flow rate; 400 ppm CO2; 22 (SC treatment), 19 (WA
treatment), or 4◦C (CA treatment); and 55% RH. Dark
respiration (Rd) was measured after 40 min of dark adaptation.
Net photosynthetic carbon assimilation (Anet) and stomatal
conductance (gs) were measured during steady-state assimilation
at 1,500 µmol m−2 s−1 PAR after at least 3 min of exposure.
Gas exchange measurements were normalized to leaf surface area
measurements estimated using WinSEEDLE Pro v.2011b (Regent
Instruments, Québec City, QC, Canada).

Chlorophyll fluorescence was measured simultaneously with
photosynthetic gas exchange. Dark adapted minimum PSII
fluorescence (Fo) and maximum PSII fluorescence (Fm) were

measured after 40 min of dark adaptation. This was followed
by measurement of light-adapted minimum PSII fluorescence
(Fo’), maximum PSII fluorescence (Fm’), and transient PSII
fluorescence (Ft) at 1,500 µmol m−2 s−1 PAR after at least
3 min of exposure. Maximum quantum yield of PSII (Fv/Fm) was
calculated as according to Genty et al. (1989).

Fv

Fm
=

Fm − Fo

Fm
(1)

Light energy partitioning was calculated using the parameters
8PSII, 8NPQ, and 8f,D (Hendrickson et al., 2004).

8PSII = 1− Ft
F′m

(2)

8NPQ =
Ft
F′m
−

Ft
Fm

(3)

8f ,D =
Ft
Fm

(4)

Photosynthetic Pigments
Photosynthetic pigments were extracted according to Junker and
Ensminger (2016). Samples were flash-frozen in liquid nitrogen
and stored at −80◦C. Frozen samples were transferred to a
pre-cooled mortar and pestle filled with liquid nitrogen and
homogenized to a fine powder. Approximately 50–60 mg of
homogenized frozen needle tissue was then transferred to a 2 ml
amber vial, and pigments were then extracted for 2 h at 4◦C in
98% methanol buffered with 2% 0.5 M ammonium acetate in the
dark. The extract was centrifuged for 5 min at 4◦C at 14,000 rpm,
the supernatant was collected, and the pellet was washed with
100% methanol. This step was repeated twice. The supernatants
were combined and filtered using 0.2 µm pore PTFE syringe
filters (Thermo Scientific, Rockwood, TN, United States).
Photosynthetic pigments were separated using a reverse-phase
C30 column (5 µm, 250 × 4.6 mm; YMC Co., Ltd., Kyoto,
Japan) and analyzed with a 1260 Infinity high performance
liquid chromatography (HPLC) system equipped with a UV-
diode array detector (Agilent Technologies, Santa Clara, CA,
United States). Pigments were eluted using a mobile phase with
a gradient of methanol, water buffered with 0.2% ammonium
acetate, and methyl tert-butyl ether. Elution was performed at
a flow rate of 1 ml min−1 and a column temperature of 25◦C.
Calibration was performed using standards for chlorophyll a and
chlorophyll b (St. Louis, MO, United States) and antheraxanthin,
α-carotene, β-carotene, lutein, neoxanthin, violaxanthin, and
zeaxanthin from DHI Lab (Hørsholm, Denmark). Peak detection
and pigment quantification were performed using ChemStation
(Agilent Technologies).

Total chlorophyll content (Chl) was calculated as the
sum of chlorophyll a and b contents per gram of fresh
weight. Total carotenoid content (Car) was calculated as the
sum of violaxanthin (Vio), antheraxanthin (Ant), zeaxanthin
(Zea), neoxanthin (Neo), lutein (Lut), α-carotene (α-Car), and
β-carotene (β-Car), normalized to Chl. Total xanthophyll cycle
pigment content (VAZ) was calculated as the sum of Vio, Ant,
and Zea. DEPS of xanthophyll cycle pigments was calculated
according to Thayer and Bjorkman (1990).
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DEPS =
(0.5Ant + Zea)

(Vio+ Ant + Zea)
(5)

Freezing Tolerance
Cold hardiness was assessed by measuring chlorophyll
fluorescence to determine leaf freezing tolerance, following
a modified protocol after Chang et al. (2016). Samples were taken
after 9 weeks of exposure to WA or CA treatments. Needles
were excised and placed proximal-end-down within 1.5 ml
microcentrifuge tubes containing 0.10 ml of distilled water.
Needles were exposed to a range of freezing temperatures at 5◦C
intervals from 0 to −40◦C using a Thermotron SM-16-8200
environmental test chamber (Thermotron Industries, Holland,
MI, USA). The initial decrease from 0 to −1◦C occurred over
1 h, followed by a maximum cooling rate of −5◦C per h to
reach target temperature. Each target temperature was held for
10–12 h. After each freezing interval, needles were transferred
to thaw in a stepwise manner: −20◦C refrigeration for 24 h (if
target temperature was >30◦C), 4◦C refrigeration for 24 h, and
room temperature for 24 h. Following recovery, needles were
exposed to 800 µmol photons m−2 s−1 for 1 h. Needles were
then dark-adapted for 40 min, and Fv/Fm was assessed. The
temperature corresponding to a 50% reduction in post-recovery
Fv/Fm (LT50) was used as a proxy for freezing tolerance of
the photosynthetic apparatus. LT50 was calculated using the
midpoints of sigmoidal vulnerability curves constructed using a
modified generalized logistic function.

Statistical Analysis
All statistical tests were performed in R v3.5.2 (R Development
Core Team, 2010). For all photosynthetic gas exchange,
chlorophyll fluorescence, and photosynthetic pigment
parameters, the effects of treatment, provenance, and the
interaction thereof were assessed via two-way mixed-design
ANOVA models using the lmerTEST package (Kuznetsova
et al., 2017), where treatment and provenance represented
categorical fixed factors, and chamber and pot represented
random factors. For each parameter, the best-fit model was
chosen according to lowest Akaike information criterion
(AIC; Akaike, 1998). Following the determination of estimated
marginal means between provenances for all parameters
where provenance was significant, using the emmeans package
(Lenth, 2016), significance of pairwise differences between
provenances was assessed via Tukey’s HSD test. Freezing
tolerance was compared between treatments and provenances
via Satterthwaite’s approximate F test using the drc package
(Ritz et al., 2015). Normality of distributions and equality of
variances (homoscedasticity) for model residuals were assessed
via Shapiro–Wilk test and Levene’s test, respectively.

RESULTS

Photosynthetic Gas Exchange
Under simulated SC conditions, net photosynthetic carbon
assimilation (Anet) was similar in seedlings of the provenances
MEL, PEM, and TSO (Figure 2A). The lowest Anet was observed
in the interior provenance LIT, which exhibited levels that were

significantly lower than those in the interior provenance MEL
(P < 0.05). After 6 weeks of acclimation to WA conditions, there
were no significant changes in Anet. In contrast, after 6 weeks
of acclimation to CA conditions, Anet significantly decreased by
85–95% (P < 0.001). This trend of treatment effects was also
observed for stomatal conductance (gs) (Figure 2B). Under SC,
dark respiration (Rd) was significantly higher (approximately 50–
60%) in seedlings of the interior provenances LIT and MEL than
in those of the coastal provenances PEM and TSO (P < 0.001;
Figure 2C). After acclimation to WA, only MEL seedlings
exhibited a strong decrease in Rd. After acclimation to CA, LIT,
MEL, and TSO seedlings all exhibited strong decreases in Rd. For
LIT seedlings in particular, Rd significantly decreased by almost
50% under CA (P < 0.001).

Chlorophyll Fluorescence
Analysis of the maximum quantum yield of PSII (Fv/Fm) revealed
values of approximately 0.81 in seedlings of all provenances
under SC conditions (Figure 3). Acclimation to WA did not
significantly affect Fv/Fm. However, Fv/Fm was approximately
75–85% lower under CA conditions than under SC and WA
conditions (P < 0.001). There were no significant differences
in Fv/Fm between provenances under any treatment (Table 2).
Analysis of the proportion of absorbed light energy used
for photochemistry (8PSII), dynamic NPQ (8NPQ), and the
sum of fluorescence and sustained NPQ (8f,D) revealed that,
under SC conditions, decreases in 8PSII under increasing
light intensity were compensated for via increases in 8NPQ
(Figure 4 and Supplementary Figure 2). Acclimation to WA
did not significantly alter this pattern of light energy partitioning
(Table 2). However, acclimation to CA caused an almost
fivefold increase in quenching of excess light energy via 8f,D
(P < 0.001). This shift in light energy partitioning primarily
replaced 8NPQ. LIT seedlings exhibited significantly higher 8PSII
and lower 8NPQ than seedlings of other provenances (P < 0.001;
Figure 4).

Photosynthetic Pigments
After acclimation to WA and CA, there were no significant
changes in total chlorophylls (Chl) (Table 2). However, there
were small but significant decreases in the ratio of chlorophyll
a to chlorophyll b (Chl a/b) for all provenances under WA and
CA (P < 0.01; Figure 5B). In contrast, acclimation to WA and
CA caused increases in total carotenoids (Car), lutein (Lut), and
total xanthophyll cycle pigments (VAZ) (Figures 5C–E). After
acclimation to WA, Car, Lut, and VAZ increased in seedlings of
the interior provenances only. After acclimation to CA, however,
they increased in seedlings of both the interior and coastal
provenances. Under CA compared with SC and WA, VAZ was
significantly higher (approximately 40–50%) in seedlings of all
provenances (P < 0.01; Figure 5E). The DEPS of the xanthophyll
cycle increased only in response to CA conditions (Figure 5F).
Under CA compared with SC and WA, DEPS was 3.5–5 times
higher in seedlings of all provenances (P < 0.01).

Freezing Tolerance
The freezing temperature corresponding to 50% reduction in
Fv/Fm (LT50) did not significantly differ between seedlings
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FIGURE 2 | Response of photosynthetic gas exchange of interior (LIT, MEL) and coastal (PEM, TSO) Douglas-fir seedlings to summer control (SC), warm autumn
(WA), and cool autumn (CA) conditions. (A) Net photosynthetic carbon assimilation (Anet); (B) stomatal conductance (gs); (C) dark respiration (Rd). Gray background
indicates long photoperiod (summer); white background indicates short photoperiod (autumn). Measurements for Anet and gs were taken at 1,500 µmol m-2 s-1 light
intensity under growth conditions. Bars represent the mean of n = 7–10 ± SE. Letters where present indicate statistically different groups (P < 0.05) as determined
by Tukey’s HSD test.

acclimated to WA and seedlings acclimated to CA (Figure 6).
However, LT50 of the interior provenances LIT and MEL was
approximately 8–9◦C higher than that of the coastal provenances
PEM and TSO (P < 0.01).

DISCUSSION

Downregulation of Photosynthesis and
Upregulation of Photoprotection in
Response to CA Conditions
The transition from simulated SC conditions to simulated CA
conditions caused substantial decreases in photosynthetic carbon
assimilation (Figure 2A) and PSII efficiency (Figure 3).
These changes are indicative of the downregulation of
photosynthesis that is expected in evergreen conifers undergoing
cold acclimation during autumn (Wong et al., 2019; Chang
et al., 2020). The near-zero levels of Anet and Fv/Fm in our
seedlings after 6 weeks of acclimation to CA were comparable
with those observed in mature interior Douglas-fir growing

under field conditions during mid-winter (Adams et al., 2002).
Unlike in other evergreen conifer species, such as white pine
(Chang et al., 2016; Fréchette et al., 2016) and Scots pine
(Ottander et al., 1995; Ensminger et al., 2004), we did not observe
that the degradation of chlorophyll pigments contributed
to the downregulation of photosynthesis in our Douglas-fir
seedlings following acclimation to low temperatures (Figure 5A).
However, it is likely that the degradation of the PSII protein D1
contributed to the observed downregulation of photosynthesis,
as has been demonstrated in field-grown white pine (Verhoeven
et al., 2009) and Douglas-fir (Ebbert et al., 2005). The additional
reduction of Rd in all provenances except PEM under CA
conditions suggests a general downregulation in metabolic
processes in these seedlings. While counterintuitive, the higher
levels of Rd observed in the interior provenances LIT and MEL
compared with the coastal provenances PEM and TSO are
consistent with studies that report a general trend of higher Rd
in trees originating from colder, high-elevation environments
(Mitchell et al., 1999). This trend has been found to persist even
in common growing environments similar to our own (Reich
et al., 1996; Oleksyn et al., 1998).
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FIGURE 3 | Response of maximum quantum efficiency of photosystem II
(Fv/Fm) of interior (LIT, MEL) and coastal (PEM, TSO) Douglas-fir seedlings to
summer control (SC), warm autumn (WA), and cool autumn (CA) conditions.
Gray background indicates long photoperiod (summer); white background
indicates short photoperiod (autumn). Bars represent the mean of
n = 10 ± SE. Letters where present indicate statistically different groups
(P < 0.05) as determined by Tukey’s HSD test.

The low Fv/Fm observed in our CA seedlings indicates
photoinhibition of PSII caused by excess light energy, which was
likely caused by the combination of light and low temperature
(Ensminger et al., 2006). The transition from simulated summer
conditions to simulated CA conditions caused a substantial
shift in the quenching of excess light energy from dynamic
NPQ to sustained NPQ (Figure 4). Levels of 8f,D in our
seedlings after 6 weeks of acclimation to CA were comparable
with those observed in field-grown white spruce seedlings
during mid-winter (D’Odorico et al., 2020). This change in
energy partitioning corresponded with increased quantities of
the photoprotective xanthophyll carotenoids lutein, violaxanthin,
antheraxanthin, and zeaxanthin (Figures 5D,E). Increased lutein
content indicates an increased capacity for quenching of
chlorophyll triplet states that generate photodamaging ROS
(Dall’Osto et al., 2006; Jahns and Holzwarth, 2012). Increased
violaxanthin, antheraxanthin, and zeaxanthin contents imply
a general upregulation of xanthophyll cycle-dependent NPQ
mechanisms. However, the increased xanthophyll cycle DEPS
(Figure 5F) reflects a longer retention of energy quenching
zeaxanthin, which indicates an upregulation of a sustained
mechanism of zeaxanthin-dependent thermal energy dissipation
(Demmig-Adams and Adams, 2006; Verhoeven, 2014). Similar
to the findings of Fréchette et al. (2016), our Douglas-fir
seedlings also retained some dynamic NPQ functionality under
CA conditions. 8NPQ increased in response to increasing light
intensity (Supplementary Figure 1), highlighting its continued

importance as a short-term response to light stress even under
low temperatures.

Warm Temperature Delays the
Downregulation of Photosynthesis and
Development of Sustained NPQ in
Seedlings Growing Under Short Autumn
Photoperiod
In contrast to CA, the transition from simulated summer
conditions to conditions where we simulated the anticipated
future warmer autumn did not affect photosynthetic carbon
assimilation (Figure 2A) or PSII efficiency (Figure 3). Even
after 6 weeks of exposure to short photoperiod, Anet and
Fv/Fm remained largely unchanged under WA temperature.
This suggests that short photoperiod alone does not trigger
the downregulation of photosynthesis in Douglas-fir seedlings.
This is in contrast to previous findings in white pine (Fréchette
et al., 2016, 2020), jack pine (P. banksiana; Busch et al.,
2007), and Scots pine (Vogg et al., 1998). The downregulation
of photosynthesis has been linked to reduced metabolic sink
capacity due to short photoperiod-induced growth cessation
(Savitch et al., 2002; Busch et al., 2007; Hamilton et al., 2016).
We did not measure growth cessation or bud formation, so it
is unclear to what degree growth acted as a metabolic sink in
our WA seedlings. Ford et al. (2017) used a modeling approach
to determine that growth cessation is primarily induced by short
photoperiod in provenances originating from low elevations that
are adapted to warmer autumn temperatures compared with
provenances originating from higher elevations that are adapted
to colder autumn temperatures. The lack of downregulation
of photosynthesis under WA conditions in our warmer low-
elevation coastal provenances suggests that growth cessation
may not be a major factor influencing the downregulation of
photosynthesis in Douglas-fir. Photoassimilates produced during
continued photosynthesis under WA were likely used to drive
the metabolically expensive alterations that contribute to the
accumulation of photoprotective carotenoid pigments and the
development of cold hardiness (discussed below). Distribution of
carbon through roots to soil organisms has been demonstrated
to increase substantially at the end of the growing season in
Scots pine forests (Högberg et al., 2010), presenting another
potential sink for photoassimilates produced during autumn
under warm temperatures.

In Interior Seedlings, Warm Temperature
Does Not Impair the Accumulation of
Photoprotective Carotenoid Pigments
That Is Observed During Cold
Acclimation and Growth Under Short
Autumn Photoperiod
Following the transition from simulated summer conditions to
simulated WA conditions, absorbed light energy that was in
excess of the capacity for photochemistry and required safe
dissipation was primarily quenched via dynamic NPQ (Figure 4).
This indicates that the development of sustained NPQ during
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TABLE 2 | Effect of treatment and provenance on photosynthetic gas exchange, chlorophyll fluorescence, photosynthetic pigments, and freezing tolerance.

Category Parameter Best-fit model Treatment Provenance Treatment × Provenance

F P F P F P

Photosynthetic gas exchange Anet Treatment × Provenance 117.937 <0.001 4.002 0.009 2.536 0.024

Rd Treatment × Provenance 19.170 <0.001 52.116 <0.001 2.800 0.014

gs Treatment 32.967 <0.001 NA NA NA NA

Chlorophyll fluorescence Fv/Fm Treatment 1221.000 <0.001 NA NA NA NA

8PSII Treatment + Provenance 12.025 <0.001 26.918 <0.001 NA NA

8NPQ Treatment + Provenance 2343.621 <0.001 11.421 <0.001 NA NA

8f,D Treatment 3532.800 <0.001 NA NA NA NA

Photosynthetic pigments Chl Treatment + Provenance 2.5150 0.089 2.796 0.048 NA NA

Chl a/b Treatment 12.998 <0.001 NA NA NA NA

Car/Chl Treatment × Provenance 34.076 <0.001 23.486 <0.001 2.965 0.013

VAZ/Chl Treatment × Provenance 85.374 <0.001 14.172 <0.001 2.731 0.022

DEPS Treatment 824.440 <0.001 NA NA NA NA

Vio/Chl Treatment × Provenance 459.446 <0.001 13.372 <0.001 2.597 0.026

Ant/Chl Treatment + Provenance 109.424 <0.001 5.910 0.001331 NA NA

Zea/Chl Treatment 338.190 <0.001 NA NA NA NA

Neo/Chl Treatment + Provenance 3.402 0.045 2.668 0.057 NA NA

Lut/Chl Treatment × Provenance 28.786 <0.001 18.486 <0.001 4.265 0.001

α-Car/Chl Treatment × Provenance 23.820 <0.001 3.110 0.034 7.613 <0.001

β-Car/Chl – NA NA NA NA NA NA

For each parameter, the best-fit model including treatment, provenance, week, and interactions thereof was chosen according to AIC. NA is used to denote that a factor
was not included in the best-fit model. Effects of treatment, provenance, and week were assessed by pairwise comparison of models with and without each factor using
a log-likelihood ratio test. P-values are bolded to denote statistical significance (P < 0.05). Anet, net photosynthetic carbon assimilation; gs, stomatal conductance; Rd ,
dark respiration; Fm, maximum quantum yield of PSII; 8PSII, fraction of light energy quenched via photochemistry (i.e., effective quantum yield of photosystem II); 8NPQ,
fraction of light energy quenched via dynamic nonphotochemical quenching; 8f,D, fraction of light energy quenched via fluorescence and sustained nonphotochemical
quenching; Chl, chlorophylls; Chl a/b, ratio of chlorophyll a to chlorophyll b; Car, carotenoids; VAZ, total xanthophyll cycle pigments; DEPS, de-epoxidation state of the
xanthophyll cycle; Vio, violaxanthin; Ant, antheraxanthin; Zea, zeaxanthin; Neo, neoxanthin; and Lut, lutein; α-Car, α-carotene; β-Car, β-carotene.

FIGURE 4 | Response of light energy partitioning of interior (LIT, MEL) and coastal (PEM, TSO) Douglas-fir seedlings to summer control (SC), warm autumn (WA),
and cool autumn (CA) conditions. Off-white represents 8PSII, the fraction of absorbed light used for photochemistry; light gray represents 8NPQ, dynamic NPQ; and
dark gray represents 8f,D, the sum of fluorescence and sustained NPQ. Measurements were taken at 1,500 µmol m-2 s-1 light intensity under growth conditions.
Bars represent the mean of n = 10 ± SE.

autumn cold acclimation requires low temperature in Douglas-
fir, which is consistent with recent findings in white pine (Chang
et al., 2016; Fréchette et al., 2016). Accordingly, the DEPS of

the photoprotective xanthophyll cycle also remained unchanged
under WA conditions (Figure 5F). Interestingly, the interior
provenances LIT and MEL increased their photoprotective
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FIGURE 5 | Response of photosynthetic leaf pigments of interior (LIT, MEL) and coastal (PEM, TSO) Douglas-fir seedlings to summer control (SC), warm autumn
(WA), and cool autumn (CA) conditions. (A) Total chlorophylls per fresh weight (Chl); (B) ratio of chlorophyll a to chlorophyll b (Chl a/b); (C) total carotenoids per Chl
(Car); (D) amount of lutein per Chl (Lut); (E) total xanthophyll cycle pigments per Chl (VAZ); (F) de-epoxidation state of the xanthophyll cycle (DEPS). Gray
background indicates long photoperiod (summer); white background indicates short photoperiod (autumn). Bars represent the mean of n = 5 ± SE. Letters where
present indicate statistically different groups (P < 0.05) as determined by Tukey’s HSD test.

capacity during WA through increases in carotenoid pigments
(Figure 5C). The increased levels of lutein under WA were
identical to those under CA (Figure 5D), suggesting that lutein
accumulates only in response to short photoperiod in these
provenances. The increase in xanthophyll cycle pigments in
LIT and MEL under WA is surprising (Figure 5E) considering
that there were no corresponding increases in dynamic or
sustained NPQ (Figure 4). The short photoperiod sensitivity
of these metabolic changes may reflect an adaptation to the
sub-zero temperatures that colder high elevation provenances,

such as LIT and MEL, experience during autumn (Table 1).
Since temperature is a less reliable signal during the summer–
autumn transition (Way and Montgomery, 2015), these seedlings
may utilize shortening photoperiod to initiate changes in
photoprotective pigments prior to low temperature exposure
that causes excess light stress. Xanthophyll cycle activity can be
rapidly induced by exposure to low temperature under controlled
conditions in white pine (Chang et al., 2016; Fréchette et al.,
2016). If this is also true in Douglas-fir under field conditions,
the short photoperiod sensitivity of carotenoid accumulation in
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FIGURE 6 | Response of leaf freezing tolerance of interior (LIT, MEL) and
coastal (PEM, TSO) Douglas-fir seedlings to warm autumn (WA) and cool
autumn (CA) conditions. Bars represent the mean LT50 of n = 5 ± SE,
estimated using sigmoidal vulnerability curves fit to the data (Supplementary
Figure 3). Different letters where present indicate statistically different groups
(P < 0.05) as determined by log-likelihood ratio test.

interior Douglas-fir may actually provide better photoprotection
during sporadic cold exposure in future warmer autumns.

Warm Temperature Does Not Impair the
Development of Freezing Tolerance in
Seedlings Growing Under Short Autumn
Photoperiod
Levels of freezing tolerance in our seedlings after 6 weeks
of acclimation to CA (Figure 6) were consistent with those
exhibited by Douglas-fir seedlings under late autumn field
conditions in a coastal site (Guak et al., 1998) as well as
by mature Douglas-fir under mid-autumn field conditions in
a mountain site (Bansal et al., 2016). In field-grown white
pine seedlings, the development of freezing tolerance begins
in response to shortening photoperiod and rapidly increases
following exposure to sub-zero temperatures (Chang et al.,
2016). Field experiments employing elevated temperatures of
approximately +1.5/+3◦C day/night have shown no change in
freezing tolerance development compared with ambient autumn
conditions (Riikonen et al., 2012; Chang et al., 2015). However,
chamber experiments using larger temperature increases in
the same range as the one used in our experiment have
demonstrated delayed development of freezing tolerance under
autumn warming (Repo et al., 1996; Guak et al., 1998; Chang
et al., 2016). Guak et al. (1998) observed delayed development
of freezing tolerance in Douglas-fir seedlings in response to only
+4◦C of warming applied continuously year round in open-top

chambers. In contrast to this experiment and our expectations,
we observed no difference in freezing tolerance between seedlings
acclimated to CA and WA conditions. We also observed higher
freezing tolerance in seedlings of the interior provenances versus
coastal provenances, which is consistent with the observations
of Bansal et al. (2016) that indicated provenances with colder
autumn climates develop greater freezing tolerance. Nevertheless,
WA conditions induced in all seedlings the development
of freezing tolerance sufficient for the winter temperature
minimums projected across the range of Douglas-fir in British
Columbia (Arora et al., 2011; Wang et al., 2012), even under the
highest emissions scenario. These results suggest that Douglas-
fir possesses a degree of short photoperiod sensitivity that will
help conserve their freezing tolerance development under future
warmer climates.

CONCLUSION

Our findings indicate that low temperature is the dominant
signal for the downregulation of photosynthesis and upregulation
of photoprotection in Douglas-fir seedlings during autumn. As
we hypothesized, warming disrupts these key components of
the autumn cold acclimation process, resulting in prolonged
photosynthetic activity. Interior Douglas-fir does not appear to be
maladapted to WA temperatures compared with coastal Douglas-
fir. They exhibited unique accumulation of photoprotective
carotenoid pigments in response to short photoperiod, which
may be a benefit during low temperature events in future
warmer autumns. Contrary to our hypothesis, the development
of freezing tolerance does not appear to require both low
temperature and short photoperiod signals in Douglas-fir. The
short photoperiod sensitivity of the development of freezing
tolerance appears to provide a degree of frost resistance that is
sufficient for winter temperatures projected across Douglas-fir’s
range. Thus, even coastal Douglas-fir appears to be adapted to
frost risk at higher latitudes and elevations. Based on our findings,
Douglas-fir from interior and coastal origin may benefit from an
extended carbon uptake period resulting from autumn warming
due to changing climate, without the costs associated with the
disruption of cold acclimation. This distinguishes Douglas-fir
from species of pine assessed in similar studies, which have
demonstrated both limitation of photosynthesis under short
autumn photoperiod and limitation of cold hardiness under
warm autumn temperature (Repo et al., 1996; Vogg et al.,
1998; Chang et al., 2016; Fréchette et al., 2016, 2020). While
our study focused on the effects of warming, rising CO2 and
episodes of drought are concurrent with rising temperature under
natural climate conditions. Elevated CO2 was demonstrated to
additionally delay the downregulation of photosynthesis in white
pine (Chang et al., 2016) and Scots pine (Wang, 1996). If this
pattern holds for Douglas-fir, rising CO2 may further prolong
the period of photosynthetic activity under future climate. Albeit
the potential carbon gains caused by elevated CO2 and warming
during autumn, it is crucial to emphasize that these carbon gains
might be offset by loss in carbon uptake resulting from water
stress and drought due to climate warming (Spittlehouse, 2003).
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INTRODUCTION

Climate change has a severe impact on forest ecosystems (Seidl et al., 2017). Adaptation of trees
to the rapidly changing regional climate is hampered by their longevity and late reproductive
age. Therefore, the increases in frequency, duration and intensity of drought episodes, heat waves
and heavy rainfall events (Spinoni et al., 2018; Hari et al., 2020) threaten many tree species of
European forests. As a result, environmentally stressed trees will become vulnerable to pronounced
damage from herbivorous insects and pathogens. Thus, the damage caused by insects increases the
vulnerability of forests to fungal infections and secondary pests (Meyer et al., 2015), and conversely,
fungal infections can promote the development of herbivores (Eberl et al., 2020). Both together then
contribute to the higher overall vulnerability of forests.

With regional shifts in weather conditions and climate zones in Europe, complex combinations
of abiotic and biotic stresses will likely occur. The quick succession of abiotic and biotic stresses
can further worsen forest damage. A quantification of the vulnerability of European forests to
windthrows (40% of losses), fires (34%), and insect outbreaks (26%) during the period 1979–2018
revealed that about 33.4 billion tons of forest biomass were seriously affected by these disturbances
(Forzieri et al., 2021). There is a clear trend toward higher overall forest vulnerability driven by a
warming-induced reduction in plant defenses against insect outbreaks, especially at high latitudes.

If forests fail to adapt to climate changes, there will be manifold consequences for the ecosystem
function and services, productivity, biodiversity, and negative feedbacks to climate (Ammer, 2019).

IMPORTANCE OF EUROPEAN OAKS AND HISTORY OF OAK
DECLINE

The two predominant oak species in Central Europe, English oak (Quercus robur L.) and sessile
oak (Q. petraeaMatt.) are two of about 50 tree species growing in European forests. Together their
share of about 10% of the stands makes oaks the second most common deciduous tree species in
Europe after beech (Bolte et al., 2007; BMEL., 2014). Among tree species native to Europe, oaks have
the highest species diversity at all trophic levels. More than a thousand animal species (including
insects, birds, small mammals) live on and with oaks (ProQuercus). Economically, oak wood has a
special importance due to its high strength and resistance. It is used as construction timber, as well
as processed into barrels, railroad sleepers, furniture, parquet, and veneers.
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In Central Europe, frequent insect outbreaks are believed to be
one of the causes of the oak decline observed in the last century
(Gasow, 1925; Thomas et al., 2002; Denman and Webber, 2009).
The first important oak dieback was observed already in 1911–
1920 and later in the 1980s; oaks of all age groups died at a rate of
2–5 trees per hectare and per year due to insect defoliation often
co-occurring with drought events (Hartmann and Blank, 1992;
Denman and Webber, 2009).

The decline of European oaks can be explained by changing
climatic conditions and their consequences like heavy rains, local
floods, and pests (Keča et al., 2016). Root pathogens from the
genus Phytophthora DeBary especially benefit from wet soils
following heavy rain events. Phytophthora threats have been
observed in oaks in North America and Europe since the 1990s
with various impact on different species (Sturrock et al., 2011).
For Q. robur, soil acidity was recognized as the main factor for
enhanced susceptibility to Phytophthora infections (Jönsson et al.,
2003).

A decline in growth rate was observed in the second or third
year after drought events when comparing tree-ring series in
Q. robur and Q. petraea stems at three different sites (Perkins
et al., 2018). Being a ring-porous tree species, oaks are most
likely categorized as anisohydric species which strive to regulate
stomatal conductance to keep photosynthetic processes alive,
even during drought periods. However, anisohydric traits may
lead to a longer drought memory due to high investments to
sustain photosynthetic activity, thus leading to a hangover of
drought effects (Perkins et al., 2018).

Even more herbivorous insect species from Southern and
Eastern Europe will likely migrate into central European forests
(Sturrock et al., 2011; Pureswaran et al., 2018), as it has
been observed for the oak processionary moth Thaumetopoea
processionea L. (Bolte et al., 2009). Owing to climate change, also
native species, such as the oak splendor beetle Agrilus biguttatus
Fabr., increase their infestation ability and are predicted to cause
more serious damage (Bolte et al., 2009; Sanders et al., 2013).

ADVANTAGES OF EUROPEAN OAKS
(QUERCUS SPP.)

Temperature increase during the last decades caused changes in
the abundance of broadleaved species in European forests, e.g.,
beech (Fagus sylvatica L.) forests have declined in several regions
of Central Europe (Denmark: Huang et al., 2017; Germany:
Dulamsuren et al., 2017; Austria: Corcobado et al., 2020). This
decline of beech is onlymarginally caused by outbreaks of insects.
This is not unexpected because compared to oaks, beech suffers
only from a low number of insect pests as e.g., the splendor beetle
Agrilus viridis L. (Bolte et al., 2009). A major threat for beeches
are Phytophthora infections which are observed since the 1930s.
In combination with drought periods and heatwaves since 2003,
the beech decline has increased dramatically in comparison with
oak (Corcobado et al., 2020).

A study covering 50 years of phenological data showed
that oak and beech follow different phenological strategies
with oaks having the better adaptation capacity to climate

change due to a higher phenological plasticity (Wenden et al.,
2019). Furthermore, oaks have the possibility to maintain their
hydraulic status during dry summers due to their extensive
root system reaching deep soil layers (Zapater et al., 2011;
Scharnweber et al., 2013). Beech reacts with phenological
maladaptation to changes in temperature and water regime,
slightly compensated by within-population genetic diversity
(Frank et al., 2017). Beech is threatened especially in its warmer
distribution areas with potential reduction of its vitality (Wenden
et al., 2019). Under future climate projection, 10–16% growth rate
decline is predicted for F. sylvatica by 2100, while an increase of
12% growth rate is expected for Q. robur (Huang et al., 2017).
Therefore, in climatically warmer areas, where beech is likely to
reach its limits (Kramer et al., 2010), oak may prevail over beech
because it is already adapted to the warmer climate (Delb, 2012;
Cuervo-Alarcon et al., 2021). In more northern regions, on the
other hand, a successful strategy should be to support oak and
beech to maintain resilient mixed forests that help mitigate the
effects of climate change because an adequate species mix can
even lead to increased productivity (Pretzsch et al., 2013).

Increasing spring temperatures enhance seed production
and dispersal in temperate oaks (Caignard et al., 2017). A
higher reproduction success of temperate oaks is associated with
improved fitness. Furthermore, the extension of the growing
season leads to an increase in vegetative growth of Q. petraea
and Q. robur (Saxe et al., 2001; Caignard et al., 2017). So, both
higher seed production and vegetative growth seem possible in
temperate oaks during climate change. A comparative analysis
of genetic diversity in adult and offspring generations in beech
and oak populations coexisting in a naturally established old-
growth forest stand, revealed that adult generations of both
species exhibited high levels of genetic diversity (He: 0.657 for
beech; 0.821 for oak; depending on the sets of selected genetic
markers) (Sandurska et al., 2017).

The high genetic diversity of oaks and beeches will facilitate
adaptation to climate change. In addition, there is the adaptive
potential in oaks resulting from introgression (hybridization of
e.g., Q. petraea and Q. robur in overlapping habitats; Kremer
and Hipp, 2020). It is increasingly recognized that hybrids play
an important role in evolutionary processes. Thus, natural or
man-made oak hybrids together with successful oak breeding
programs and grafting of superior individuals may lead to novel
traits that give oak decisive advantages in evolutionary processes,
facilitating gene flow.

Due to massive anthropogenic activities in the past, natural
regeneration of European tree species is mostly developed from
remaining local stocks (Bradshaw, 2004). In our opinion, this
may result in lower genetic diversity for naturally regenerating
tree species as beech compared to bred and out-planted tree
species as temperate oaks.

GENOMICS AND MOLECULAR MARKERS
OF CLIMATE-CHANGE RELEVANT TRAITS

In oaks, phenotypic traits of particular importance include
among others drought tolerance, resistance to insects and
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FIGURE 1 | Selection of resistant oak genotypes for regional seed orchards. Resistance of individual oak trees to pathogens and herbivores and their tolerance to

abiotic factors are assessed based on a long-term monitoring in e.g., natural populations or common gardens. Genetic markers (e.g., SNPs: single nucleotide

polymorphisms) associated with oak resistance to pathogens and herbivores and/or their tolerance to drought, heat, and flooding are identified based on

genome-wide or targeted resequencing of selected oak trees in genotype-phenotype or genotype-environment association studies. The developed genetic markers

enable a rapid genotyping of trees from genetically diverse oak populations and the subsequent selection of (at least partially) resistant/tolerant genotypes as a stock

for establishing regional seed orchards (by grafting).

pathogens, and growth-related traits. These traits are expected
to be influenced multi-factorially and inherited poly-genetically.
The increasing availability of reference genomes for different
oak species is the prerequisite to identify the underlying
genes/genomic loci and develop diagnostic genetic markers
for breeding programs (Badenes et al., 2016). First success is
shown, for example, in the quantitative trait loci (QTL) study
which identified two regions associated with Erysiphe alphitoides
infection in the Q. robur genome (Bartholomé et al., 2020).

In addition to QTL studies, genome-wide association studies
(GWAS) in natural populations, common gardens, or other
experimental settings (e.g., McKown et al., 2018) provide new
insights (Figure 1). Challenging in these studies is the lack
of efficient methods for tree phenotyping (Dungey et al.,
2018) and the modeling of complex genomic traits. Multi-
trait GWAS approaches, as applied to Populus trichocarpa
(Chhetri et al., 2019), may help to uncover potentially pleiotropic
effects of individual genes in Quercus, especially when analyzing
climate-relevant traits.

Analyzing genome-wide associations between single
nucleotide polymorphisms and environmental/climate variables
may be the key to identify adaptive genetic markers in Quercus
(Figure 1). Alternatively, genomic selection approaches may
help identifying genotypes with the climate change-relevant

traits and their genotypic plasticity. Using a large-scale common
garden experiment in combination with genome sequencing
and calculation of genomic estimated breeding values, Browne
et al. (2019) identified several Q. lobata genotypes that grow
relatively fast under higher temperatures. These genotypes,
which are presumably pre-adapted to future climates, were
proposed by the authors to serve as seed sources for assisted gene
flow programs.

An alternative approach is developing molecular markers for
important traits in the genus Quercus based on transcriptome,
proteome, andmetabolome data. Examples include omics studies
on signaling pathways induced in Q. robur by herbivory
(e.g., Ghirardo et al., 2012; Kersten et al., 2013), which
play a central role in plant defense against herbivorous
insects (summarized in Erb and Reymond, 2019). Another
example is cross-species comparative transcriptomics analysis
of Q. robur, Q. pubescens, and the evergreen Q. ilex L. to
reveal drought-related molecular patterns (Madritsch et al.,
2019).

Once developed, molecular markers can be used to
identify and select (at least partially) resistant/tolerant oak
ecotypes/genotypes using marker-assisted selection (Figure 1).
Among several modern strategies (Cortés et al., 2020), the
use of molecular markers is one of the most promising
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strategies to evaluate and breed oak adaptation to changing
climatic conditions.

CONCLUSIONS

We need to prepare our forests for the impending climate
change consequences through silvicultural and breeding
measures to mitigate forest vulnerability. Ecosystems should
increment genotypes that are characterized by an increased
tolerance to various biotic and abiotic stresses. Overall, complex
consideration of tree tolerance to different stressors is crucial for
assessing their adaptive capacity to climate change.

Particularly in the more northern European forests,
supporting oaks and beeches will help maintain resilient
mixed forests to mitigate climate change effects on forest
ecosystems. The asynchrony of drought responses between
these tree species could stabilize productivity in forests where
both species occur (Rubio-Cuadrado et al., 2018). Q. robur, Q.
petraea, and related hybrids may play a crucial role in helping
forests adapting to climate change. Therefore, silvicultural
approaches for the climate-smart forestry should take advantage
of these climate-stable properties of oaks by establishing the
required light regime for this species to increase its proportion
in European forests (Perkins et al., 2018). Future development
and application of genetic markers will aid in assessing the

adaptability and resilience of planted oak material in the face of

the proposed shifts of the climate zones and in selecting material
that can withstand the multiple challenges of climate change for
the forest of the future.

AUTHOR CONTRIBUTIONS

HS and BK wrote the first draft of the manuscript. TN
developed and designed the figure. All authors developed
the concept, structure of the manuscript, accomplished,
checked the first version, and read and approved the
submitted version.

FUNDING

The project leading to this paper was financed by the Fachagentur

Nachwachsende Rohstoffe e. V. (FNR) in the programme
Waldklimafond (28W-B-4-113-01/2) funded by Federal Ministry
of Food and Agriculture and Federal Ministry for Environment,
Nature Conservation and Nuclear Safety, Germany.

ACKNOWLEDGMENTS

We like to thank all technical assistants, gardeners, and colleagues
who contribute to our work over the last years.

REFERENCES

Ammer, C. (2019). Diversity and forest productivity in a changing climate. New

Phytol. 221, 50–66. doi: 10.1111/nph.15263

Badenes, M. L., Marti, A. F. I., Rios, G., and Rubio-Cabetas, M. J. (2016).

Application of genomic technologies to the breeding of trees. Front. Genet.

7:198. doi: 10.3389/fgene.2016.00198

Bartholomé, J., Brachi, B., Marçais, B., Mougou-Hamdane, A., Bodénés, C.,

Plomion, C., et al. (2020). The genetics of exapted resistance to two exotic

pathogens in pedunculate oak. New Phytol. 226, 1088–1103. doi: 10.1111/nph.

16319

BMEL. (2014). Der Wald in Deutschland. Ausgewählte Ergebnisse der Dritten

Bundeswaldinventur. Berlin: BMEL.

Bolte, A., Ammer, C., Löf, M., Madsen, P., Nabuurs, G. J., Schall, P., et al.

(2009). Adaptive forest management in central Europe: climate change

impacts, strategies and integrative concept. Scand. J. Forest Res. 24, 473–482.

doi: 10.1080/02827580903418224

Bolte, A., Czajkowski, T., and Kompa, T. (2007). The north-eastern

distribution range of European beech - a review. Forestry 80, 413–429.

doi: 10.1093/forestry/cpm028

Bradshaw, R. H. W. (2004). Past anthropogenic influence on European forests

and some possible genetic consequences. Forest Ecol. Manag. 197, 203–212.

doi: 10.1016/j.foreco.2004.05.025

Browne, L., Wright, J. W., Fitz-Gibbon, S., Gugger, P. F., and Sork,. V.

L. (2019). Adaptational lag to temperature in valley oak (Quercus

lobata) can be mitigated by genome-informed assisted gene flow. Proc.

Natl. Acad. Sci. U.S.A. 116, 25179–25185. doi: 10.1073/pnas.19087

71116

Caignard, T., Kremer, A., Firmat, C., Nicolas, M., Venner, S., and Delzon,

S. (2017). Increasing spring temperatures favor oak seed production

in temperate areas. Sci. Rep. 7:8555. doi: 10.1038/s41598-017-0

9172-7

Chhetri, H. B., Macaya-Sanz, D., Kainer, D., Biswal, A. K., Evans, L. M.,

Chen, J. G., et al. (2019). Multitrait genome-wide association analysis of

Populus trichocarpa identifies key polymorphisms controlling morphological

and physiological traits. New Phytol. 223, 293–309. doi: 10.1111/nph.15777

Corcobado, T., Cech, T. L., Brandstetter, M., Daxer, A., Hüttler, C., Kudlácek,

T., et al. (2020). Decline of European Beech in Austria: involvement of

Phytophthora spp. and contributing biotic and abiotic factors. Forests 11:895.

doi: 10.3390/f11080895

Cortés, A. J., Restrepo-Montoya, M., and Bedoya-Canas, L. E. (2020). Modern

strategies to assess and breed forest tree adaptation to changing climate. Front.

Plant Sci. 11:583323. doi: 10.3389/fpls.2020.583323

Cuervo-Alarcon, L., Arend, M., Müller, M., Sperisen, C., Finkeldey, R., and

Krutovsky, K. V. (2021). A candidate gene association analysis identifes SNPs

potentially involved in drought tolerance in European beech (Fagus sylvatica

L.). Sci. Rep. 11:2386. doi: 10.1038/s41598-021-81594-w

Delb, H. (2012). Eichenschädlinge im Klimawandel in Südwestdeutschland. FVA-

Einblick 2, 11–14.

Denman, S., andWebber, J. (2009). Oak declines: new definitions and new episodes

in Britain. Q. J. Forest 103, 285–290.

Dulamsuren, C., Hauck, M., Kopp, G., Ruff, M., and Leuschner, C. (2017).

European beech responds to climate change with growth decline at lower, and

growth increase at higher elevations in the center of its distribution range (SW

Germany). Trees 31, 673–686. doi: 10.1007/s00468-016-1499-x

Dungey, H. S., Dash, J. P., Pont, D., Clinton, P. W., Watt, M. S., and Telfer, E.

J. (2018). Phenotyping whole forests will help to track genetic performance.

Trends Plant Sci. 23, 854–864. doi: 10.1016/j.tplants.2018.08.005

Eberl, F., Fernandez de Bobadilla, M., Reichelt, M., Hammerbacher, A.,

Gershenzon, J., and Unsicker, S. B. (2020). Herbivory meets fungivory: insect

herbivores feed on plant pathogenic fungi for their own benefit. Ecol. Lett. 23,

1073–1084. doi: 10.1111/ele.13506

Erb, M., and Reymond, P. (2019). Molecular interactions between

plants and insect herbivores. Annu. Rev. Plant Biol. 70, 527–557.

doi: 10.1146/annurev-arplant-050718-095910

Forzieri, G., Girardello, M., Ceccherini, G., Spinoni, J., Feyen, L., Hartmann,

H., et al. (2021). Emergent vulnerability to climate-driven disturbances in

European forests. Nat. Commun. 12:1081. doi: 10.1038/s41467-021-21399-7

Frontiers in Forests and Global Change | www.frontiersin.org 4 July 2021 | Volume 4 | Article 67079787

https://doi.org/10.1111/nph.15263
https://doi.org/10.3389/fgene.2016.00198
https://doi.org/10.1111/nph.16319
https://doi.org/10.1080/02827580903418224
https://doi.org/10.1093/forestry/cpm028
https://doi.org/10.1016/j.foreco.2004.05.025
https://doi.org/10.1073/pnas.1908771116
https://doi.org/10.1038/s41598-017-09172-7
https://doi.org/10.1111/nph.15777
https://doi.org/10.3390/f11080895
https://doi.org/10.3389/fpls.2020.583323
https://doi.org/10.1038/s41598-021-81594-w
https://doi.org/10.1007/s00468-016-1499-x
https://doi.org/10.1016/j.tplants.2018.08.005
https://doi.org/10.1111/ele.13506
https://doi.org/10.1146/annurev-arplant-050718-095910
https://doi.org/10.1038/s41467-021-21399-7
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles


Schroeder et al. Oaks as Beacons of Hope

Frank, A., Pluess, A. R., Howe, G. T., Sperisen, C., and Heiri, C. (2017).

Quantitative genetic differentiation and phenotypic plasticity of European

beech in a heterogeneous landscape: indications for past climate adaptation.

Perspect. Plant Ecol. 26, 1–13. doi: 10.1016/j.ppees.2017.02.001

Gasow, H. (1925). Der grüne Eichenwickler (Tortrix viridana Linne) als

Forstschädling. Arb. Biol. Reichsanst. 12, 355–508.

Ghirardo, A., Heller, W., Fladung, M., Schnitzler, J. P., and Schroeder, H.

(2012). Function of defensive volatiles in pedunculate oak (Quercus robur)

is tricked by the moth Tortrix viridana. Plant Cell Environ. 35, 2192–2207.

doi: 10.1111/j.1365-3040.2012.02545.x

Hari, V., Rakovec, O., Markonis, Y., Hanel, M., and Kumar, R. (2020). Increased

future occurrences of the exceptional 2018-2019 Central European drought

under global warming. Sci. Rep. 10:12207. doi: 10.1038/s41598-020-68872-9

Hartmann, G., and Blank, R. (1992). Winterfrost, Kahlfraß und Prachtkäferbefall

als Faktoren im Ursachenkomplex des Eichensterbens in Norddeutschland.

Forst. Holz. 15, 443–452.

Huang, W., Fonti, P., Larsen, J. B., Ræbild, A., Callesen, I., Pedersen, N. B.,

et al. (2017). Projecting tree-growth responses into future climate: a study

case from a Danish-wide common garden. Agric. For. Meteorol. 247, 240–251.

doi: 10.1016/j.agrformet.2017.07.016

Jönsson, U., Jung, T., Rosengren, U., Nihlgård, B., and Sonesson, K.

(2003). Pathogenicity of Swedish isolates of Phytophthora quercina

to Quercus robur in two different soils. New Phytol. 158, 355–364.

doi: 10.1046/j.1469-8137.2003.00734.x
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Antecedent environmental conditions may have a substantial impact on plant response
to drought and recovery dynamics. Saplings of Eucalyptus camaldulensis were exposed
to a range of long-term water deficit pre-treatments (antecedent conditions) designed
to reduce carbon assimilation to approximately 50 (A50) and 10% (A10) of maximum
photosynthesis of well-watered plants (A100). Thereafter, water was withheld from
all plants to generate three different levels of water stress before re-watering. Our
objective was to assess the role of antecedent water limitations in plant physiology
and growth recovery from mild to severe drought stress. Antecedent water limitations
led to increased soluble sugar content and depletion of starch in leaves of A50 and
A10 trees, but there was no significant change in total non-structural carbohydrate
concentration (NSC; soluble sugar and starch), relative to A100 plants. Following re-
watering, A50 and A10 trees exhibited faster recovery of physiological processes
(e.g., photosynthesis and stomatal conductance) than A100 plants. Nonetheless, trees
exposed to the greatest water stress (−5.0 MPa) were slowest to fully recover
photosynthesis (Amax) and stomatal conductance (gs). Moreover, post-drought recovery
of photosynthesis was primarily limited by gs, but was facilitated by biochemistry
(Vcmax and Jmax). During recovery, slow regrowth rates in A50 and A10 trees may result
from insufficient carbon reserves as well as impaired hydraulic transport induced by
the antecedent water limitations, which was dependent on the intensity of drought
stress. Therefore, our findings suggest that antecedent water stress conditions, as
well as drought severity, are important determinants of physiological recovery following
drought release.

Keywords: Eucalyptus camaldulensis, drought, non-structural carbohydrate, photosynthesis, stem growth, post-
drought recovery
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INTRODUCTION

Understanding the impacts of drought stress on plant physiology
and growth is essential for predicting the structure and function
of plant communities (O’Brien et al., 2017a; Choat et al., 2018;
Brodribb et al., 2020), especially within the context of global
climate change in which drought episodes are projected to
be more common in the future (Dai, 2013). Such impacts,
however, can be complex to assess because the consequence
of drought stress is a function of resistance and resilience
(Stuart-Haëntjens et al., 2018; Li et al., 2020; Schmitt et al.,
2020), and both components can be strongly modified by
drought events that plants have previously experienced (i.e.,
antecedent drought) (Kannenberg et al., 2020). Adjustments in
plant morphology and/or physiology triggered by antecedent,
non-lethal water deficit can often result in divergent responses
during subsequent drought stress, with potential impacts on
plant performance during recovery (Kannenberg et al., 2020).
This is particularly evident in field-grown trees, for which the
growth response to recurring drought differs over time (Xu
et al., 2010; O’Brien et al., 2017b; Wu et al., 2018; Anderegg
et al., 2020). Although the immediate effects of drought stress
on plant physiology have been well documented, knowledge
gaps still exist on how drought response and post-drought
recovery can be modified by antecedent drought conditions
(Ruehr et al., 2019).

Leaves are the primary sites of CO2 and water exchange for the
majority of terrestrial plants. How leaves respond to and recover
from drought stress can therefore have disproportionately critical
effects on plants. Antecedent drought stress can generate multiple
adjustments in leaf morphology, physiology, and biochemistry
(Gessler et al., 2020). Biological processes related to growth,
including cell division and enlargement, are highly sensitive
to water stress, and are typically reduced prior to reductions
in photosynthesis caused by water deficit (Chapin et al., 1990;
Körner, 2015). Consequently, an increase in non-structural
carbohydrates (NSCs) is commonly observed in plants subjected
to drought stress due to an imbalance in source-sink strength
(Sala and Hoch, 2009; Sala et al., 2012; Granda and Camarero,
2017; Piper et al., 2017). Additionally, drought induced variation
in tissue NSCs contents may occur in all organs, and the
importance of sugar enriched organ to plant performance during
water deficit and post-drought recovery can be markedly species-
specific (Hagedorn et al., 2016; Joseph et al., 2020; Ouyang et al.,
2021). Here, we primarily focus on leaves, the NSCs variation
of which have been shown to predominantly regulates plant
response to drought stress in some species (Martínez-Vilalta
et al., 2016; Signori-Müller et al., 2021)., and dominates the
variation of whole plant carbohydrates contents in Eucalyptus
species (Duan et al., 2013). Depending on its specific type (i.e.,
soluble sugar and starch), NSCs, together with other secondary
metabolites derived from their soluble form, can be involved
in physiological processes related to drought resistance such
as osmotic regulation, or can be stored as carbon reserves for
regrowth upon alleviation of drought stress (Sala et al., 2012;
Trifilò et al., 2017; Tomasella et al., 2020). Hence, variation
in NSCs induced by antecedent drought conditions can have

important implications for the fate of plants during subsequent
drought and recovery cycles.

Of the numerous physiological processes impacted by water
limitation, photosynthesis is extensively studied because of
its central role in determining plant fitness and sensitivity to
water deficit (Flexas et al., 2006a). Leaf photosynthetic rate
is co-determined by stomatal conductance and biochemical
components of photosynthesis. During drought stress, leaf
stomata will partially or completely close to minimize water
loss. Given that CO2 and water molecules share the same
pathway at both leaf and cellular levels (e.g., aquaporins),
reduced stomatal conductance (gs) will inevitably constrain
photosynthesis (Flexas et al., 2008) and is considered to be
the major cause for downregulation of photosynthesis during
drought stress (Flexas et al., 2004; Grassi and Magnani, 2005; Zait
et al., 2019). On the other hand, the biochemical components of
photosynthesis, including the capacity for Rubisco carboxylation
(Vcmax) and electron transport (Jmax), are generally less sensitive
to dehydration, although a body of literature has shown that
both biochemical components can be compromised during
drought, and can show similar or even higher drought sensitivity
compared to gs (Zhou et al., 2014). Identifying the key limiting
factor for photosynthesis during drought stress and recovery
is of utmost importance, especially for modeling vegetation
dynamics using ecosystem models. However, acclimation
may occur during antecedent drought, thereby generating
different physiological responses to subsequent stress conditions
(Ruehr et al., 2019; Gessler et al., 2020). Antecedent drought
conditions may also alter the relative contribution of each
limiting factor during subsequent droughts (Flexas et al., 2009;
Menezes-Silva et al., 2017).

The capacity to recover physiological function following
the easing of drought stress upon re-watering represents a
key dimension of plant drought resilience. However, little
is known about the post-drought dynamics and interaction
of two fundamental physiological processes, i.e., carbon and
water relations (Ruehr et al., 2019). For a given species,
the time required for recovery is typically contingent on the
severity of drought stress given it determines the extent to
which physiological functions are impaired (Flexas et al., 2004;
Blackman et al., 2009; Brodribb and Cochard, 2009). With respect
to post-drought carbon-relations, it has been shown that stomatal
limitation of photosynthesis is prevailing when drought stress is
mild or moderate, while biochemical limitation becomes more
prominent as drought stress is exacerbated (Flexas et al., 2006a).
This is anticipated to result in different recovery dynamics given
that reopening of stomata is typically faster than the time it takes
to repair photosynthetic machinery after water supply is resumed
(Ruehr et al., 2019). Furthermore, rates of photosynthetic
recovery from drought are determined by drought severity and
its impact on hydraulic function. Recent studies emphasize the
pivotal role of water relations in governing plant mortality during
drought stress, showing that recovery is no longer possible once
the water status has exceeded thresholds of hydraulic impairment
due to embolism (Blackman et al., 2009; Brodribb and Cochard,
2009; Choat et al., 2018). Furthermore, plant hydraulics is also
intimately coupled with carbon through its impacts on leaf gas
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exchange (Brodribb and Holbrook, 2003; Skelton et al., 2017).
Thus, assessing the interaction of antecedent drought conditions
and drought severity on the recovery dynamics of photosynthesis
is crucial for gaining a comprehensive understanding of impacts
caused by droughts.

Early experiments studying the influences of drought on
plant physiology often subject plants to drought stress differing
in either duration (i.e., short or long-term) or severity (i.e.,
mild to severe), and mainly focused on physiological responses
triggered by water limitation (Menezes-Silva et al., 2017).
Here, we take a different approach by exposing plants to
two drought cycles characterized by different physiological
attributes before re-watering and assessing recovery. The first
drought was chronic and relatively mild, which was aimed at
reducing carbon assimilation and manipulating NSC storage,
but not inducing significant impairment in hydraulic function.
The second drought was more acute and designed to induce
a range of stress levels associated with moderate to severe
leaf hydraulic dysfunction. Our aim was to test the potential
influences of antecedent drought conditions (i.e., the first
drought stress) on the subsequent drought response and
eventually the rate of recovery, with particular emphasis on
carbon and water relations. We hypothesized that: (1) long-
term, mild drought stress will but promote the accumulation
of leaf NSC due the hysteresis in ceasing of photosynthesis
relative to growth; (2) leaf photosynthesis in plants exposed
to antecedent drought conditions will be less affected by
subsequent drought than control plants; (3) both stomatal
and non-stomatal limitations will restrict the rate of recovery
of photosynthesis following re-watering; and (4) the time
required for regaining physiological function is dependent on the
severity of the drought.

MATERIALS AND METHODS

Plant Material and Experimental Design
Eucalyptus camaldulensis, commonly known as river red gum, is
one of the most widely distributed tree species across Australia.
E. camaldulensis can adapt to diverse climatic conditions, ranging
from tropical to temperate ecosystems. At the local scale, the
distribution of E. camaldulensis is primarily confined to locations
where soil water availability is ample, such as riverbanks or
floodplains, where it often appears as the dominant species,
providing significant ecological functional services (Butcher et al.,
2009; Doody et al., 2015).

Seeds of river red gum (E. camaldulensis subsp. camaldulensis)
were obtained from the Australian Tree Seed Centre (Canberra,
ACT) and germinated in forestry tubes placed in a sunlit
poly-tunnel provided by Greening Australia (Richmond,
NSW, Australia) for 2 months. On October 20, 2017,
40 similarly sized seedlings (approximately 15 cm tall)
were transplanted into 15 × 40 cm (diameter × height)
cylindrical pots filled with ca. 9 kg of moderately fertile
sandy loam soil. Twenty pots were randomly selected and
placed in one of the two adjacent naturally sunlit glasshouse
bays located at the Hawkesbury Campus, Western Sydney

University, Richmond, NSW Australia. Environmental
conditions within both glasshouse bays were controlled,
with temperature set to 26/18◦C (day/night), which represents
the local average air temperature during the growing season,
and air CO2 concentration set to 400 µmol mol−1. This
environmental condition was maintained throughout the
experimental period. All seedlings were irrigated daily and
fed with slow-release fertilizer biweekly (Osmocote, All-
Purpose, Scotts, Australia) to ensure the absence of water and
nutrient limitations.

Starting on November 28, 2017, 30 plants with similar height
and basal diameter (75 cm and 0. 5 cm, respectively) were
selected for the experiment. Plants were evenly divided into
three groups, so that we could apply three levels of drought in
the first round of drought treatment (i.e., antecedent drought
condition). Levels of antecedent drought conditions were defined
based on the photosynthetic rate measured under saturating
light and ambient air CO2 conditions (Amax), with Amax of
stressed plants maintained at approximately 50 (A50) and 10%
(A10) relative to that of the well-watered plants (A100). For A50
and A10 plants, drought stress was imposed by withholding
irrigation. Leaf Amax was monitored daily for each individual
until the desired values were achieved. Pots were labeled and
weighed immediately. During the period of antecedent drought
treatment, pot-specific soil water content was maintained by
weighing individual pots daily in the morning and replacing the
water loss from the previous day. Leaf gas exchange was measured
every 1–3 days during the same period to ensure that the targeted
Amax could be maintained. It has been shown that complete
stomatal closure in E. camaldulensis typically occurs when leaf
water potential reaches approximately −1.5 MPa (Zhou et al.,
2014), which is less negative than the water potential threshold
for the incipient hydraulic dysfunction (see below). Given that the
stomata remained open during the phase of antecedent drought
treatment, no hydraulic impairment was likely incurred by the
intensity of drought stress.

After 48 days of antecedent drought treatment, plants
in each drought treatment group were further divided into
three sub-groups to implement the second round of drought
treatment, so that each sub-group contained 3–4 individuals.
The second drought treatment aimed to generate dysfunction in
water transport and was therefore applied based on previously
determined hydraulic vulnerability curves of leaves. Hence,
irrigation water was withheld until midday leaf water potential
(9 leaf) reached ca. −3.5, −4.5, or −5.0 MPa for the three
drought groups; these values corresponded to the 9 leaf at which
12, 50, and 88% loss of leaf hydraulic conductivity (KLeaf)
occurred in this species (Blackman et al., unpublished data).
For each individual, 9Leaf was measured once daily. In the
controlled environment of the glasshouse bays, the target 9Leaf
was typically achieved in 1–3 days. Once the targeted 9 leaf
was attained, photosynthetic CO2 response (ACi) curves were
measured; thereafter, the pot was re-watered to field capacity to
alleviate the water stress and allow for recovery. Physiological
measurements, including 9Leaf and ACi curves were repeated on
3, 7 and 14 days following re-watering during the recovery phase
to assess the degree of physiological recovery over time.
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Gas Exchange Measurements
Leaf gas exchange measurements, including Amax, stomatal
conductance (gs), and ACi curves were measured between 9 am
and noon with up to four cross-calibrated open gas exchange
systems (LI-6400XT, Li-Cor, Lincoln, NE, United States)
equipped with red-blue LED light sources (6400-02B) and an
external CO2 injector (6400-01). For each individual plant, one
upper canopy, fully expanded leaf was tagged and consistently
used for gas exchange measurements throughout the experiment.
For spot measurements, gas exchange variables including Amax
and gs were recorded under saturating light (i.e., 1,500 µmol
m−2 s−1). Cuvette CO2 concentration and temperature were
set to match the ambient conditions (i.e., 400 µmol mol−1

and 26◦C, respectively). Leaf ACi curves were generated by
recording Amax under varying cuvette CO2 concentrations: 400,

300, 200, 100, 400, 600, 800, 1,000, and 1,200 µmol mol−1,
with other environmental parameters identical to the spot
measurements. Before each measurement, leaves were allowed
to acclimate in the cuvette for up to 20 min and data were
recorded after the readings were stable. During all gas exchange
measurements, relative humidity and leaf-to-air water vapor
deficit in the cuvette typically varied between 50 and 60% and
1.5–2.0 kPa, respectively.

Leaf Non-structural Carbohydrate
Concentrations
Leaf carbohydrate content was assessed at the beginning
and the end of the antecedent drought stress phase. Within
each antecedent drought treatment group, 2–4 upper canopy

FIGURE 1 | Daily variation of leaf maximum photosynthetic rate (Amax) during pretreatment phase (A) and leaf soluble sugar (B), starch (C), and total non-structural
carbohydrates (NSCs) content (D) at the inception and end of antecedent drought treatment. Colors indicate levels of antecedent drought conditions (i.e., A100, A50,
and A10). Error bars indicate standard error of mean [n = 10 for panel (A) and n = 4 for panels (B–D)]. Different letters above bars in panels (B–D) denote statistical
significance at p ≤ 0.05 level.
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leaves were collected for each plant from 4 randomly selected
individuals. The leaf samples were immediately oven-dried
at 80◦C for 24 h to stop metabolism and then stored in
−20◦C freezer until measurement. Leaf starch and soluble
sugars concentrations were determined following the protocol
described by Duan et al. (2013). Concisely, dried materials were
grounded to a fine powder in a ball mill, and then weighed
for 20 mg. Samples were extracted with 80% aqueous ethanol,
then boiled at 95◦C for 30 min and centrifuged at 3,000 rpm
for 5 min. Supernatant was collected, re-extracted with ethanol
and water, and then subjected to the procedures described
above. The final supernatant was reserved and evaporated at
40◦C using a rotational vacuum concentrator (RVC 2-25 CD,
Christ, Germany). Starch content (mg g−1) was determined
from the remaining pellets after extraction and assayed with
a total starch assay kit (Megazyme International Ireland Ltd.,
Wicklow, Ireland). Total soluble sugar content (mg g−1) was
measured from the supernatants by the anthrone method. Total
NSCs content (mg g−1) was calculated as the sum of soluble
sugar and starch.

Growth Measurements
To minimize canopy leaf loss, leaf samples used for 9Leaf
determination were measured for leaf area using leaf area meter
(LI-3100, Li-Cor, Lincoln, NE, United States). Samples were
then oven-dried for at least 72 h to constant mass, and leaf
mass per area (LMA, g m−2) was calculated as the ratio of dry
mass to leaf area.

Plant height (H, cm) and basal diameter (D, mm) were
measured biweekly throughout the experimental period. Basal
diameter was measured using digital calipers at ca. 3 cm above soil
level, while plant height was considered as the distance from the
soil level to the apex of the main stem. Stem volume was estimated
as H×D2 (cm3), and stem volume index growth rate (VIGR, cm3

day−1) was calculated as the increment of stem volume between
measurement periods divided by the number of days.

Data Analysis
Leaf ACi curve data were fitted to the FvCB model using
fitaci function of the Plantecophys R Package to estimate the
maximum carboxylation rate of Rubisco (Vcmax, µmol m−2 s−1)
and electron transport rate (Jmax, µmol m−2 s−1) (Duursma,
2015). The speed of recovery is assessed by calculating the time
required for specific physiological variables to regain 50% of
its maximum (t1/2, day), according to Brodribb and Cochard
(2009). In short, the percentage of recovery relative to its
maximum, measured from each individual within the same
treatment group, was pooled together and was plotted against
the corresponding number of days. The relationship was fitted
using a linear regression and t1/2 was then extrapolated from the
linear function. The estimation of t1/2 was limited to Amax and
gs given that the reduction in other physiological variables never
surpassed 50% of their maximum.

Leaf NSCs, including the content of soluble sugar, starch and
total NSCs content at the end of antecedent drought treatment,
were analyzed using one-way ANOVA to test the difference
among treatment groups. Physiological data including the Amax,

gs, Vcmax, and Jmax measured during the recovery phase were
presented as the percentage relative to their corresponding values
measured prior to the implementation of the antecedent drought
treatment. All time-series data were analyzed using the one-way
repeated measurement ANOVA with the ezANVOA function in
the ezANVOA package, with the levels of drought treatment and
time of measurement considered as between- and within-subject
factors, respectively. In addition, within each measurement time
point, one-way ANOVA was used to test the difference among
antecedent drought treatment groups. Following all one-way
ANOVA, Tukey’s HSD post hoc was applied using the HSD.test
function in the agricolae package for comparison among means.
All data were tested for normality and homogeneity of variance
before statistical analysis was performed. Statistically significant
differences were considered when p ≤ 0.05. Data process and
analysis were performed under R 3.5.3 statistical computing
environment (R Core Team, 2013).

RESULTS

Effects of Antecedent Drought
Conditions on Leaf Photosynthesis,
Carbohydrate Content, and Growth
Leaf photosynthetic rate under saturating light (Amax, µmol
m−2 s−1) differed significantly across levels of antecedent
drought conditions (Figure 1A; p < 0.01). Consistent with our
objective, Amax in drought-stressed plants (i.e., A50 and A10) was
constantly maintained at the desired levels during the period
of antecedent drought treatment. Interaction between time and
drought treatment was observed, but only limited to the first day
of measurement, with Amax of A10 being slightly higher (ca. 4.0
µmol m−2 s−1) than that of A100 and A50.

Contents of leaf NSCs, including soluble sugar (Figure 1B),
starch (Figure 1C), and total NSCs (Figure 1D) did not
differ across groups before drought treatments were applied.
Differences in these variables were observed after 48 days of water
restriction during the antecedent treatment. Soluble sugar of A10
(12.9 ± 0.5 mg g−1) and A50 (10.9 ± 0.6 mg g−1) plants were
significantly higher than that of A100 plants (8.4 ± 0.4 mg g−1;
p = 0.02). Starch content also differed significantly across groups
but exhibited an inverse pattern (p = 0.03), with starch content
being 9.3± 0.5 mg g−1, 13.2± 0.7 mg g−1 and 14.6.± 1.7 mg g−1

for A10, A50, and A100 plants. Growth rate was strongly impeded
by drought treatment (p < 0.01; data not shown). The volume
index growth rates (VIGR, cm3 day−1) were 5.23 ± 0.31 cm3

day−1, 0.99 ± 0.11 cm3 day−1 and 0.39 ± 0.07 cm3 day−1 for
A100, A50, and A10 plants, respectively.

Responses of Leaf Photosynthesis and
Water Relations to Subsequent Drought
Stress
All physiological variables, including Amax, light saturated
stomatal conductance (gsmax, mol m−2 s−1), carboxylation rate
of Rubisco (Vcmax, µmol m−2 s−1) and electron transport
rate (Jmax, µmol m−2 s−1) were significantly decreased by
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subsequent drought stress (Figure 2 and Table 1; day 0). In
general, the percentage loss of function from maximum values
for each physiological parameter, increased with drought severity;
however, there was an exception in Vcmax and Jmax, where the
relative values for plants at −4.5 MPa were 25.4 and 15.4%
higher, respectively, than plants at −3.5 MPa. All physiological
variables in plants subjected to antecedent drought conditions,
and subsequently to variable drought stress, were less affected
compared with control plants that were well-watered and did not
experience an antecedent drought stress (Figure 2).

Recovery Dynamics of Leaf
Photosynthesis, Water Relations, and
Plant Growth After Re-watering
Recovery in photosynthetic variables was dependent on the
degree of antecedent water deficit and drought severity
(Figures 2, 3 and Table 1). For Amax and associated components
(i.e., gs, Vcmax and Jmax), A50 and A10 plants consistently showed
faster rates of recovery compared to A100 plants; these effects were
stronger as the intensity of subsequent drought stress increased.
For example, for plants at −4.5 MPa, Amax, Vcmax and Jmax
attained nearly or complete recovery on the third day of re-
watering, whereas full recovery of these variables in A100 plants
was much slower; e.g., Amax and Jmax did not reach the values

measured before the implementation of the antecedent drought
treatments even after 14 days of re-watering (Figures 2E,G,H).
Notably, for Vcmax and Jmax, the values during the recovery phase
were up to 50% higher than their pre-stress levels, suggesting a
compensatory response to the previous drought stress.

Upon re-watering, leaf water potential (9Leaf, −MPa)
recovered rapidly, reaching pre-stress values within 3 days in
most plants, regardless of antecedent and subsequent drought
treatment (Figure 4). Across drought treatment, 9Leaf of plants
exposed to antecedent drought was generally less negative than
that of control plants, although the difference was not significant.

Upon re-watering and release of the drought stress, all plants
showed stem regrowth, but with differing rates of growth. For
plants dried to −3.5 and −4.5 MPa, VIGR of A100 plants was
significantly higher than that of A50 and A10 plants (Table 2;
p < 0.05 in both cases), while VIGR did not vary across levels
of antecedent drought treatment when exposed to severe water
stress (p = 0.17).

The Relationships Between Recovery of
Leaf Photosynthesis and Associated
Physiological Variables
Recovery of leaf carbon assimilation was closely related to
variables associated with CO2 diffusion and biochemistry

FIGURE 2 | Recovery of maximum photosynthetic rate [Amax, panels (A,E,I)], stomatal conductance [gs; panels (B,F,J)], maximum Rubisco carboxylation rate
[Vcmax; panels (C,G,K)] and maximum electron transport rate [Jmax; panels (D,H,J)] from –3.5 MPa (circle), –4.5 MPa (triangle), and –5.0 MPa (diamond) during the
recovery phase. All traits are given as the percentage of maximum (%). Colors denote levels of antecedent drought conditions (i.e., A100, A50, and A10). Error bars
indicate standard error of mean (n = 3–4). Different letters above data points represent statistically significant difference at p ≤ 0.05 across pretreatment levels in
each day.
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TABLE 1 | Statistical analysis for the difference in the percentage of recovery in maximum photosynthetic rate (Amax), stomatal conductance (gs), maximum carboxylation rate of Rubisco (Vcmax), maximum electron
transport rate (Jmax), and midday leaf water potential (9Leaf) across different drought treatments (i.e., −3.5,−4.5, and −5.0 MPa) during the phase of recovery (i.e., day 0, 3, 7, and 14).

Traits Treatment (MPa) Days of recovery

Day 0 Day 3 Day 7 Day 14

SS F-value p SS F-value p SS F-value p SS F-value p

Amax −3.5 1,480.42 8.28[2,6] 0.02 74.60 0.36[2,6] 0.71 213.61 1.50[2,6] 0.30 647.07 3.16[2,6] 0.12

−4.5 1,085.27 14.16[2,7] <0.01 5,444.10 13.00[2,7] <0.01 2,926.70 18.34[2,7] <0.01 2,761.74 14.25[2,7] <0.01

−5.0 2,051.82 24.57[2,6] <0.01 2,286.50 17.75[2,6] <0.01 660.54 3.93[2,6] 0.08 1,843.29 12.21[2,6] <0.01

gs −3.5 206.62 8.49[2,6] 0.02 590.78 7.75[2,6] 0.02 666.74 2.57[2,6] 0.16 1,051.10 2.39[2,6] 0.17

−4.5 28.31 4.17[2,7] 0.07 2,338.60 6.56[2,7] 0.03 4,182.90 3.84[2,7] 0.08 11,410.70 12.40[2,7] <0.01

−5.0 156.82 17.52[2,6] <0.01 2,154.52 11.63[2,6] <0.01 1,290.70 3.15[2,6] 0.12 3,678.90 10.63[2,6] 0.01

Vcmax −3.5 4,267.40 18.86[2,6] <0.01 1,691.20 4.88[2,6] 0.06 197.81 2.06[2,6] 0.21 215.01 3.83[2,6] 0.32

−4.5 5,461.40 14.96[2,7] <0.01 5,689.90 11.17[2,6] <0.01 1,903.70 10.20[2,7] 0.01 5,620.60 28.28[2,7] <0.001

−5.0 2,148.16 13.75[2,6] <0.01 1,543.22 9.49[2,6] 0.01 2,906.22 16.11[2,6] <0.01 1,064.80 4.77[2,6] 0.06

Jmax −3.5 6,181.50 19.36[2,6] <0.01 7,646.80 9.03[2,6] 0.02 599.52 4.34[2,6] 0.07 588.69 10.65[2,6] 0.01

−4.5 1,678.40 1,678.40[2,6] 0.19 5,729.80 8.66[2,7] 0.02 2,536.37 11.80[2,7] <0.01 7,610.30 19.41[2,6] <0.01

−5.0 3,821.10 31.14[2,6] <0.001 2,457.65 12.08[2,6] <0.01 4,486.60 19.31[2,6] <0.01 2,183.80 10.77[2,6] 0.01

9 leaf −3.5 0.03 3.23[2,6] 0.11 0.63 8.58[2,6] 0.02 1.16 13.41[2,6] <0.01 0.37 6.49[2,6] 0.03

−4.5 0.01 1.36[2,6] 0.33 1.92 7.59[2,6] 0.02 2.71 36.83[2,6] <0.001 0.06 1.20[2,6] 0.37

−5.0 0.01 0.36[2,6] 0.71 0.63 9.35[2,6] 0.01 0.68 20.40[2,6] <0.01 0.07 2.45[2,6] 0.17

Presented statistical outcomes including sum of squares (SS), F-value, and calculated value of probability (p). Subscripted numbers following the F values indicate degrees of freedom for between and within group
factors. Post hoc analysis was applied when p ≤ 0.05 with the resulting being reported in Figure 2.
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FIGURE 3 | Time (day) required for physiological traits [(A) maximum photosynthetic rate; (B) stomatal conductance) regain 50% of their maximum value following
rewatering across different pretreatment (A100, A50, and A10) and drought treatment levels (–3.5, –4.5, and –5.0 MPa).

FIGURE 4 | Recovery of midday leaf water potential (9Leaf) from –3.5 MPa (A), –4.5 MPa (B), and –5.0 MPa (C) during the recovery phase. Colors denote levels of
antecedent drought conditions (i.e., A100, A50, and A10). Error bars indicate standard error of mean (n = 3–4).

TABLE 2 | Volume index growth rates (cm3 day−1; VIGR) of plants across all
drought treatments during the recovery phase.

Pre-treatment Drought treatment

−3.5 MPa −4.5 MPa −5.0 MPa

A100 6.63 ± 0.85a 5.10 ± 0.69a 3.21 ± 0.08a

A50 3.36 ± 0.47b 3.91 ± 0.42ab 3.21 ± 0.38a

A10 3.24 ± 0.37b 2.97 ± 0.50b 3.58 ± 0.24a

Data are shown as mean ± standard deviation of mean (n = 3–4). Superscripts
indicate significant difference at p≤ 0.05 level within each drought treatment group.

(Figure 5). When data were pooled together, a curvi-linear
relationship was found between the percentage recovery of Amax
and gs. These two variables were linearly related up to 70%
recovery of Amax, with a slope of 1.38. In addition, recovery of
Amax was also linearly related to Vcmax (r2 = 0.91, p < 0.001) and

Jmax (r2 = 0.77, p < 0.001), with the slope of the linear regression
being 0.94 and 0.97, respectively.

DISCUSSION

We applied different levels of drought stress and measured plant
carbohydrates, gas exchange, plant water status and growth,
to investigate the influences of antecedent drought conditions
on the response of plants during subsequent drought stress
and recovery dynamics. Although photosynthesis, growth and
the form of leaf carbohydrate varied across different levels
of antecedent drought treatment, total NSC content did not
vary. During subsequent drought stress, plants that experienced
antecedent drought conditions (i.e., A50 and A10) were less
affected compared with the control (i.e., A100) in terms of
carbon assimilation, maximum rate of Rubisco carboxylation and
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FIGURE 5 | The relationships between maximum photosynthetic rate (Amax) and stomatal conductance [gs, panel (A)], maximum carboxylation rate of Rubisco
[Vcmax, panel (B)] and maximum electron transport rate (C) during the recovery phase. All traits are expressed as the percentage of maximum relative to the values
before drought treatment was applied. Error bars indicate standard error of mean (n = 3–4). Data are pooled across all drought treatment groups and are fitted with
nonlinear [(A) y = 28.86 In(x) – 25.57, R2 = 0.95] or linear regressions [(B) y = 0.94x – 22.74, R2 = 0.91; and (C) y = 0.97x – 19.46, R2 = 0.78] when possible.
Shaded regions surrounding fitted lines represent 95% confident interval.

electron transport. Post-drought recovery of leaf photosynthesis
was controlled by both stomatal and non-stomatal limitation.
Importantly, time to recovery was dependent on both antecedent
drought conditions and the severity of subsequent drought
stress, with faster physiological recovery in antecedent plants
compared to controls observed only when plants had been
exposed to the more severe drought treatment. Overall, we
found that antecedent drought conditions altered the response
of leaf carbon assimilation to ensuing water limitation and
resumption in E. camaldulensis, suggesting that both drought
resistance and resilience are dependent on the exposure of plants
to historical drought events.

Variation of Leaf Carbohydrate Content
During Sustained Drought
Greater reductions in growth relative to photosynthesis will
theoretically lead to carbohydrate accumulation (Chapin et al.,
1990; Sala et al., 2012; Piper et al., 2017). However, experimental
evidence regarding the impact of drought on leaf carbohydrate
content is inconsistent (Klein et al., 2014; Martínez-Vilalta et al.,
2016; Chuste et al., 2020; He et al., 2020). For example, leaves
of Eucalyptus saligna seedlings exposed to drought exhibited
higher NSC content compared to well-watered controls (Ayub
et al., 2011), whereas an opposite pattern was observed in
leaves of Eucalyptus globulus and Eucalyptus smithii (Duan
et al., 2013; Mitchell et al., 2013). In the present study, growth
nearly ceased while leaf photosynthesis continued during the
phase of antecedent drought treatment, yet total NSC content
remained stable across treatment groups (Figure 1), similar
to the findings reported by Klein et al. (2014) in branches
of Pinus halepensis subjected to drought. The lack of change
in NSC content during drought may emerge due to several
reasons. Firstly, the total NSC content can vary markedly among
organs (He et al., 2020); therefore, the NSC content of a single
organ does not comprehensively reflect drought-induced changes

in whole plant carbon reserve, although it can be driven by
one organ (e.g., Duan et al., 2013). Secondly, the carbohydrate
content may be influenced by the duration of drought exposure.
For example, initially accumulated carbohydrate due to growth
cessation may be depleted due to increased rates of other carbon-
consuming metabolic processes such as respiration or synthesis
of compatible osmolytes, as drought stress proceeds (Flexas et al.,
2005; Tomasella et al., 2020).

Although total NSC content was not affected by drought, the
relative contribution of soluble sugar and starch content to NSC
was consistent with the findings of earlier studies (He et al.,
2020). It has been shown that the depolymerization of starch
into soluble sugar during drought stress will facilitate osmotic
regulation, thereby lowering the risk of hydraulic impairment
by increasing water acquisition (Trifilò et al., 2017; Tomasella
et al., 2020). The concomitant increase in soluble sugar and
decrease in starch, therefore reflects the shift in the functionality
of carbohydrate from growth to maintenance, in which starch
primarily acts as carbon reserve while soluble sugar performs
immediate metabolic functions (Martínez-Vilalta et al., 2016).

Antecedent Drought Condition Promotes
Drought Resistance of Photosynthesis
Our second hypothesis was partially supported by the
observation that leaf Amax was generally higher in plants
exposed to antecedent drought conditions, and then exposed
to subsequent drought. The smaller reduction in Amax was
attributed to the biochemical components of photosynthesis
rather than gas exchange, as gs did not differ across levels
of drought stress in plants exposed to antecedent drought
(Figure 2). On the other hand, biochemical components of
photosynthesis can also acclimate to drought. With respect to
Rubisco carboxylation, it has been reported that water limitation,
although uncommon, can increase the catalytic efficiency of
Rubisco by increasing either the amount of enzyme or activation

Frontiers in Forests and Global Change | www.frontiersin.org 9 September 2021 | Volume 4 | Article 70447097

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-704470 August 26, 2021 Time: 12:29 # 10

Li et al. Antecedent Condition Affects Drought Response

state (Galmés et al., 2013; Menezes-Silva et al., 2017). Likewise,
in some species, an increased electron transport rate has been
found in leaves exposed to drought (Kitao et al., 2003), although
the functional significance of the adjustment is unclear, given
that photosynthesis is rarely limited by RuBP regeneration
under drought stress.

Recovery Is Co-limited by Stomatal and
Non-stomatal Limitation
The decreased gs, Vcmax, and Jmax relative to their pre-
stress values, in conjunction with the correlations between the
percentage recovery of Amax and these components, indicate
stomatal and non-stomatal limitation of photosynthesis during
both drought stress and post-drought recovery phase (Figure 2).
Noticeably, after the resumption of irrigation, although the
recovery of Amax was associated with recovery of both gs and
biochemical components, the slope of the Amax – gs relationship
was much steeper than the slope of the Amax – Vcmax or Amax –
Jmax relationship, up to ca. 70% of full recovery (Figure 5);
hence, the initial phase and major fraction of the full recovery
of Amax was primarily driven by the restoration of gs. It
has been suggested that drought induced down-regulation of
leaf photosynthesis is mainly attributed to diffusive limitation
rather than biochemical limitation (Flexas et al., 2004, 2006b).
However, down-regulation of photosynthesis due to decreased
Vcmax caused by inactivation of Rubisco and RuBP content
have been reported in a number of species (Parry et al., 2002;
Carmo-Silva et al., 2010; Galmés et al., 2013). It is likely that
the occurrence of biochemical limitation depends on the strength
of water limitation. For instance, decreased Vcmax or Jmax only
emerged when drought stress was severe and gs approached
very low values, approximately 20% of the control (Flexas
et al., 2004), suggesting that decreased biochemical efficiency of
photosynthesis may have limited the recovery of photosynthesis
as the highest gs accounted for ca. 14% of the pre-stressed
value even for plants subjected to the mildest drought stress
(i.e., −3.5 MPa). Nonetheless, it could be argued that decreased
biochemical function could be an artifact due to drought-
induced reduction in mesophyll conductance (gm). Indeed, Vcmax
remains unaffected by water stress when the resistance of gm
to CO2 diffusion is accounted for when calculating Rubisco
carboxylation rate from response curves (Flexas et al., 2006a,
2008). However, by accounting for gm, Zhou et al. (2014) found
that both diffusive and biochemical limitation can contribute
to down-regulation of photosynthesis during drought in a wide
range of species, including E. camaldulensis; e.g., Vcmax can
decrease by 50% at −2.0 MPa, regardless of the variation in the
value of gm under drought. Still, further work is clearly needed to
confirm our observation by assessing the potential effects of gm on
the measurement of biochemical components of photosynthesis,
using plants subjected to the same drought treatment.

Recovery From Drought Depends on
Antecedent Condition and Severity
Shorter T1/2 for Amax and gs was found in seedlings exposed
to antecedent drought conditions, which apparently generated
drought-induced acclimation of photosynthesis, although the

difference in T1/2 for Amax at −3.5 MPa was less pronounced
between well-watered control and plants exposed to antecedent
drought treatment. Notably, A10 and A50 plants exhibited
similar t1/2 for both Amax and gs at less negative water
potentials (i.e., −3.5 and −4.5 MPa), while the time for
recovery diverged at −5.0 MPa. Hence, increasing the level of
antecedent drought conditions would not consistently confer
rapid recovery, especially when subsequent drought stress was
severe (Figure 4), suggesting an interaction between the intensity
of consecutive drought conditions. Overall, trees exposed to
more severe drought stress typically need longer T1/2. This
finding is consistent with early studies showing that the time
required for recovery is dependent on the severity of drought
stress (Blackman et al., 2009; Brodribb and Cochard, 2009).
Given that the subsequent drought stress was designed to reduce
KLeaf, a mechanistic explanation bridging the time to recovery
and drought severity may be the following: that the greater the
impairment of KLeaf, the longer it would take Amax and gs to
fully recover, thereby delaying whole plant recovery. Of note, two
implicit assumptions behind this interpretation are: (a) recovery
of leaf photosynthesis is driven by the alleviation of stomatal
limitation; and (b) the recovery dynamics of gs are primarily
governed by the recovery in KLeaf. As has been discussed above,
stomatal limitation played a major role in limiting the recovery of
photosynthesis during the recovery phase. On the other hand, it
is known that the stomatal openness highly depends on leaf water
status, which is a function of KLeaf at a given stem-to-leaf water
potential gradient. In support, the variation of KLeaf has been
found to synchronize with that of gs at diurnal scales (Brodribb
and Holbrook, 2004) and the restoration of leaf gas exchange has
been facilitated by the recovery of KLeaf following drought stress
(Galmés et al., 2007; Skelton et al., 2017). In the current study, the
recovery of gs was slower as drought stress and in turn hydraulic
impairments intensified, which is consistent with the established
theory linking plant hydraulics and gas exchange.

CONCLUSION

Our findings demonstrate that antecedent drought conditions
may modify leaf biochemistry and physiology, which can be
translated into different responses upon subsequent drought
stress and recovery dynamics, following the alleviation of water
limitation. Antecedent drought triggered an increase in soluble
sugar content, which may have facilitated the recovery of
water status by osmotic regulation and the maintenance of
hydraulic integrity by lowering the vulnerability to embolism (De
Baerdemaeker et al., 2017). The recovery of carbon assimilation
was ultimately limited by decreased gas exchange capacity
because of hydraulic impairment, which depended on the severity
of the subsequent drought. Growth following re-watering was
limited by the lack of carbon reserves, thus highlighting the
importance of plant hydraulics and carbohydrates in regulating
plant drought resistance and resilience. Overall, the response
of plants to drought stress appears to be a function of the
antecedent conditions and the subsequent drought, which should
be considered in combination when assessing the response of
plants to drought.

Frontiers in Forests and Global Change | www.frontiersin.org 10 September 2021 | Volume 4 | Article 70447098

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-704470 August 26, 2021 Time: 12:29 # 11

Li et al. Antecedent Condition Affects Drought Response

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

DT and CB conceived and designed the research and revised the
manuscript. JW and JB conducted the experiments. XL analyzed

the data and wrote the early draft of the manuscript. All authors
read and approved the manuscript.

FUNDING

The project was funded by the Science and Industry Endowment
Fund (RP04-122) and XL was supported by the Innovation team
in Ecology of Minzu University of China (2020CXTD).

REFERENCES
Anderegg, W. R., Trugman, A. T., Badgley, G., Konings, A. G., and Shaw, J. (2020).

Divergent forest sensitivity to repeated extreme droughts. Nat. Clim. Chang. 10,
1091–1095. doi: 10.1038/s41558-020-00919-1

Ayub, G., Smith, R. A., Tissue, D. T., and Atkin, O. K. (2011). Impacts of drought
on leaf respiration in darkness and light in Eucalyptus saligna exposed to
industrial-age atmospheric CO2 and growth temperature. New Phytol. 190,
1003–1018. doi: 10.1111/j.1469-8137.2011.03673.x

Blackman, C. J., Brodribb, T. J., and Jordan, G. J. (2009). Leaf hydraulics and
drought stress: response, recovery and survivorship in four woody temperate
plant species. Plant Cell Environ. 32, 1584–1595. doi: 10.1111/j.1365-3040.2009.
02023.x

Brodribb, T., and Holbrook, N. M. (2004). Diurnal depression of leaf hydraulic
conductance in a tropical tree species. Plant Cell Environ. 27, 820–827. doi:
10.1111/j.1365-3040.2004.01188.x

Brodribb, T. J., and Cochard, H. (2009). Hydraulic failure defines the recovery
and point of death in water-stressed conifers. Plant Physiol. 149, 575–584.
doi: 10.1104/pp.108.129783

Brodribb, T. J., and Holbrook, N. M. (2003). Stomatal closure during leaf
dehydration, correlation with other leaf physiological traits. Plant Physiol. 132,
2166–2173. doi: 10.1104/pp.103.023879

Brodribb, T. J., Powers, J., Cochard, H., and Choat, B. (2020). Hanging by a thread?
Forests and drought. Science 368, 261–266.

Butcher, P., McDonald, M., and Bell, J. (2009). Congruence between environmental
parameters, morphology and genetic structure in Australia’s most widely
distributed eucalypt, Eucalyptus camaldulensis. Tree Genet. Genomes 5, 189–
210. doi: 10.1007/s11295-008-0169-6

Carmo-Silva, A. E., Keys, A. J., Andralojc, P. J., Powers, S. J., Arrabaça, M. C.,
and Parry, M. A. (2010). Rubisco activities, properties, and regulation in three
different C4 grasses under drought. J. Exp. Bot. 61, 2355–2366. doi: 10.1093/jxb/
erq071

Chapin, F. S. III, Schulze, E., and Mooney, H. A. (1990). The ecology and economics
of storage in plants. Annu. Rev. Ecol. Evol. Syst. 21, 423–447. doi: 10.1146/
annurev.es.21.110190.002231

Choat, B., Brodribb, T. J., Brodersen, C. R., Duursma, R. A., Lopez, R., and Medlyn,
B. E. (2018). Triggers of tree mortality under drought. Nature 558, 531–539.
doi: 10.1038/s41586-018-0240-x

Chuste, P. A., Maillard, P., Bréda, N., Levillain, J., Thirion, E., Wortemann, R., et al.
(2020). Sacrificing growth and maintaining a dynamic carbohydrate storage
are key processes for promoting beech survival under prolonged drought
conditions. Trees 34, 381–394. doi: 10.1007/s00468-019-01923-5

Dai, A. (2013). Increasing drought under global warming in observations and
models. Nat. Clim. Chang. 3, 52–58. doi: 10.1038/nclimate1633

De Baerdemaeker, N. J., Salomón, R. L., De Roo, L., and Steppe, K. (2017). Sugars
from woody tissue photosynthesis reduce xylem vulnerability to cavitation. New
Phytol. 216, 720–727. doi: 10.1111/nph.14787

Doody, T. M., Colloff, M. J., Davies, M., Koul, V., Benyon, R. G., and Nagler, P. L.
(2015). Quantifying water requirements of riparian river red gum (Eucalyptus
camaldulensis) in the Murray-Darling Basin, Australia-implications for the
management of environmental flows. Ecohydrology 8, 1471–1487. doi: 10.1002/
eco.1598

Duan, H., Amthor, J. S., Duursma, R. A., O’grady, A. P., Choat, B., and Tissue,
D. T. (2013). Carbon dynamics of eucalypt seedlings exposed to progressive

drought in elevated [CO2] and elevated temperature. Tree Physiol. 33, 779–792.
doi: 10.1093/treephys/tpt061

Duursma, R. A. (2015). Plantecophys-an R package for analysing and modelling
leaf gas exchange data. PLoS One 10:e0143346. doi: 10.1371/journal.pone.
0143346

Flexas, J., Barón, M., Bota, J., Ducruet, J. M., Gallé, A., Galmés, J., et al. (2009).
Photosynthesis limitations during water stress acclimation and recovery in the
drought-adapted Vitis hybrid Richter-110 (V. berlandieri×V. rupestris). J. Exp.
Bot. 60, 2361–2377. doi: 10.1093/jxb/erp069

Flexas, J., Bota, J., Galmes, J., Medrano, H., and Ribas-Carbó, M. (2006a). Keeping a
positive carbon balance under adverse conditions: responses of photosynthesis
and respiration to water stress. Physiol. Plant 127, 343–352. doi: 10.1111/j.1399-
3054.2006.00621.x

Flexas, J., Bota, J., Loreto, F., Cornic, G., and Sharkey, T. (2004). Diffusive and
metabolic limitations to photosynthesis under drought and salinity in C3 plants.
Plant Biol. 6, 269–279. doi: 10.1055/s-2004-820867

Flexas, J., Galmes, J., Ribas-Carbo, M., and Medrano, H. (2005). “The effects of
water stress on plant respiration,” in Plant Respiration, eds H. Lambers and M.
Ribas-Carbo (Dordrecht: Springer), doi: 10.1007/1-4020-3589-6_6

Flexas, J., Ribas-Carbó, M., Bota, J., Galmés, J., Henkle, M., Martínez-Cañellas, S.,
et al. (2006b). Decreased Rubisco activity during water stress is not induced
by decreased relative water content but related to conditions of low stomatal
conductance and chloroplast CO2 concentration. New Phytol. 172, 73–82. doi:
10.1111/j.1469-8137.2006.01794.x

Flexas, J., Ribas-Carbo, M., Diaz-Espejo, A., Galmes, J., and Medrano, H. (2008).
Mesophyll conductance to CO2: current knowledge and future prospects. Plant
Cell Environ. 31, 602–621. doi: 10.1111/j.1365-3040.2007.01757.x

Galmés, J., Aranjuelo, I., Medrano, H., and Flexas, J. (2013). Variation in Rubisco
content and activity under variable climatic factors. Photosynth. Res. 117, 73–90.
doi: 10.1007/s11120-013-9861-y

Galmés, J., Flexas, J., Savé, R., and Medrano, H. (2007). Water relations and
stomatal characteristics of Mediterranean plants with different growth forms
and leaf habits: responses to water stress and recovery. Plant Soil 290, 139–155.
doi: 10.1007/s11104-006-9148-6

Gessler, A., Bottero, A., Marshall, J., and Arend, M. (2020). The way back: recovery
of trees from drought and its implication for acclimation. New Phytol. 228,
1704–1709. doi: 10.1111/nph.16703

Granda, E., and Camarero, J. J. (2017). Drought reduces growth and stimulates
sugar accumulation: new evidence of environmentally driven non-structural
carbohydrate use. Tree Physiol. 37, 997–1000. doi: 10.1093/treephys/tpx097

Grassi, G., and Magnani, F. (2005). Stomatal, mesophyll conductance and
biochemical limitations to photosynthesis as affected by drought and leaf
ontogeny in ash and oak trees. Plant Cell Environ. 28, 834–849. doi: 10.1111/
j.1365-3040.2005.01333.x

Hagedorn, F., Joseph, J., Peter, M., Luster, J., Pritsch, K., Geppert, U., et al. (2016).
Recovery of trees from drought depends on belowground sink control. Nat.
Plants 2:16111. doi: 10.1038/nplants.2016.111

He, W., Liu, H., Qi, Y., Liu, F., and Zhu, X. (2020). Patterns in nonstructural
carbohydrate contents at the tree organ level in response to drought duration.
Glob. Chang. Biol. 26, 3627–3638. doi: 10.1111/gcb.15078

Joseph, J., Gao, D., Backes, B., Bloch, C., Brunner, I., Gleixner, G., et al. (2020).
Rhizosphere activity in an old-growth forest reacts rapidly to changes in soil
moisture and shapes whole-tree carbon allocation. Proc. Natl. Acad. Sci. U.S.A.
117, 24885–24892. doi: 10.1073/pnas.2014084117

Frontiers in Forests and Global Change | www.frontiersin.org 11 September 2021 | Volume 4 | Article 70447099

https://doi.org/10.1038/s41558-020-00919-1
https://doi.org/10.1111/j.1469-8137.2011.03673.x
https://doi.org/10.1111/j.1365-3040.2009.02023.x
https://doi.org/10.1111/j.1365-3040.2009.02023.x
https://doi.org/10.1111/j.1365-3040.2004.01188.x
https://doi.org/10.1111/j.1365-3040.2004.01188.x
https://doi.org/10.1104/pp.108.129783
https://doi.org/10.1104/pp.103.023879
https://doi.org/10.1007/s11295-008-0169-6
https://doi.org/10.1093/jxb/erq071
https://doi.org/10.1093/jxb/erq071
https://doi.org/10.1146/annurev.es.21.110190.002231
https://doi.org/10.1146/annurev.es.21.110190.002231
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1007/s00468-019-01923-5
https://doi.org/10.1038/nclimate1633
https://doi.org/10.1111/nph.14787
https://doi.org/10.1002/eco.1598
https://doi.org/10.1002/eco.1598
https://doi.org/10.1093/treephys/tpt061
https://doi.org/10.1371/journal.pone.0143346
https://doi.org/10.1371/journal.pone.0143346
https://doi.org/10.1093/jxb/erp069
https://doi.org/10.1111/j.1399-3054.2006.00621.x
https://doi.org/10.1111/j.1399-3054.2006.00621.x
https://doi.org/10.1055/s-2004-820867
https://doi.org/10.1007/1-4020-3589-6_6
https://doi.org/10.1111/j.1469-8137.2006.01794.x
https://doi.org/10.1111/j.1469-8137.2006.01794.x
https://doi.org/10.1111/j.1365-3040.2007.01757.x
https://doi.org/10.1007/s11120-013-9861-y
https://doi.org/10.1007/s11104-006-9148-6
https://doi.org/10.1111/nph.16703
https://doi.org/10.1093/treephys/tpx097
https://doi.org/10.1111/j.1365-3040.2005.01333.x
https://doi.org/10.1111/j.1365-3040.2005.01333.x
https://doi.org/10.1038/nplants.2016.111
https://doi.org/10.1111/gcb.15078
https://doi.org/10.1073/pnas.2014084117
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-704470 August 26, 2021 Time: 12:29 # 12

Li et al. Antecedent Condition Affects Drought Response

Kannenberg, S. A., Schwalm, C. R., and Anderegg, W. R. (2020). Ghosts of the past:
how drought legacy effects shape forest functioning and carbon cycling. Ecol.
Lett. 23, 891–901. doi: 10.1111/ele.13485

Kitao, M., Lei, T. T., Koike, T., Tobita, H., and Maruyama, Y. (2003). Higher
electron transport rate observed at low intercellular CO2 concentration in long-
term drought-acclimated leaves of Japanese mountain birch (Betula ermanii).
Physiol. Plant 118, 406–413. doi: 10.1034/j.1399-3054.2003.00120.x

Klein, T., Hoch, G., Yakir, D., and Körner, C. (2014). Drought stress, growth and
nonstructural carbohydrate dynamics of pine trees in a semi-arid forest. Tree
Physiol. 34, 981–992. doi: 10.1093/treephys/tpu071

Körner, C. (2015). Paradigm shift in plant growth control. Curr. Opin. Plant Biol.
25, 107–114. doi: 10.1016/j.pbi.2015.05.003

Li, X., Piao, S., Wang, K., Wang, X., Wang, T., Ciais, P., et al. (2020). Temporal
trade-off between gymnosperm resistance and resilience increases forest
sensitivity to extreme drought. Nat. Ecol. Evol. 4, 1075–1083. doi: 10.1038/
s41559-020-1217-3

Martínez-Vilalta, J., Sala, A., Asensio, D., Galiano, L., Hoch, G., Palacio, S., et al.
(2016). Dynamics of non-structural carbohydrates in terrestrial plants: a global
synthesis. Ecol. Monogr. 86, 495–516. doi: 10.1002/ecm.1231

Menezes-Silva, P. E., Sanglard, L. M., Ávila, R. T., Morais, L. E., Martins, S. C.,
Nobres, P., et al. (2017). Photosynthetic and metabolic acclimation to repeated
drought events play key roles in drought tolerance in coffee. J. Exp. Bot. 68,
4309–4322. doi: 10.1093/jxb/erx211

Mitchell, P. J., O’Grady, A. P., Tissue, D. T., White, D. A., Ottenschlaeger, M. L.,
and Pinkard, E. A. (2013). Drought response strategies define the relative
contributions of hydraulic dysfunction and carbohydrate depletion during tree
mortality. New Phytol. 197, 862–872. doi: 10.1111/nph.12064

O’Brien, M. J., Engelbrecht, B. M., Joswig, J., Pereyra, G., Schuldt, B., Jansen, S.,
et al. (2017a). A synthesis of tree functional traits related to drought-induced
mortality in forests across climatic zones. J. Appl. Ecol. 54, 1669–1686. doi:
10.1111/1365-2664.12874

O’Brien, M. J., Ong, R., and Reynolds, G. (2017b). Intra-annual plasticity of
growth mediates drought resilience over multiple years in tropical seedling
communities. Glob. Chang. Biol. 23, 4235–4244. doi: 10.1111/gcb.13658

Ouyang, S. N., Gessler, A., Saurer, M., Hagedorn, F., Gao, D. C., Wang, X. Y.,
et al. (2021). Root carbon and nutrient homeostasis determines downy oak
sapling survival and recovery from drought. Tree Physiol. 41, 1400–1412. doi:
10.1093/treephys/tpab019

Parry, M. A., Andralojc, P. J., Khan, S., Lea, P. J., and Keys, A. J. (2002). Rubisco
activity: effects of drought stress. Ann. Bot. 89, 833–839. doi: 10.1093/aob/
mcf103

Piper, F. I., Fajardo, A., and Hoch, G. (2017). Single-provenance mature conifers
show higher non-structural carbohydrate storage and reduced growth in a drier
location. Tree Physiol. 37, 1001–1010. doi: 10.1093/treephys/tpx061

R Core Team (2013). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing. Available online at: http://
www.R-project.org/

Ruehr, N. K., Grote, R., Mayr, S., and Arneth, A. (2019). Beyond the extreme:
recovery of carbon and water relations in woody plants following heat and
drought stress. Tree Physiol. 39, 1285–1299. doi: 10.1093/treephys/tpz032

Sala, A., and Hoch, G. (2009). Height-related growth declines in ponderosa pine
are not due to carbon limitation. Plant Cell Environ. 32, 22–30. doi: 10.1111/j.
1365-3040.2008.01896.x

Sala, A., Woodruff, D. R., and Meinzer, F. C. (2012). Carbon dynamics in trees:
feast or famine? Tree Physiol. 32, 764–775. doi: 10.1093/treephys/tpr143

Schmitt, A., Trouvé, R., Seynave, I., and Lebourgeois, F. (2020). Decreasing stand
density favors resistance, resilience, and recovery of Quercus petraea trees to a
severe drought, particularly on dry sites. Ann. For. Sci. 77, 1–21. doi: 10.1007/
s13595-020-00959-9

Signori-Müller, C., Oliveira, R. S., de Vasconcellos Barros, F., Tavares, J. V., Gilpin,
M., Diniz, F. C., et al. (2021). Non-structural carbohydrates mediate seasonal
water stress across Amazon forests. Nat. Commun. 12, 1–9. doi: 10.1038/
s41467-021-22378-8

Skelton, R. P., Brodribb, T. J., McAdam, S. A., and Mitchell, P. J. (2017). Gas
exchange recovery following natural drought is rapid unless limited by loss of
leaf hydraulic conductance: evidence from an evergreen woodland. New Phytol.
215, 1399–1412. doi: 10.1111/nph.14652

Stuart-Haëntjens, E., De Boeck, H. J., Lemoine, N. P., Mänd, P., Kröel-Dulay,
G., Schmidt, I. K., et al. (2018). Mean annual precipitation predicts primary
production resistance and resilience to extreme drought. Sci. Total Environ. 636,
360–366. doi: 10.1016/j.scitotenv.2018.04.290

Tomasella, M., Petrussa, E., Petruzzellis, F., Nardini, A., and Casolo, V. (2020).
The possible role of non-structural carbohydrates in the regulation of tree
hydraulics. Int. J. Mol. Sci. 21:144. doi: 10.3390/ijms21010144

Trifilò, P., Casolo, V., Raimondo, F., Petrussa, E., Boscutti, F., Gullo, M. A. L.,
et al. (2017). Effects of prolonged drought on stem non-structural carbohydrates
content and post-drought hydraulic recovery in Laurus nobilis L.: the possible
link between carbon starvation and hydraulic failure. Plant Physiol. Biochem.
120, 232–241. doi: 10.1016/j.plaphy.2017.10.003

Wu, X., Liu, H., Li, X., Ciais, P., Babst, F., Guo, W., et al. (2018). Differentiating
drought legacy effects on vegetation growth over the temperate Northern
Hemisphere. Glob. Chang. Biol. 24, 504–516. doi: 10.1111/gcb.13920

Xu, Z., Zhou, G., and Shimizu, H. (2010). Plant responses to drought and
rewatering. Plant Signal Behav. 5, 649–654. doi: 10.4161/psb.5.6.11398

Zait, Y., Shtein, I., and Schwartz, A. (2019). Long-term acclimation to drought,
salinity and temperature in the thermophilic tree Ziziphus spina-christi:
revealing different tradeoffs between mesophyll and stomatal conductance. Tree
Physiol. 39, 701–716. doi: 10.1093/treephys/tpy133

Zhou, S., Medlyn, B., Sabaté, S., Sperlich, D., and Prentice, I. C. (2014). Short-term
water stress impacts on stomatal, mesophyll and biochemical limitations to
photosynthesis differ consistently among tree species from contrasting climates.
Tree Physiol. 34, 1035–1046. doi: 10.1093/treephys/tpu072

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Li, Bao, Wang, Blackman and Tissue. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Forests and Global Change | www.frontiersin.org 12 September 2021 | Volume 4 | Article 704470100

https://doi.org/10.1111/ele.13485
https://doi.org/10.1034/j.1399-3054.2003.00120.x
https://doi.org/10.1093/treephys/tpu071
https://doi.org/10.1016/j.pbi.2015.05.003
https://doi.org/10.1038/s41559-020-1217-3
https://doi.org/10.1038/s41559-020-1217-3
https://doi.org/10.1002/ecm.1231
https://doi.org/10.1093/jxb/erx211
https://doi.org/10.1111/nph.12064
https://doi.org/10.1111/1365-2664.12874
https://doi.org/10.1111/1365-2664.12874
https://doi.org/10.1111/gcb.13658
https://doi.org/10.1093/treephys/tpab019
https://doi.org/10.1093/treephys/tpab019
https://doi.org/10.1093/aob/mcf103
https://doi.org/10.1093/aob/mcf103
https://doi.org/10.1093/treephys/tpx061
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1093/treephys/tpz032
https://doi.org/10.1111/j.1365-3040.2008.01896.x
https://doi.org/10.1111/j.1365-3040.2008.01896.x
https://doi.org/10.1093/treephys/tpr143
https://doi.org/10.1007/s13595-020-00959-9
https://doi.org/10.1007/s13595-020-00959-9
https://doi.org/10.1038/s41467-021-22378-8
https://doi.org/10.1038/s41467-021-22378-8
https://doi.org/10.1111/nph.14652
https://doi.org/10.1016/j.scitotenv.2018.04.290
https://doi.org/10.3390/ijms21010144
https://doi.org/10.1016/j.plaphy.2017.10.003
https://doi.org/10.1111/gcb.13920
https://doi.org/10.4161/psb.5.6.11398
https://doi.org/10.1093/treephys/tpy133
https://doi.org/10.1093/treephys/tpu072
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-742392 September 14, 2021 Time: 19:52 # 1

MINI REVIEW
published: 20 September 2021
doi: 10.3389/ffgc.2021.742392

Edited by:
Raffaella Balestrini,

Institute for Sustainable Plant
Protection, National Research Council

(CNR), Italy

Reviewed by:
Walter Chitarra,

Council for Agricultural
and Economics Research (CREA),

Italy
Antonella Gori,

University of Florence, Italy

*Correspondence:
Sabine D. Zimmermann

sabine.zimmermann@cnrs.fr

Specialty section:
This article was submitted to

Forest Ecophysiology,
a section of the journal

Frontiers in Forests and Global
Change

Received: 16 July 2021
Accepted: 30 August 2021

Published: 20 September 2021

Citation:
Usman M, Ho-Plágaro T,

Frank HER, Calvo-Polanco M,
Gaillard I, Garcia K and

Zimmermann SD (2021) Mycorrhizal
Symbiosis for Better Adaptation

of Trees to Abiotic Stress Caused by
Climate Change in Temperate

and Boreal Forests.
Front. For. Glob. Change 4:742392.

doi: 10.3389/ffgc.2021.742392

Mycorrhizal Symbiosis for Better
Adaptation of Trees to Abiotic Stress
Caused by Climate Change in
Temperate and Boreal Forests
Muhammad Usman1, Tania Ho-Plágaro1, Hannah E. R. Frank2, Monica Calvo-Polanco3,
Isabelle Gaillard1, Kevin Garcia2 and Sabine D. Zimmermann1*

1 BPMP, CNRS, INRAE, Institut Agro, Université de Montpellier, Montpellier, France, 2 Department of Crop and Soil Sciences,
North Carolina State University, Raleigh, NC, United States, 3 Excellence Unit AGRIENVIRONMENT, Agribiotechnology
Research Institute, University of Salamanca, Salamanca, Spain

Global climate changes have serious consequences on natural ecosystems and
cause diverse environmental abiotic stressors that negatively affect plant growth and
development. Trees are dependent on their symbiosis with mycorrhizal fungi, as the
hyphal network significantly improves the uptake of water and essential mineral nutrients
by colonized roots. A number of recent studies has enhanced our knowledge on
the functions of mycorrhizal associations between fungi and plant roots. Moreover, a
series of timely studies have investigated the impact and benefit of root symbioses on
the adaptation of plants to climate change-associated stressors. Trees in temperate
and boreal forests are increasingly exposed to adverse environmental conditions, thus
affecting their durable growth. In this mini-review, we focus our attention on the role
mycorrhizal symbioses play in attenuating abiotic stressors imposed on trees facing
climatic changes, such as high temperatures, drought, salinity, and flooding.

Keywords: mycorrhizal symbioses, trees, climate change, environmental abiotic stress, high temperature,
drought, salinity, flooding

INTRODUCTION

Plant growth and development are dependent on intimate interspecific interactions and
co-adaptation between plant species and soil microorganisms, and will be increasingly affected
by environmental and climatic changes (van der Putten, 2012; Steidinger et al., 2019; Suz et al.,
2021; Van Nuland et al., 2021). Trees, requiring sustained growth in fluctuating environmental
conditions, are particularly vulnerable to increasing stress. Functional plant-microbe interactions
are determinant drivers for plant adaptation to environmental stressors, among them severe and
frequent climate-caused factors (Gehring et al., 2017; Lau et al., 2017). Such increasing abiotic
stress conditions include high temperature waves associated with increasing solar radiation (Teskey
et al., 2015), intensifying periods of drought (Cook et al., 2018), high levels of salinity (Corwin,
2021), and unpredictable events of flooding (Alfieri et al., 2017; Tabari, 2020; Figure 1A). Often,
these conditions are tightly connected to poor soils with nutrient shortages. In temperate and
boreal forest ecosystems, belowground beneficial interactions with plant roots are dominated by
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FIGURE 1 | Mycorrhizal fungi alleviate climate change-linked abiotic stress affecting tree growth in temperate and boreal forests. (A) Trees are affected by increasing
abiotic stress linked to climate change such as high temperatures, drought, salt stress, and flooding. (B) However, tree-associated mycorrhizal (ECM,
ectomycorrhizal and AM, arbuscular mycorrhizal) fungi improve plant water and mineral nutrition (among them potassium K+) and help to adapt to stressful
environmental conditions (among them elevated sodium Na+ in saline conditions).

mycorrhizal symbioses. Trees are dependent on mycorrhizal
fungi because they rely on the hyphal network, extending the
root area of exploration beyond the rhizosphere, to increase the
acquisition of essential macro- and microelements and water by
colonized roots (Smith and Read, 2010; Becquer et al., 2019; Xu
and Zwiazek, 2020).

Aside from the well described contribution to plant nutrition
(Garcia et al., 2016, 2020), these root-associated beneficial
symbionts are expected to improve the ability of their host trees
to adapt to the stressor associated with climate change (Classen
et al., 2015; van der Linde et al., 2018). Ectomycorrhizal (ECM)
and arbuscular mycorrhizal (AM) fungi are widely associated
with trees in natural forests and plantations (Figure 1B). ECM
fungi, interacting with 60% of all trees (Steidinger et al., 2019)
form a fungal sheath around fine roots, thus protecting the plant
root and mediating direct interactions with the soil. AM fungi are
more present in tropical environments than temperate and boreal
forests, but do interact with several tree species, such as poplars
(Fang et al., 2020), alders (Kilpeläinen et al., 2019), eucalyptus
(Adjoud et al., 1996), or olive trees (Calvo-Polanco et al., 2016).

Herewith, we summarize recent reports on the role
mycorrhizal symbioses play in tree growth and survival
under increasingly prevalent climate change-driven abiotic stress
conditions in temperate and boreal forests. In particular, we focus
on publications, mainly from last few years, concerning those
stressors that pose the most significant and increasing threat,
namely high temperatures, drought, salinity, and flooding.

PLANT TOLERANCE TO ABIOTIC
STRESS MEDIATED BY MYCORRHIZAL
INTERACTIONS

Global climate change is primarily described by quantification of
CO2 rise causing increase of mean temperatures. Other abiotic
stresses, such as drought, salt stress or flooding, are tightly linked
and affect plants and associated microorganisms (Figure 1).
Whether CO2 rise will affect mycorrhizal tree symbioses in an
indirect way by more carbon uptake (Godbold et al., 1997),
other consequential stressors deteriorating plant growth might be
alleviated by beneficial microbial root associations.

Increasing Temperatures
Frequency and intensity of high temperatures are increasing
due to global warming. It can result in irreversible damages
for many tree species, altering their growth and production,
and sometimes leading to mortality (Teskey et al., 2015).
To date, minimal research has explicitly explored the role of
mycorrhizal fungi in heat stress alleviation in trees. Indeed, most
studies have focused primarily on how increasing temperatures
affect tree and fungal populations individually (Deslippe et al.,
2011; Morgado et al., 2015; Treseder et al., 2016). However,
the impacts of climate change on tree, fungal, and ecosystem
health are connected and interdependent, and mycorrhizal fungi
can also be directly affected by increasing soil temperatures
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(Kipfer et al., 2010; Gavito and Azcón–Aguilar, 2012). Higher
temperatures can lower a tree’s photosynthetic activity, thereby
limiting its growth and reducing carbon allocation to its ECM
symbionts (Fernandez et al., 2017). Recently, Song et al. (2015)
examined fungal partner changes in reaction to heat stress
in two tree species, Douglas fir (Pseudotsuga menziesii) and
ponderosa pine (Pinus ponderosae), and found that defoliation
of the former resulted in stress signaling and resource sharing
to the latter. In response to defoliation from heat and insect
stress, photosynthetic carbon from P. menziesii was transferred
to P. ponderosae plants via shared mycorrhizal networks (Song
et al., 2015). Mueller et al. (2019) investigated growth-promoting
effects of mature tree mortality on seedlings of pinyon pines
and revealed increases in plant growth after mature trees died,
and saw no significant loss of seedling establishment. One
reason for this could be the inoculum of ECM symbionts
provided by the older trees that the seedlings can utilize for
acquiring the newly available resources. This indicates the
importance of ECM communities in promoting the success
of further generations, even as tree life expectancy may be
cut short, as well as their role in promoting growth of other
species following mortality. On the other hand, this ecosystem
service depends on the presence of compatible species, and
mortality from increasing temperatures simultaneous with heat-
induced fungal community shifts, may threaten this resilience.
Indeed, Fernandez et al. (2017) reported fungal taxonomic
changes as a result of warming temperatures. An increased
reliance on Ascomycetes and fungi that provided optimum
benefits as photosynthesis capacity decreased was observed
(Fernandez et al., 2017).

From these observations, it seems imperative that more
research is conducted to understand how the positive effects
conferred by mycorrhizal fungi will help host trees tackle
the upcoming climatic variability. In particular: (i) identifying
how ECM fungal communities will evolve, (ii) determining
which tree-fungus combinations will be better adapted, and
(iii) characterizing the underlying molecular mechanisms in
both plant and fungi that prevent deleterious effects triggered
by rising soil and ambient temperatures, could be promising
ways to explore. Indeed, plant and ecosystem health are
facing the pressure of changing global temperatures and
will continue to do so to a greater extent in coming
years. The respective success of each plant and microbial
populations is integral in the success of the other, and
further research into how ECM and AM fungi alleviate plant
stress to climate change could shed light on how these
interdependencies may provide ecosystem resilience through
temperature increases.

Drought
Drought stress, partly linked to high temperatures, is one
of the major abiotic stressors caused by climate change, and
contributes to forest decline at a global level (Choat et al., 2012).
Soil water deficiencies diminish plant physiological processes,
including photosynthesis, enzyme structure, nutrient uptake and
transport, and hormone balancing. This results in the triggering
of other stressors such as nutritional, osmotic and oxidative

stress. At the belowground level, roots have developed a variety of
strategies to avoid and tolerate drought conditions, including root
biomass adjustments, anatomical alterations and physiological
acclimation, and interaction with mycorrhizal fungi.

Different mechanisms have been suggested for the
improvement of plant drought tolerance by mycorrhizas.
The most obvious direct mechanism to cope with water
shortage is the increase of the absorbing surface in the soil
through the development and ramification of an extraradical
mycelium (Bogeat-Triboulot et al., 2004; Ruth et al., 2011;
Zhang et al., 2018). Mycorrhizal fungi improve soil aggregate
stability thanks to the structure of the hyphal network
which, as part of the soil matrix, directly contributes to the
formation and maintenance of soil water-macroaggregates
(Ji et al., 2019), providing a better infiltration and storage
of water. In the case of AM fungi, another well-identified
mechanism that improves soil aggregate stability by carbon
sequestration is the release of the glycoprotein glomalin by
the fungus acting as soil-superglue (Kumar Singh et al., 2020;
Cheng H. Q. et al., 2021).

Mycorrhizal colonization also has the ability to modify the
root architecture to both enhance soil aggregate stability and
increase the water and nutrient absorbing surface area, especially
under drought conditions. For example, several studies in
trifoliate orange suggested that mycorrhizal trees possess greater
root hair growth to tolerate drought stress (Wu et al., 2016; Zou
et al., 2017; Liu et al., 2018; Zhang et al., 2019). ECM fungi
are reported to trigger structural changes in the root system of
poplar trees by inducing lateral root formation (Felten et al.,
2009; Wu et al., 2012). Finally, the modulation of root water
transport under drought conditions in mycorrhizal plants has
been commonly attributed to the aquaporin-mediated transport,
as mycorrhizal colonization has been often shown to affect plant
aquaporin gene expression (Calvo-Polanco et al., 2016, 2019;
He et al., 2020).

In addition to the increased water uptake, mycorrhizal
symbioses can indirectly improve nutrient acquisition under
drought (Lehto and Zwiazek, 2011; Ouledali et al., 2018; Behrooz
et al., 2019; Boutasknit et al., 2020). This is not only due to
the increased absorption area of mycorrhizal roots, but also
to factors such as the improved secretion of phosphatase to
the soil, either directly by the extraradical hyphae as described
for Rhizophagus clarus (Sato et al., 2019), or by stimulating
the exudation of root phosphatase as observed in mycorrhizal
citrus trees (Cheng H. Q. et al., 2021). These mechanisms
could stimulate the decomposition and acquisition of organic
orthophosphate and might thus partially alleviate the plant
responses to drought stress.

Finally, mycorrhizal symbiosis also triggers numerous
biochemical and physiological modifications in the plants that
enhance plant drought tolerance. For example, some reports exist
about the enhanced production of enzymatic (He et al., 2020;
Huang et al., 2020) and non-enzymatic (Essahibi et al., 2018)
antioxidants in mycorrhizal trees such as carob, trifoliate orange
and apple trees under drought conditions. These enzymes and
compounds may decrease the oxidative damage in the structure
of carbohydrates, lipids, proteins, and DNA that result from

Frontiers in Forests and Global Change | www.frontiersin.org 3 September 2021 | Volume 4 | Article 742392103

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-742392 September 14, 2021 Time: 19:52 # 4

Usman et al. Mycorrhizal Symbiosis Under Climate Change

prolonged drought exposure. It has also been suggested that
mycorrhizal symbiosis has the potential to lower the osmotic
damage through the accumulation of soluble sugars and proline
(Yin et al., 2018; Behrooz et al., 2019; Boutasknit et al., 2020;
Huang et al., 2020; Wang et al., 2021). Similarly, the water-use
efficiency is in most cases improved in colonized plants, as
observed in AM poplar and in ECM pine and oak trees exposed
to drought (Li L. et al., 2021; Li M. et al., 2021; Li Y. et al., 2021).
This could be related to a better modulation of stomata closure
and abscisic acid concentration and signaling (Wang et al., 2017;
Ouledali et al., 2018; Chen et al., 2020).

Salt Stress
Climate change-associated salinity stress causes land degradation,
decreased crop yields, and afforestation, thus severely impacting
the global economy (Leisner, 2020; Zandalinas et al., 2021). In
addition, due to deep changes in environmental conditions and
the expansion of irrigated land (>20% worldwide), the negative
impact of salinity is considerably increasing and will continue
to do so (Yuan et al., 2016). Excessive sodium (Na+) in soil
competes for potassium (K+) uptake by plant roots due to
ion similarity (Liang et al., 2018; Wu, 2018). Moreover, within
the cytoplasm, Na+ has toxic effects on cellular functions and
enzyme activation. Several endangered tree species (Bothe et al.,
2010) evolved adaptations (Kijowska-Oberc et al., 2020), such as
the exclusion or accumulation of the excess of Na+ within the
different plant tissues (Ottow et al., 2005; Thiem et al., 2018), the
control of transpiration (Negrão et al., 2017), or the increase of
vessel frequencies (Janz et al., 2012).

Although many plant species have evolved salt tolerance
mechanisms, interaction with soil microorganisms, and
particularly mycorrhizal fungi, can greatly improve plant
growth and development under saline conditions (Weissenhorn,
2002; Yi et al., 2008; Yang et al., 2014; Hrynkiewicz et al.,
2015; Zwiazek et al., 2019; Klinsukon et al., 2021). Improved
water (Lee et al., 2010) and nutrient (Li et al., 2012) uptake,
as well as the exclusion of Na+ from roots and, consequently,
shoots by mycorrhizal fungi are mechanisms that have been
proposed to contribute to salt stress tolerance in colonized trees
(Guerrero-Galán et al., 2019).

Improved acquisition of K+ as an essential macroelement by
AM and ECM fungi (Garcia and Zimmermann, 2014; Frank
and Garcia, 2021) helps maintain a desirable K+/Na+ ratio.
By contrast, the mobilization of Na+ and chloride (Cl−) by
plant roots was attenuated by the presence of mycorrhizal
fungi, particularly under salt stress (Giri et al., 2007; Calvo-
Polanco et al., 2008; Hrynkiewicz et al., 2015; Garcia et al.,
2017; Hashem et al., 2018; Abdelhamid et al., 2019). To
elude the translocation of excessive Na+ in photosynthetic
organs, plants have adopted mechanisms to store Na+ in
intraradical mycelium or in root cell vacuoles (Acosta-Motos
et al., 2020). Moreover, defense mechanisms using antioxidant
enzymes in plants might be improved by AM symbiosis
lifting up their activities to mitigate salt stress, like catalase,
peroxidase, glutathione reductase, superoxide dismutase, and
ascorbate peroxidase. Ait-El-Mokhtar et al. (2019) demonstrated
this mechanism when Phoenix dactylifera L. was colonized

by AM fungi in salt stress conditions. Improvement of
physiological plant parameters by AM and ECM symbioses
has been shown by several studies in recent years, however,
mechanisms have been discussed mainly for AM symbioses
in non-woody plants (Porcel et al., 2012; Evelin et al., 2019).
In trees, Behmanesh et al. (2019) reported that pistachio
seedlings (Pistacia vera L.) inoculated by Rhizophagus irregularis
(formerly Glomus intraradices) and Glomus mosseae displayed
improved vegetative growth, chlorophyll contents, and less
deposition of Na+ in shoots as compared to non-inoculated
seedlings. Similar findings were reported by Frosi et al.
(2018), when Cenostigma pyramidale was inoculated with AM
fungi Acaulospora longula and Claroideoglomus etunicatum.
Increases in shoot dry weight and chlorophyll contents, and
less accumulation of Na+ and Cl− in photosynthetic organs
were reported. Salt tolerance of almond rootstocks was increased
by the AM fungi R. intraradices and Funneliformis mosseae
through the improvement of diverse physiological parameters
like chlorophyll, soluble sugars and proline content, osmotic
parameters, and increased activity of antioxidant enzymes
(Shahvali et al., 2020).

Likewise, several studies have shown improved salt tolerance
in ECM trees as in white spruce in association with Hebeloma
crustuliniforme (Muhsin and Zwiazek, 2002). When Coccoloba
uvifera L., inoculated by Scleroderma bermudense, was grown
in up to 500 mM of salt, the plants exhibited improved growth,
water uptake, and shoot phosphorus and K+ concentrations,
while the upward movement of Na+ and Cl− ions was
limited in comparison to non-inoculated plants (Bandou
et al., 2006). Improved ECM-driven uptake of essential
nutrients along with water was observed in poplar roots
colonized by Paxillus involutus under saline conditions
(Luo et al., 2011). Involvement of aquaporin-mediated
water transport was shown in jack pine in association with
Suillus tomentosus (Lee et al., 2010). A recent study revealing
improved growth of Alnus glutinosa when inoculated by
the ECM strain P. involutus OW-5 under saline conditions,
showed proline accumulation in plant tissues that acts as an
endogenous osmotic regulator to tolerate salt stress effects
(Thiem et al., 2020).

Altogether, mechanisms behind plant salt tolerance in AM and
ECM symbiosis are rather complex, including several direct and
indirect effects, and need further studies.

Flooding
Extreme precipitation and floods are expected to intensify due
to climate change (Alfieri et al., 2017; Tabari, 2020), with
consequences in the structure, function and production of forest
ecosystems, and their interactions with soil microorganisms
(Barnes et al., 2018). The adaptation of plants to flooding is
dependent on the accumulation of ethylene within the plant
tissues (Reynoso et al., 2019). In the most tolerant species,
plants display extensive morphological modifications, such as
the formation of aerenchyma (Sou et al., 2021) and adventitious
roots, the reduction of the endodermis (Calvo-Polanco et al.,
2012; Voesenek and Bailey-Serres, 2015), and the formation of
hypertrophied lenticels (Fougnies et al., 2007).
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In addition to these plant adaptations, the associated
microbiome is crucial. The tolerance of mycorrhizal fungal
species to flooding varies according to their host tree species and
the severity and length of the stress (Lodge, 1989; Yang et al.,
2016; Barnes et al., 2018; Johnson, 2018). In general, AM fungi
are believed to be more present in waterlogged environments
than ECM fungi, as they have been shown to survive anaerobic
conditions due to the presence of well-developed aerenchyma
in the roots (Wang et al., 2010). However, recent studies have
determined that ECM also display a certain degree of resilience
dependent on the species (Cho et al., 2021). Differences between
hydrophobic and hydrophilic ECM fungi have been observed
(Barnes et al., 2018), and several fungal species recovered after
long periods of waterlogged field conditions (Thomas, 2021),
as was shown for Thelephora terrestris, Laccaria laccata, and
H. crustuliniforme (Stenström, 1991).

The few studies on AM trees under flood conditions are
related to improving growth and development (e.g., citrus, peach,
or trifoliate orange trees) by acting on the phosphorus and
nitrogen acquisition (Neto et al., 2006; Fougnies et al., 2007; Wu
et al., 2012; Zou et al., 2014; Zheng et al., 2020) and on the
expression of aquaporins (Cheng X. F. et al., 2021). Even that it
is commonly known that ethylene accumulation within the plant
tissues is one of the main responses of plants to waterlogged
conditions, this information on mycorrhizal trees is largely
lacking. Only one study reported for mycorrhizal tomato plants
showed that AM fungi reduced root ethylene concentrations,
while improving their water status through the action of fungal
and tomato aquaporins and the regulation of ACC synthase and
oxidase genes (Calvo-Polanco et al., 2014).

In conclusion, there is immense potential to improve our
knowledge on how mycorrhizal fungi help trees to cope with
flooding events, and their effect in the main mechanism of
ethylene regulation for the initial sensing of flood, that involves
the oxygen-dependent degradation of group VII Ethylene
Response Factor transcription factors and Plant Cysteine Oxidase
enzymes (van Dongen and Licausi, 2015). This information
will contribute to the development of new technologies and
management procedures to overcome flood stress in agricultural
and forestry settings.

CONCLUSION

Overall, mycorrhizal fungi have the potential to conserve
and restore temperate and boreal forest ecosystems and to
maintain sustainable forestry crops under stress due to global
changes (Bothe et al., 2010; Field et al., 2020; Li et al.,
2020). Numerous studies have shown improved tolerance of
mycorrhizal trees to numerous abiotic stresses, such as high
temperatures, drought, high salinity, and flooding (Figure 1).
In general, the identified mechanisms are similar to those ones
found in non-woody plants. However, we need to consider
that most of these experiments have been performed with tree
seedlings grown in pots under controlled conditions, so further
research is required to unravel the underlying mechanisms in
natural environments and in mature trees. The influence of
natural soil microbiome interactions on complex ecosystem

functioning linked to conditions of climate change has been
recently analyzed taking growth and foliar development of a
tree species (Populus angustifolia) as a model (Van Nuland
et al., 2021). Moreover, microbiome manipulation experiments
in forest conditions (e.g., adding inoculum of adapted species
isolated from not stressed forest environments) could be feasible
and bring further insight.

One of the most outstanding particularities of large trees is that
they possess a root system that penetrates several meters into the
ground. Although mycorrhizas have been commonly described to
be mostly concentrated in the top layer of the soil, some reports
show that they are also present several meters underground (de
Araujo Pereira et al., 2018; Robin et al., 2019). With this respect,
further research is required to unravel other relevant roles of
mycorrhizas in deeper soil horizons and in large trees, probably
more related with ecosystem services, such as carbon storage, that
may also help trees to cope with environmental stresses.

Clear evidence exists to consider local beneficial mycorrhizal
fungi as an environmentally friendly tool with a high potential
to protect trees, from both forest and sustainable agricultural
systems, against environmental stressors that will only increase in
intensity and frequency due to global climate change. Although
our review is focused on the negative effects of climate change
on trees, it is worth mentioning that the mycorrhizal fungi
decline occurring nowadays might be also linked to climate
change (Bennett and Classen, 2020). However, it is unclear if
mycorrhizal populations are directly affected by climate change-
derived stresses or if, by contrast, they are negatively affected
by a lower performance of trees exposed to stresses (Sapsford
et al., 2017). Thus, further research is required to decipher the
links between trees and mycorrhizal fungi under stress conditions
in a climate change scenario in order to design good strategies
aimed at supporting the health of both partners, trees and
mycorrhizal fungi.
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Low temperatures during the growing season restrict the growth of trees at high
elevations and lead to the formation of the high-elevation treeline. To ensure the
survival and growth of trees in such extreme locations, sufficient vascular transport
capacity – enabled by vascular anatomical characteristics – is required. However, in
contrast to the xylem, only little is known about the effects of low temperatures on
the anatomy and formation of the phloem as important nutrient- and signal-conducting
tissue. In this review, known findings of cold-induced changes in the anatomical and
phenological properties of vascular tissues are used as starting points to discuss how
low temperatures might affect phloem formation at the treeline and how this conductive
tissue might adaptively respond to this growth-limiting environmental variable. Data
currently available suggest that low temperatures lead to changes in the anatomy
and phenological development of the phloem. In order to ensure the functionality of
the phloem and thus the survival of trees at the high-elevation treeline, appropriate
adaptations to the prevailing low temperatures are therefore to be expected and are
discussed in this review.

Keywords: adaptation, intra-annual phloem formation, low temperature, phloem anatomy, phloem transport,
phenology, tree growth, treeline

INTRODUCTION

Phloem is a highly complex vascular tissue that performs numerous functions for the growth and
survival of trees. The long-distance transport of both phytohormones and RNAs as information
signals between above- and belowground tissues (Lacombe and Achard, 2016; Kondhare et al.,
2021) and carbohydrates as nutrients from source to sink (Savage et al., 2016) are considered to be
important key functions, enabled by the anatomical properties of phloem (Schulz and Thompson,
2009; Knoblauch and Oparka, 2012; Liesche et al., 2015). The characteristics of the phloem in
trees differ from those in herbaceous plants (for more details see De Schepper et al., 2013 and the
literature therein). Phloem transport occurs along three functional units (i.e., collection, transport,
and release phloem) via sieve cells and sieve tube elements in gymnosperms and angiosperms,
respectively (van Bel, 2003; De Schepper et al., 2013). The water required for phloem transport
is provided by the radial connection to the xylem via ray parenchyma (Box 1; Hölttä et al., 2009;
Pfautsch et al., 2015; Sevanto, 2018). In this process, ray parenchyma cells provide not only the
radial transport of water and carbohydrates between xylem and phloem (van Bel, 1990) but also
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in and out of the axial parenchyma tissue (Pfautsch et al.,
2015). Sieve elements and companion cells are laterally connected
via sieve areas consisting of several sieve pores. Axially, sieve
elements are connected by sieve areas in gymnosperms, which
form a sieve plate with large sieve pores in angiosperms (Liesche
et al., 2017). During the growing season, there is a transition
from early phloem cells with wide lumen that have a conducting
function to late phloem cells with narrow lumens that primarily
have a storage function (Gričar et al., 2021). These phloem cells
are separated by a band of axial parenchyma cells (Figure 1;
Gričar and Čufar, 2008).

Although both the xylem and phloem arise from radial cell
division of the cambium (Larson, 1994), the formation of both
tissues is not synchronous and is driven by different factors
(Prislan et al., 2013; Gričar et al., 2015, 2021). In contrast to
the xylem, the phloem was found to be less susceptible to
environmental influences and mainly endogenously controlled
(Alfieri and Evert, 1968; Rosner et al., 2001; Gričar and Čufar,
2008; Prislan et al., 2013; Swidrak et al., 2014; Miller et al.,
2020; Gričar et al., 2021). Even before the reactivation of cambial
activity after dormancy, phloem formation starts with expansion
and differentiation of overwintered phloem cells (Alfieri and
Evert, 1968, 1973; Antonova and Stasova, 2006; Gričar and Čufar,
2008). After the reactivation of the cambium, the onset of phloem
cell production precedes xylem production by approximately
2–3 weeks (Alfieri and Evert, 1968; Antonova and Stasova, 2006,
2008; Swidrak et al., 2014; Jyske et al., 2015), due to the short
functional life span of sieve cells of 1–2 years before they collapse
(Evert, 2006).

Because climate change strongly affects tree growth and the
phloem fulfills important functions in carbon allocation, phloem
anatomy and phenology gained increasing importance in the
last decade (e.g., Liesche et al., 2015, 2017; Miller et al., 2020;
Gričar et al., 2021). Surprisingly, no studies were published yet
dealing with intra-annual development and anatomy of phloem
cells at high-elevation treeline sites, where trees reach their
uppermost distributional limit due to temperature constraints
on tree growth. Globally, trees at high-elevation treelines are
exposed to seasonal mean air temperature between 5.5 and
7.5◦C (Körner, 1998). In this brief review, we will evaluate
possible adaptations in phloem phenology and anatomy under
low temperatures.

TEMPERATURE LIMITATION OF TREE
GROWTH AT HIGH ELEVATIONS

Low temperatures are considered to be the main reason for
the upper distributional boundary of trees (e.g., Körner and
Paulsen, 2004; Rossi et al., 2007; Caccianiga et al., 2008; Körner,
2015). Only a few taxa are able to reach the uppermost high-
elevational limit for trees – the treeline – which is a conspicuous
climate-driven ecological boundary and occurs worldwide at high
elevations (Körner, 2012). In the temperate climate zone, conifers
of the genera Pinus, Larix, and Picea, as well as tree species
belonging to Betulaceae and Fagaceae, are among the most
successful tree taxa dominating at the high-elevation treeline

(e.g., Körner and Paulsen, 2004; Caccianiga et al., 2008; Körner,
2012; Leuschner and Ellenberg, 2017).

At high elevations, the meristem activity, i.e., cell division,
enlargement, and differentiation, is more sensitive to low-
temperature conditions prevailing during the growing season
than photosynthesis. The “carbon-sink-limitation hypothesis” is
currently the most widely accepted hypothesis for explaining
the formation of treelines (e.g., Körner and Paulsen, 2004; Rossi
et al., 2007; Körner, 2015). While photosynthesis is still active at
temperatures near the freezing point (e.g., Häsler, 1982; Weng
et al., 2005), the exponential increase in cell doubling time below
c. 5◦C causes the upper elevational limit for the occurrence of
trees (Körner, 2003, 2015). Numerous studies revealed that both
aboveground and belowground growth is strongly reduced at
temperatures below 5◦C (Häsler et al., 1999; Alvarez-Uria and
Körner, 2007, 2011; Rossi et al., 2007, 2008; Schenker et al.,
2014). All growth processes, i.e., root, radial stem, and shoot
growth as well as budburst, and subsequent leaf and flower
development require water, carbon compounds, nutrients, and
hormones via the vascular system, i.e., phloem and xylem (Savage
and Chuine, 2021). Several findings have already demonstrated
the effects of low temperatures on the xylem, i.e., reductions
in wood formation, cell diameter, and cell wall thickness (e.g.,
Rossi et al., 2007, 2008; Castagneri et al., 2017; Babushkina et al.,
2019). Therefore, it is necessary to consider low-temperature
influences at high elevations on the anatomical characteristics
and phenology of the phloem to comprehensively understand
temperature-induced growth limitation.

ARE CARBON AVAILABILITY AND
PHLOEM TRANSPORT REDUCED AT
THE HIGH-ELEVATION TREELINE?

A continuous supply of carbohydrates is essential for tree growth
(Cuny et al., 2015; Deslauriers et al., 2016), especially under
extreme climatic conditions prevailing at the treeline. Several
authors have shown that photosynthesis is less limited by low
temperatures than growth (Grace et al., 2002, for a review,
see Körner, 2015). Larcher (2003) reported that photosynthetic
production in evergreen conifers commences at temperatures
between −5 and −3◦C. An excess of these assimilates are stored
as non-structural carbohydrates (Box 1; NSC) like starch and
other carbon compounds (sugar, alcohol, lipids, proteins) which
can be later mobilized for growth, development, and regeneration
(Palacio et al., 2014). Several studies have shown an increasing
trend in the content of NSC in leaves, stem, and root along an
elevational transect, i.e., decrease in air temperature, up to the
treeline (e.g., Hoch et al., 2002; Hoch and Körner, 2003, 2009;
Gruber et al., 2011). An increase in NSC storage is considered as
an immediate physiological response to low temperatures and to
compensate for the imbalance between carbon production and
demand (Hoch and Körner, 2012).

As mentioned above, root growth decreases at temperatures
below 5◦C (Alvarez-Uria and Körner, 2007, 2011; Schenker et al.,
2014). However, at the treeline, reduced nutrient availability due
to low nutrient mineralization rates (e.g., Meentemeyer, 1977)
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BOX 1 | Glossary of terms.
Axial parenchyma: Longitudinally arranged parenchyma cells for vertical transport and storage of carbohydrates.
Callose: Polysaccharide (β-1,3-glucan) found in cell walls of higher plants; involved in phloem transport and deposited as response to injury.
Companion cells: Specialized nucleated parenchyma cells regulating transport of substances in and out of sieve elements.
Early phloem: First formed phloem cells with large diameter primarily for transport of substances.
Initial early phloem: Undifferentiated overwintering cells formed at the end of the previous growing season, which differentiate to early phloem in spring.
Late phloem: Formed after early phloem with narrow diameter primarily for storage.
Non-structural carbohydrates: Comprise primarily soluble sugars and starch; provide substrates for growth, metabolism and osmoregulation.
Sieve area: Are developed in axial and lateral cell walls between sieve elements and between sieve elements and companion cells, respectively.
Sieve elements: Enucleate functional units for phloem transport connected via sieve plates and/or sieve areas.
Sieve plate: Are developed in angiosperms in transverse cell walls between axial connected sieve elements (cf., Figure 1).
Sieve pores: Pores lined with callose within sieve areas and sieve plates (cf., Figure 1).
Ray parenchyma: Radially arranged parenchyma cells for storage and lateral transport of water and carbohydrates between xylem and phloem.

as well as cold-related physical constraints in water and nutrient
uptake from soil to root (Weih and Karlsson, 2001, 2002) require
appropriate adaptive responses for an efficient nutrient uptake.
In this regard Hertel and Schöling (2011) found an increase of
fine root biomass with elevation in Norway spruce (Picea abies)
resulting in a higher root to shoot ratio. Additionally, Kubisch
et al. (2017) demonstrated an accelerated fine root turnover and
higher production rate in Pinus cembra under soil temperatures
lowered by self-shading, which underpin the previous results.
This implies both a sufficient carbon availability and an efficient
phloem transport in favor of root growth to ensure an adequate
nutrient uptake at the treeline. Hence, phloem is able to remain
functional even at the world’s highest treeline formed by Polylepis
sp. at c. 5,000 m a.s.l. (Hoch and Körner, 2005).

EXPECTED ADAPTATIONS OF PHLOEM
ANATOMY AND PHENOLOGY AS A
RESPONSE TO EXTREME CLIMATE
CONDITIONS AT THE HIGH-ELEVATION
TREELINE

In field experiments, several authors found that phloem
formation and anatomy are less responsive to variability in
environmental conditions compared to the xylem (Alfieri and
Evert, 1968; Rosner et al., 2001; Gričar et al., 2014; Swidrak et al.,
2014; Miller et al., 2020). However, extreme climate conditions
might impair intra-annual phloem formation and/or phloem
anatomy which would adversely affect carbon transport and
dependent metabolic processes such as growth and development
(e.g., Savage and Chuine, 2021). Salmon et al. (2019) described
in detail the anatomical constraints of phloem under severe
drought, whereas species-specific effects on phloem anatomy at
low soil water availability were shown by Epron et al. (2019). This
raises the question of how low temperatures can affect phloem
formation and anatomy.

In a cooling treatment in the field, it was found that low
temperatures (9–11◦C) resulted in reduced cambial activity,
indicated by a lower proportion of latewood in Picea abies, while
the phloem anatomy and width of growth increments remained
unaffected (Gričar et al., 2006). However, long-term cooling of a
stem portion of Picea abies caused not only a significant reduction
in cambial activity but low temperatures also led to anatomical

alterations on the phloem side (Gričar et al., 2007). Specifically,
early phloem was less affected, but the tangential band of axial
parenchyma separating the early and late phloem was no longer
continuous and the number of late phloem cells was reduced.
Similar results were found at mid-elevation sites in Picea abies
(1,200 m a.s.l.; Gričar et al., 2015, 2021). Based on these studies,
it can be expected that comparable effects occur at the high-
elevation treeline (Figure 1).

Does the Temperature-Induced
Reduction in Cambial Activity Also Affect
Phloem Anatomical Features?
Based on several studies on coniferous species, temperature-
induced changes in xylem anatomy affect cell size, as well as cell
wall thickness, the latter being related to carbon mobilization
and deposition rates (e.g., Rossi et al., 2008; Lupi et al., 2010;
Körner, 2012). Castagneri et al. (2017) and Babushkina et al.
(2019) demonstrated along an elevational gradient, that low
temperatures especially at high elevations are one of the key
climatic factors affecting xylem cell enlargement and cell wall
deposition, which subsequently are reflected in a reduction
of cell diameter and cell wall thickness. Similar effects on
phloem anatomy are to be expected at the treeline, where low
temperatures prevail during the growing season (Figure 1).
Moreover, it should be noted that possible low-temperature
effects on phloem formation and anatomy may impair the carbon
transport in some tree species. Liesche et al. (2015) demonstrated
in their study a lower phloem transport rate in narrow sieve
cells of gymnosperms compared to angiosperms, which supports
this assumption. Additionally, Pfautsch et al. (2015) reported
that phloem sap becomes increasingly viscous with decreasing
temperature, which additionally increases resistance in phloem
transport. Because at high elevation xylem cells were found to be
highly vulnerable to cavitation (Mayr et al., 2002, 2003), impaired
phloem transport could also have an impact on the repair of
embolized xylem cells (cf., Pfautsch et al., 2015).

How Can Phloem Transport Efficiency Be
Ensured Under Low Temperatures
Prevailing at the High-Elevation Treeline?
Several findings conducted at mid-elevation sites (1,200 m
a.s.l., Gričar et al., 2014, 2015, 2021; Miller et al., 2020)
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FIGURE 1 | Schematic illustration of known and assumed low-temperature effects on phloem anatomy and formation along an elevational transect. Upper graphic:
Current studies dealing with environmental influence on the phloem conducted at different elevations. Below: General phloem structure at low-elevation sites,
alterations caused by decrease in temperature at mid-elevation sites, and effects and possible phloem adaptations at the high-elevation treeline. Low elevation, top:
Annual phloem ring exemplified by Picea abies after Gričar and Čufar (2008) consist of early phloem (EP) with initial early phloem (IEP), the continuous tangential
band (BAP) of axial parenchyma cells (AP), late phloem (LP) with adjacent cambial zone (CZ) and latewood tracheids (LW); bottom: phloem cells (axial view) with
lateral sieve areas (LSA) and sieve pores (SPo), as well as axial sieve areas (SA) in conifers (right) and sieve plates (SP) with larger sieve pores in angiosperms (left),
respectively.

indicate plasticity in phloem formation, i.e., the ability to
adapt structurally to ensure optimal function under local
environmental conditions. Phloem cells show a tip-to-base
widening (Jyske and Hölttä, 2015; Ryan and Robert, 2017),

and to compensate for the smaller conducting area the
number of conduits per unit phloem area increases (Jyske
and Hölttä, 2015). Due to aerodynamic coupling of the
shoot to the macroclimate, height growth at the treeline is
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more strongly restricted than radial stem growth (Hoch and
Körner, 2005; Körner, 2012; Wang et al., 2012). Therefore,
it can be assumed that phloem responds with an increase
in cell density resulting in an increased ratio of early to
late phloem cells for better conductivity. The priority of the
early phloem as the conductive part over the late phloem
(storage) is shown by its robustness to environmental influences
and underpins its greater importance for the survival of
trees (Larson, 1994; Gričar et al., 2015, 2021). Temperature-
related changes in radial dimension (lumen) of initial early
phloem (Box 1; i.e., first tangential rows of cells at the
phloem growth ring boundary formed in the previous year)
and late phloem cells (Gričar et al., 2015), as well as a
seasonal variability in length of sieve elements and axial
parenchyma (Jyske et al., 2015), suggest an adaptive change in
cell size for an efficient conductivity under low temperatures.
Furthermore, several authors reported a decrease in cell
wall thickness in earlywood and latewood tracheids at mid
elevations (1,260 m a.s.l., Gindl et al., 2001; 1,200 m a.s.l.,
Gričar et al., 2015), and a similar effect in sieve cell wall
thickness could be conceivable as another way to increase
the sieve cell lumen diameter at high elevations. However,
the conductive capacity of the phloem at the treeline may
be favored not only by adaptations in the aforementioned
anatomical traits but also by an increase in sieve pore size
and frequency along the pathway (Mullendore et al., 2010).
Sieve pores can be lined with callose or nearly occluded with
it, which may play a significant role in transport regulation
through the symplast (Neuberger and Evert, 1975; Knoblauch
and van Bel, 1998). Callose is deposited as a response to
cell injury, senescence, or dormancy (Evert, 1990) whereby
not all pores are sealed with it (Montwe et al., 2019;
Prislan et al., 2019). Due to the prevailing extreme climate
conditions at the high-elevation treeline, less callose might
accumulate as a temperature-dependent response to increase
sieve pore size and create less resistance to ensure phloem
transport capacity (cf., McNairn, 1972). Because of the severely
time-limited lifespan of sieve elements, the priority for tree
survival is in phloem production while xylem thickness can
be reduced or become discontinuous (Evert, 2006). Especially
under extreme environmental conditions, this is reflected in a
lower xylem to phloem ratio (Larson, 1994; Plomion et al., 2001;
Gričar et al., 2009).

Phenological adaptations can also influence anatomical
properties of vascular tissues in favor of functional capacity,
as demonstrated by Cuny et al. (2019). It became apparent,
that in cold environments xylem differentiation rate (i.e.,
cell elongation and cell wall thickening) decreased but to
mitigate the influence of low temperatures the duration of
these processes was extended. Miller et al. (2020) reported a
delay in the transition from early to late phloem in Picea
abies along an elevational gradient extending from 450 m
to 1,250 m a.s.l., which was related to the onset of cambial
activity, cell production rate, and the number of cells in
the early phloem. Findings in this study also provide the
first evidence that in contrast to xylem formation (e.g., Rossi
et al., 2006) maximum phloem cell production rate does

not coincide with the summer solstice. These results suggest
that at the high-elevation treeline the maximum phloem
growth rate may shift to the warmest period instead of being
controlled by photoperiod or endogenous factors. Furthermore,
it is conceivable that more overwintering phloem cells are
formed or that phloem cells remain functional for more than
one to two growing seasons, which would correspond to
the observations of Holdheide (1951). Hence, adaptations in
intra-annual phloem formation and anatomy in response to
low temperatures and climate extremes (e.g., the occurrence
of frost drought) prevailing at the high-elevation treeline
are to be expected (Figure 1; cf., Agusti and Greb, 2013;
Gričar et al., 2015, 2021; Miller et al., 2020). This would
also entail a shift from endogenous to exogenous control of
phloem formation.

AREAS OF FUTURE RESEARCH

Expected adaptations of phloem phenology and anatomy
induced by extreme climatic conditions prevailing at
the high-elevation treeline are shown in Figure 1. In
order to understand the effects of low temperatures on
the phloem at high elevations, several questions need to
be clarified, e.g., (i) How does phloem phenology and
anatomy adapt to climate extremes (e.g., cold summer
with shortened growing period, early or late frost events)
at the treeline? (ii) To what extent is phloem transport
capacity and efficiency affected by low temperatures?
(iii) Is tip-to-base widening occurring at treeline (cf.,
Jyske and Hölttä, 2015; Ryan and Robert, 2017)? (iv)
Are there organ specific differences in phloem formation
and anatomy, e.g., in branches (twigs) vs. roots due to
exposure to different temperature regimes, i.e., high vs.
low daily temperature variability? (v) How sensitive is
phloem formation to environmental stress (e.g., frost
drought) within the treeline ecotone? (vi) Is there a year-
to-year variability in phloem formation depending on
weather conditions or does endogenous control of phloem
formation also predominate at the high-elevation treeline?
A combination of high measurement frequency and long-
term observations in the field together with field chilling
experiments, laboratory manipulations, and histo-anatomical
analyses will be necessary to answer these questions. As there
are differences in phloem anatomy between gymnosperms
and angiosperms (Jensen et al., 2012; Liesche et al., 2015,
2017) the question arises if species-specific adaptations
regarding phloem anatomy and/or phenology at the
high-elevation treeline occur.

CONCLUSION

Phloem fulfills important functions for tree growth and
development (Hölttä et al., 2009; Pfautsch et al., 2015;

Frontiers in Forests and Global Change | www.frontiersin.org 5 November 2021 | Volume 4 | Article 731903114

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-731903 October 30, 2021 Time: 15:51 # 6

Schröter and Oberhuber Phloem Adaptation at High-Elevation Treeline

Sevanto, 2018). However, compared to the xylem much
less is known about the influence of growth-limiting
temperatures at high elevations on the anatomy and intra-
annual formation of the phloem. Therefore, to advance our
knowledge about the characteristics of phloem tissue at the
high-elevation treeline, field and experimental studies are
urgently needed. This review is intended to highlight the
existing gaps in knowledge regarding phloem adaptation to
extreme climate conditions prevailing at the high-elevation
treeline and to serve as a stimulus to open up a new
area of research.
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We evaluated population differences and drought-induced phenotypic selection on four
seedling traits of the Australian forest tree Eucalyptus pauciflora using a glasshouse dry-
down experiment. We compared dry and mesic populations and tested for directional
selection on lamina length (reflecting leaf size), leaf shape, the node of ontogenetic
transition to the petiolate leaf (reflecting the loss of vegetative juvenility), and lignotuber
size (reflecting a recovery trait). On average, the dry population had smaller and broader
leaves, greater retention of the juvenile leaf state and larger lignotubers than the mesic
population, but the populations did not differ in seedling survival. While there was
statistical support for directional selection acting on the focal traits in one or other
population, and for differences between populations in selection gradient estimates
for two traits, only one trait—lamina length—exhibited a pattern of directional selection
consistent with the observed population differences being a result of past adaptation to
reduce seedling susceptibility to acute drought. The observed directional selection for
lamina length in the mesic population suggests that future increases in drought risk in the
wild will shift the mean of the mesic population toward that of the dry population. Further,
we provide evidence suggesting an early age trade-off between drought damage and
recovery traits, with phenotypes which develop larger lignotubers early being more
susceptible to drought death. Such trade-offs could have contributed to the absence of
population mean differences in survival, despite marked differentiation in seedling traits.

Keywords: adaptation to drought, trade-off, leaf length and shape, vegetative juvenility, lignotuber size, selection
gradient, generalized linear mixed model, Eucalyptus pauciflora

INTRODUCTION

Global warming is leading to major shifts in the distribution of plant and animal species globally
(Chen et al., 2011). Sessile species, such as forest trees, are among the most vulnerable owing
to their often poor dispersal abilities and long life histories (Petit and Hampe, 2006). Already,
extreme climate events causing heat and drought stress have been linked directly (Allen et al., 2010;
Matusick et al., 2013) and indirectly (Buotte et al., 2016) to forest dieback in many parts of the
world. Ongoing climate change is expected to exacerbate such stresses (Allen et al., 2010; Schwalm
et al., 2017), and it has long been argued that the rate of climate change may exceed the adaptive
capacity of tree populations (Davis and Shaw, 2001; Jump and Peñuelas, 2005; Aitken et al., 2008).
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Tree adaptation to major environmental gradients such as
aridity is polygenic and genome-wide (Kramer et al., 2015; Jordan
et al., 2017; Steane et al., 2017), involves diverse functional traits
(Alberto et al., 2013; Kremer et al., 2014), and potentially also
genetic constraints (Bourne et al., 2017; Costa e Silva et al.,
2020). Detecting adaptive changes in local populations of long-
lived organisms, such as forest trees, is difficult due to numerous
factors (Alberto et al., 2013), including long-life cycles (Petit and
Hampe, 2006), ontogenetic (Brunner et al., 2016) and plastic
(Nicotra et al., 2010; McLean et al., 2014) changes in phenotype,
superimposed on the normal selective filtering of mal-adapted
inbred progeny during stand development (Koelewijn et al.,
1999; Costa e Silva et al., 2011; Griffin et al., 2019). Molecular
markers are often used to detect signatures of adaptive genetic
variation in tree species (Keller et al., 2012; Alberto et al., 2013;
Dillon et al., 2014; Pluess et al., 2016; Frachon et al., 2018)
and, as the effects of putative adaptive markers/SNPs become
validated, there will be increasing opportunity for their use to
monitor adaptive changes in forest tree populations following
selection. However, traditional analysis of phenotypic selection
and quantitative genetic studies of functional traits continue to
provide valuable insights into the effects of natural selection, and
have been applied in many animal and plant species (Kingsolver
et al., 2001, 2012; Shaw and Etterson, 2012; Merilä and Hendry,
2014). Despite this, there is a paucity of empirical studies in forest
tree populations that address the adaptive value of functional
traits through their impact on fitness components (Gómez, 2004;
Alberto et al., 2013; Ramírez-Valiente et al., 2014, 2015; Costa e
Silva et al., 2018; Warwell and Shaw, 2018, 2019), as is the case for
most long-lived species (Monica and Lauren, 2003).

Lande and Arnold (1983) developed a least-squares multiple
regression framework for the analysis of phenotypic selection
based on the relationship between relative fitness (i.e., the
fitness of an individual divided by the mean fitness of the
population) and phenotypic measures for a set of traits. This
approach assumes a causal fitness-trait relationship, such that a
trait (or a trait combination) is expected to be under selection
when significantly influencing fitness. The partial regression
coefficients thus represent selection gradients that quantify the
direct effects of trait variables on relative fitness, and the complete
model with linear, quadratic and cross-product terms provides a
quadratic approximation to the individual fitness surface (Phillips
and Arnold, 1989). In particular, by characterizing directional
selection, the linear selection gradient has a direct application
in the prediction of evolutionary change between generations,
under the assumption of multivariate normal distribution of
breeding values (Lande, 1979). Fitness components used to
evaluate selection commonly involve discrete variables (e.g.,
viability and fecundity measured by survival and the number of
offspring), and generalized linear models have been described
for the estimation of selection gradients with non-normal
distributions of fitness responses (Janzen and Stern, 1998;
Morrissey and Sakrejda, 2013).

Numerous studies have shown significant directional selection
in wild populations (Kingsolver and Diamond, 2011; Kingsolver
et al., 2012; Siepielski et al., 2013). Such selection can vary
with time/seasons (Siepielski et al., 2009; Steele et al., 2011;

Ramírez-Valiente et al., 2014, 2015; Warwell and Shaw, 2018,
2019) and environment (Dudley, 1996; Etterson, 2004; Heschel
and Riginos, 2005; Donovan et al., 2009; Lau et al., 2014;
Warwell and Shaw, 2018), and this variation drives population
divergence and local adaptation within a species (Siepielski
et al., 2013; Hendry, 2017). However, there are often multiple
phenotypic solutions to the same adaptive requirement (e.g.,
drought survival—McDowell et al., 2011; Choat et al., 2018;
Klein et al., 2018) and increasing evidence from common-garden
trials that the focal traits under selection can be population
specific (Dudley, 1996; Etterson, 2004; Heschel and Riginos, 2005;
Donovan et al., 2009). Understanding population differences in
the focal traits under selection following the same selection event
can allow insights into functional traits that may be underlying
local adaptation (Dudley, 1996; Monica and Lauren, 2003) and
how these vary within a species. Such understanding is a key step
toward evaluating the effects of selection due to, for example,
climate change (Hoffmann and Sgro, 2011; Alberto et al., 2013;
Merilä and Hendry, 2014), including outcomes for different
populations or parts of the species distribution.

The present study focuses on the Australian tree species
Eucalyptus pauciflora Sieber ex Spreng.. Eucalyptus pauciflora has
one of the broadest altitudinal ranges of any eucalypt species
(i.e., growing from sea-level to near the alpine tree line on both
continental Australia and the island of Tasmania), and is one
of the main tree species used for ecological restoration in the
dry midlands of Tasmania (Prober et al., 2016; Bailey et al.,
2021). Climate change is predicted to result in most Tasmanian
E. pauciflora populations being outside the contemporary climate
envelope of the species and at risk of maladaptation by 2080
(Harrison, 2017). This risk of maladaptation mainly reflects
the predicted increasing temperatures and evapotranspiration
across Tasmania (Corney et al., 2010; Harrison et al., 2017), and
thus increased risk of drought stress. Both water deficit and
high temperatures contribute to drought stress (Park Williams
et al., 2013; Duan et al., 2014; Mitchell et al., 2014) and could,
independently or combined, drive selection on plant traits (Costa
e Silva et al., 2019). The challenge in understanding adaptation is
to unravel these multiple effects. Here we focus on just a single
factor—water deficit, which has both plastic (Cano et al., 2014;
Duan et al., 2014; McKiernan et al., 2016) and genetic-based
(Ammitzboll et al., 2020) selective impacts on eucalypt seedlings.

As with other forest tree studies on drought-induced selection
(e.g., Warwell and Shaw, 2019), we focused on the seedling life
stage as: (i) there is usually significant seedling mortality in
wild and planted eucalypt populations, with water deficit being
the most common cause (Battaglia and Reid, 1993; Stoneman,
1994; Tozer and Bradstock, 1998); (ii) the phenotypic and genetic
variation in morphological traits at this life stage has been well-
characterized in E. pauciflora (Gauli et al., 2015); and (iii) there
are signals that variation in some seedling morphological traits
of E. pauciflora is adaptive (Gauli et al., 2015; Costa e Silva
et al., 2019). We specifically aimed to: (1) assess the difference
between dry and mesic populations in four seedling traits that
potentially may influence the plant’s response to acute drought;
(2) evaluate the consequences of the variation in the focal seedling
traits on fitness in each population; and (3) estimate whether the
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relationship between fitness and the focal traits differs between
populations. We hypothesized that, if selection acting on the
studied traits via seedling survival was driven by acute drought
stress in wild populations, then an imposed artificial drought
would elicit a shift in character states of the mesic population
toward those of the dry population.

MATERIALS AND METHODS

Populations Studied
The current study used seedlings from two populations of
E. pauciflora, which were grown in a common-garden glasshouse
trial subject to an artificial drought. These two lowland
Tasmanian populations were from Brushy Lagoon and Ross,
and were from mesic and dry parts of the climatic range of
E. pauciflora on the island, respectively. These populations were
selected to accentuate rainfall differences and minimize the
differences in other environmental factors. The mean annual
precipitation at Ross is nearly 50% lower than at Brushy Lagoon,
but Ross also has a slightly higher mean maximum temperature
of the warmest period than Brushy Lagoon (Table 1). These
populations are located over 90 km apart, well-exceeding the
distance of significant genetic spatial autocorrelation in the
species (i.e., 27 km—Gauli et al., 2013). The populations have
similar high outcrossing rates (Gauli et al., 2013) and inbreeding
levels in their open-pollinated progeny (Gauli et al., 2014), but
differ markedly in numerous seedling traits (Gauli et al., 2015).

Drought Experiment
Each population was represented by 12 families corresponding
to 12 mother-trees randomly selected within native stands and
situated by more than two canopy heights apart. The seedlings of
each family were obtained from open-pollinated seeds collected
randomly from near the middle of the canopy of the mother-
tree. Seedlings from these families were grown in soil-filled pots
(9 cm × 9 cm × 18 cm) and, when the plants were 14-week-old,
the pots were arranged into an experimental design for imposing
drought stress under glasshouse conditions. The experiment
was conducted in two glasshouses, though a large portion of
window panels were removed so that seedlings were exposed
to ambient air conditions. Temperature and relative humidity
were similar between the two glasshouses, and temperature
reflected external ambient air temperature over the duration of
the experiment (Supplementary Figure 1). Over the course of
the dry-down period, the average daily maximum temperature
inside the glasshouses was 16.9 and 16.0◦C, and the average daily
minimum temperatures were 6.5 and 6.8◦C. Daily maxima did
not exceed 27◦C and daily minima did not go below −1◦C.
Humidity ranged from an average daily maximum of 88.5 and
90.9% to an average daily minimum of 51.6 and 58.5% in
the two glasshouses, respectively. The experimental layout was
effectively a split-plot design comprising four replicates (blocks),
two in each glasshouse. Each replicate included two main plots
(hereafter denoted as population plots), one of the Brushy
Lagoon families and one of the Ross families, and families were
randomized as single-tree plots within these population plots.

Overall, there were 387 and 386 seedlings in the Brushy Lagoon
and Ross populations, respectively, available for analysis. Across
the experiment, the sizes of the population plots varied between
92 and 101 seedlings in Brushy Lagoon, and between 93 and
100 seedlings in Ross. The family sizes across all four replicates
ranged from 22 to 38 seedlings in Brushy Lagoon, and from 19 to
38 seedlings in Ross, with an average of 32 seedlings per family
in both populations. The degree of unbalance in family sizes
was moderate: the variation of family sizes as measured by the
coefficient of variation was 16% in both populations.

The water deficit treatment was applied using floral foam,
in a manner adapted from Fernández and Reynolds (2000) and
Marchin et al. (2020). Each population plot consisted of a water
basin containing a layer of floral foam (Oasis Ideal Standard
Super 60; Apack Pty Ltd., Dandenong South, Australia). Potted
seedlings were placed on the foam, with a small amount of
fine washed sand in drainage holes to ensure effective contact
with foam. Water basins were topped up twice daily to within
approximately 10 cm from the top of the foam, enabling self-
watering by wicking, though with reduced water availability for
plants (see Marchin et al., 2020). Exposed foam, above the top of
the water basins, was wrapped in plastic to minimize water loss
through evaporation.

After placing seedlings in the experimental design, they were
left to acclimate for 10 days, over which time morphometric
measurements were taken from the seedlings (see below). After
10 days, no further water was added to the water basins, initiating
the drought component of the experiment. At the end of the
experiment 67 days later, seedling survival was scored as a
binary outcome, based on the following assessments: a seedling
was classified as dead (scored as 0) when all leaves, including
laterals, and the apical meristem had dried out; otherwise it
was classified as alive (scored as 1). As scored, seedling survival
refers to observable “canopy” mortality immediately following
termination of the dry-down experiment, and does not account
for the possibility of differential recovery if rewatering had
occurred. This measure of seedling survival was used as a fitness
component for individuals in the analysis of phenotypic selection.

Trait Measurements
Phenotypic trait measurements were taken from the seedlings
during the 10-day acclimation period. At this time, a single leaf
was sampled from the third pair of leaves up the main stem
(cotyledonary node = 0), and individually digitally photographed
with a constant size scale for the measurement of leaf dimensions
(see below). Following the removal of the third-node leaf, these
seedlings were also measured for the lignotuber diameter—
i.e., the diameter (mm) across the lignotubers developed in
the axils of the cotyledons—and for the stem diameter (mm)
perpendicular to the axis of maximum lignotuber diameter.
The seedling height (cm) and the node number of the first
petiolate leaf (counted from the cotyledonary node) were also
recorded. The node number of the first petiolate leaf is a trait
that reflects the ontogenetic transition from sessile (juvenile)
to petiolate (mature) leaves in Eucalyptus spp., and is hereafter
referred to as “vegetative juvenility” (i.e., the higher the node
number, the later the petiole development is in nodes, and thus
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TABLE 1 | Population information for the mesic (Brushy Lagoon) and dry (Ross) populations of Eucalyptus pauciflora used in the dry-down experiment.

Population Latitude (◦) Longitude (◦) Altitude (m) RANN (mm) TMXWM (◦C) n

Brushy Lagoon −41.4094 146.7470 265 974 22.6 387

Ross −42.0017 147.5323 240 503 23.9 386

RANN = mean annual precipitation; TMXWM = mean maximum temperature of the warmest period (weekly values); n = number of seedlings used in final analysis.

the more the seedling is vegetatively juvenile). Leaf dimensions
were manually measured from the digital images of the seedling
leaves, and included the lamina length (mm) and lamina width
(mm). In the present study, seedling leaf morphology, lignotuber
size and vegetative juvenility were represented by four functional
traits—lamina length, leaf shape index, adjusted lignotuber size
and vegetative juvenility (see below). Photos of lignotubers and
vegetative juvenility in seedlings of E. pauciflora are provided in
Figure 3 of Costa e Silva et al. (2019).

Data Analyses
The data analyses entailed two main components. Firstly,
population mean differentiation and variance estimation
were addressed for the focal functional traits and seedling
survival. Then, phenotypic selection analysis was pursued within
populations to measure directional selection acting on the
focal traits through seedling survival, and differences between
populations in estimated selection gradients for a trait were
subsequently evaluated. To account for the inherent positive
allometric relationship between lamina length and lamina width,
the lamina width measurements were adjusted for seedling
differences in lamina length in the data analyses. The adjusted
lamina width thus provides a measure that reflects leaf shape, and
is hereafter denoted as “leaf shape index” (with increasing values
meaning broader leaves). The lignotuber diameter measurement
is also inherently dependent on stem diameter and, following
Costa e Silva et al. (2019), was also adjusted in the data analyses
to provide a measure independent of stem diameter, hereafter
referred to as “adjusted lignotuber size.” Finally, in addition to
the focal traits, seedling height and stem diameter were modeled
as “nuisance variables” in the phenotypic selection analysis.
This was done to account for the effects of initial plant size on
drought-induced mortality, as the seedlings were growing in
pots with a defined soil volume, and bigger plants are expected to
inherently use more water (Ammitzboll et al., 2020).

The SAS 9.4 software (SAS, 2017) was used in the data
analyses. In particular, linear mixed models were estimated with
the procedure MIXED, and generalized linear mixed models were
estimated with the procedures GLIMMIX and NLMIXED.

Linear Mixed Model for the Continuous Variables
(Lamina Length, Leaf Shape Index and Adjusted
Lignotuber Size)
The following linear mixed model (LMM) was fitted for the
continuous variables:

y = Xβ + Z1b1 + Z2b2 + e (1)

where y is a n x 1 vector of observations (n = total number of
seedlings in the experiment); β is a p × 1 vector of fixed-effect

parameters; b1 and b2 are q × 1 vectors of random-effect
parameters for families within the Brushy Lagoon and Ross
populations, respectively; X is a design matrix relating y to the
parameters in β ; Z1 and Z2 are design matrices relating y to
the random effects in b1 and b2 , respectively; e is a n × 1
vector of residuals of the observations. The vector β included
the intercept, and effects for population, block and population-
by-block interaction for all traits. The analyses of leaf shape
index and adjusted lignotuber size involved the adjustment of
the lamina width and lignotuber diameter measurements using
lamina length and stem diameter as covariates, respectively. In
these cases, β included also the corresponding coefficients for
the regression parameter and its interaction with population.
The family effects and residuals were modeled by considering
a heterogeneous variance structure at the population level. In

this sense, it was assumed that
(

b1
b2

)
∼ MVN(0, G), with

G =

[
Iq1

σ2
b1

0
0 Iq2

σ2
b2

]
, where σ2

b1
and σ2

b2
are family variances in

Brushy Lagoon and Ross, respectively; Iq1
and Iq2

are identity
matrices of dimension equal to the number of families in
Brushy Lagoon (q1 ) and Ross (q2 ). Conditional on the family

random effects, the residuals were assumed
(

e1

e2

)
∼MVN(0, R),

with R =

[
In1

σ2
e1

0
0 In2

σ2
e2

]
, where σ2

e1
and σ2

e2
are residual

variances in Brushy Lagoon and Ross, respectively; In1
and

In2
are identity matrices of dimension equal to the number of

seedlings in Brushy Lagoon (n1 ) and Ross (n2 ); it was further
assumed that the residuals and random effects were independent.
Visual inspection of histograms and quantile-quantile plots of
conditional studentized residuals showed residual distributions
conforming reasonably well to a normal distribution for all traits.
In addition, the residuals did not appear to co-vary with random
effects, as generally indicated by small and statistically non-
significant correlations estimated within either population. The
(co)variance structure of y was defined by V = ZGZ′ + R, where

Z =
[

Z1 0
0 Z2

]
; through G, the V-matrix captures the covariance

of the observations within families, which will be reflected in
the estimation of the fixed-effect parameters and their standard
errors (Raudenbush and Bryk, 2002; see next paragraph).

The variances in G and R were estimated by restricted
maximum likelihood (REML; Patterson and Thompson,
1971). Following the estimation of variance components,
fixed-effect parameters were estimated by generalized least-
squares, i.e. β̂ = (X′V̂−1X)−1X′V̂−1y, with the associated
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model-based sampling (co)variance matrix being given by
Var(β̂) = (X′V̂−1X)−1. This matrix was corrected by using
the Kenward-Roger (KR) adjustment, to provide estimates of
standard errors of β̂ that account for potential finite-sample
bias and the uncertainty in the estimation of G and R (Kenward
and Roger, 2009). Based on a corrected Var(β̂) matrix, the
Kenward and Roger (1997, 2009) approximation to compute
denominator degrees of freedom was applied to improve
statistical inference about the fixed effects. For sample sizes
comparable to the number of families and the within-family
sizes in our study, simulation work with LMMs using REML
indicated that applying the KR method to fixed-effect parameters
produced accurate estimates of standard errors, and maintained
Type-I error rates and confidence interval coverage close to the
specified (α = 0.05) nominal level (Ferron et al., 2009; Baldwin
and Fellingham, 2013; McNeish and Stapleton, 2016a; see also
Supplementary Methods 1).

Statistical inference about the fixed-effect model terms was
based on F-tests, which indicated that the interactions of
population with blocks, and with either lamina length or stem
diameter used as covariates (in the LMM for leaf shape index
or adjusted lignotuber size, respectively), were not statistically
significant (p> 0.05). Thus, a final LMM without the interaction
terms was then fitted for all traits. One-sided likelihood ratio
tests (Self and Liang, 1987) were applied to assess whether
estimated family variances were significantly greater than zero.
In preliminary analyses, a one-sided likelihood ratio test was
also used to test the variance estimate associated with a random
term modeling a block-by-family interaction: as no significant
effects were detected (suggesting an efficient randomization of
seedlings within blocks), the interaction term was excluded in
the LMM defined in Equation (1). The population least-squares
mean (LS-Mean) for a trait was calculated with a linear function
of β̂ estimates, i.e. Lβ̂ , where L is the coefficient matrix pertaining
to the LS-Mean. The standard error of a LS-Mean estimate
was approximated by the square-root of LVar(β̂)L′. The KR
approximation for computation of degrees of freedom was also
applied to obtain the critical values for the student’s t-distribution
used for estimating the 95% confidence interval of a LS-Mean.

Generalized Linear Mixed Model for the Discrete
Variables (Seedling Survival and Vegetative Juvenility)
The following generalized linear mixed model (GLMM) was
fitted for the discrete variables:

g(E(y | X, b1, b2)) = g(µ) = Xβ + Z1b1 + Z2b2 (2)

where g(.) is a link function relating the conditional
expectation [i.e. E(y | X, b1, b2) = µ, where µ is the
mean vector] of the response variable to the linear predictor
η = Xβ + Z1b1 + Z2b2 ; the vectors and matrices in η were
defined as in Equation (1) (except that η does not contain a
definite error term, nor continuous covariates in X as in the
LMMs for leaf shape index and adjusted lignotuber size); for b1
and b2 , the model specification with heterogeneous variances
and the distributional assumptions were the same as in the
LMM. Conditional on the random effects, the observations

were assumed to be independently distributed, with Bernoulli
and Poisson distributions for the binary (seedling survival)
and count (vegetative juvenility) variables, respectively. For
the binary variable, E(y | X, b1, b2) is also the conditional
probability of seedling survival [i.e. P(y = 1 | X, b1, b2)].
The probit link function was used to model survival, such that
P(y = 1 | X, b1, b2) = g−1(η) = 8(Xβ + Z1b1 + Z2b2),
where g−1(.) is the inverse of g(.) and 8(.) is the standard
normal cumulative distribution function. For vegetative
juvenility, g(.) was the logarithmic link function, and thus
E(y | X, b1, b2) = g−1(η) = exp(Xβ + Z1b1 + Z2b2),
where exp denotes the exponential function. The choice of the
probit link function for seedling survival was based on the
conclusions obtained by Hahn and Soyer (2005) with a random-
intercept GLMM [i.e., akin to the model described in Equation
(2)]. Previous GLMM analyses conducted separately in each
population showed that the variance of the Pearson residuals was
close to one for seedling survival, but was clearly smaller than
one for vegetative juvenility, thus indicating that the GLMM
for the latter trait was under-dispersed relative to the Poisson
distribution. Consequently, as an alternative to the standard
Poisson model, we used a quasi-Poisson GLMM for vegetative
juvenility, under which the equi-dispersion assumption can
be relaxed (Wedderburn, 1974; Gardner et al., 1995). The
quasi-Poisson GLMM considered heterogeneity of dispersion
effects at the population level, and further details are provided in
Supplementary Methods 2.

Parameter estimation under the GLMMs fitted for the
discrete variables was based on the residual pseudo-likelihood
(RSPL) method, which enables extension of the concept of
REML variance component estimation to the non-normal case
(Wolfinger and O’Connell, 1993). Estimates of β were obtained
by generalized least-squares, and the KR approximations
described above were used to improve the model-based standard
errors of β̂ and the statistical inference concerning fixed-effect
model terms. For conditions covering those in the current study
(i.e., sample sizes, survival prevalence, and mean vegetative
juvenility), simulation work with cross-sectional clustered data
indicated that RSPL together with the KR adjustments performed
better than maximum likelihood (ML) methods, regarding the
accuracy of estimates of the random-intercept variance (e.g.,
family variance) and the coverage of fixed-effect confidence
intervals for binary and count variables (McNeish, 2016, 2019;
see also Supplementary Methods 1).

Results from F-tests indicated that the fixed-effect term for
the population-by-block interaction was significant (p < 0.05)
for seedling survival, but not for vegetative juvenility; thus, the
interaction term was excluded in a final GLMM for the latter trait
only. The population LS-Mean for a variable was estimated on
the linked scale by Lβ̂ and then converted to the original scale via
the inverse link transformation. The standard error of a LS-Mean
on the original scale was approximated by φ(Lβ̂) . stde(Lβ̂) and
exp(Lβ̂) . stde(Lβ̂) for seedling survival and vegetative juvenility,
respectively, where: φ(Lβ̂) is the probability density function of
the standard normal distribution evaluated at Lβ̂ ; and stde(Lβ̂) is
the estimated standard error of the LS-Mean on the linked scale.
The 95% confidence interval of a LS-Mean on the original scale
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was obtained by applying the inverse link transformation to the
confidence limits on the linked scale.

Under the RSPL method, the absence of a true log-likelihood
function for the overall optimization process precludes the
comparison of nested models using likelihood ratio tests (e.g.,
Hedeker and Gibbons, 2006; McNeish, 2016). Nevertheless, for
comparison with RSPL estimates, family variances were also
estimated for seedling survival and vegetative juvenility using
ML, which enabled their statistical significance to be assessed
by one-sided likelihood ratio tests. In this context, the Conway-
Maxwell Poisson (CMP) distribution was assumed in the GLMM
fitted for vegetative juvenility, since the estimation of a R-
side multiplicative dispersion parameter as in the quasi-Poisson
model (see Supplementary Methods 2) is not permitted with
ML methods (e.g., Capanu et al., 2013). The CMP distribution
is a two-parameter generalized form of the Poisson distribution
that allows the modeling of empirical distributions of count
variables that are over- or under-dispersed relative to the Poisson
distribution (Shmueli et al., 2005; Guikema and Goffelt, 2008).
Details on the parameterization of the CMP distribution, and on
the GLMM for joint modeling the mean response and dispersion
of vegetative juvenility, are given in Supplementary Methods
3. The GLMM fitted for seedling survival was defined as in
Equation (2). ML estimation of the model parameters was based
on an adaptive Gaussian quadrature, which entails a numerical
integration method to approximate the marginal log-likelihood
of the data (Pinheiro and Bates, 1995); 10 quadrature points
were used to integrate the likelihood function over the random-
effects distribution.

For both the LMMs and GLMMs, the intra-class correlation
(ICC) coefficient was calculated as the proportion of the total
variance attributable to the family variance, and thus was used
to measure the relative importance of the family variance for
each variable. In particular, for vegetative juvenility and seedling
survival, the ICCs were estimated as described by Nakagawa et al.
(2017) (see Supplementary Methods 4).

Analysis of Phenotypic Selection
In the present study, we focused on the estimation of linear
selection gradients to measure the direction and strength of
directional selection acting on traits in each population, and
then we evaluated the difference between populations in selection
gradient estimates for a given trait. The analysis of phenotypic
selection assessed the fitness consequences of variation in four
traits—lamina length, leaf shape index, adjusted lignotuber size
and vegetative juvenility—using seedling survival as a fitness
component. In addition to the target traits, seedling height and
stem diameter were modeled as “nuisance variables.” Prior to
analyses, the data were pre-processed as follows: (i) linear least-
squares regression was used to pre-adjust lamina width and
lignotuber diameter in a population for seedling differences in
lamina length and stem diameter, respectively, and the adjusted
observations (obtained from the regression residuals) were then
mean standardized—these data thus refer to leaf shape index
and adjusted lignotuber size; and (ii) the remaining variables
were centered at their means and then mean-standardized in
a population. Mean standardization has been suggested for

comparing the strengths of selection estimates on a similar scale
(Hereford et al., 2004), and scaling in relation to the mean is both
permissible and meaningful for the independent variables used in
the current analysis (Houle et al., 2011).

The analysis of phenotypic selection was undertaken
separately in each population, with the GLMM fitted for seedling
survival including: a vector β with the intercept, block effects,
and the linear regression coefficients for the focal and nuisance
variables; and a vector b of random effects for families within
the population, assuming b ∼ MVN(0, G), with G = Iqσ

2
b . Akin

to the GLMM described in Equation (2), g(.) was the probit
link function, and the model parameters were estimated by
the RSPL algorithm.

As opposed to least-squares multiple regression, the marginal
effect of a predictor variable (i.e., the partial effect of a unit
change in the predictor on the probability of seedling survival)
cannot be directly obtained from the estimates of β in the
GLMM. In this context, for a focal variable, the directional
selection gradient can be obtained from the average gradient
of the estimated fitness surface, which can be approximated by
averaging the slope of the fitness surface over the distribution of
the phenotypic observations (Janzen and Stern, 1998; Morrissey
and Sakrejda, 2013). This procedure was undertaken as follows:
(i) the marginal effect at each observation point in the data was
estimated for a given focal variable; (ii) the estimated marginal
effects were averaged over all observations in a population; and
(iii) the average of the marginal effects was standardized to the
relative fitness scale (i.e., division by the population mean of
seedling survival), yielding a measure that can be quantitatively
interpretable as a selection gradient. Following these sequential
steps, Supplementary Methods 5 provides the methodological
details used to obtain directional selection gradients, based on the
model parameters estimated from the random-intercept GLMM
fitted to the data of a given population. The resulting selection
gradient estimates have a population-averaged interpretation (see
Supplementary Methods 5), although this does not apply to
the estimates of β from the GLMM, which have a conditional
interpretation (e.g., Molenberghs et al., 2002; Gardiner et al.,
2009; McNeish, 2016; see also Supplementary Methods 7).

Non-parametric bootstrap was used to obtain standard errors
and 95% confidence intervals for the directional selection
gradient estimates in a population, and for their differences
between populations for a trait. Bootstrap samples were generated
while preserving the conditional independence of seedlings
within families. Further details on this procedure, and on the
estimation of standard errors and 95% confidence intervals, are
given in Supplementary Methods 6. Statistical support against a
null hypothesis being true (i.e., against the absence of an effect
for either a selection gradient in a population or its difference
between populations) was provided by a 95% confidence interval
not overlapping with zero. Although directional selection was
the main focus of the current study, we also computed 95%
confidence intervals from bootstrapping for quadratic and
correlational selection gradients (with their estimation based on
second derivatives approximated at each observation by second-
order central finite differences; e.g., see Supplemental File, point
8.4, in Franklin and Morrissey, 2017). As these confidence
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intervals overlapped with zero, the effects of non-linear selection
were judged to be unimportant, and they will not be further
considered here.

RESULTS

A diagrammatic summary of the overall results is provided
in Figure 1. Table 2 presents the estimates of LS-Means, and
related results from statistical tests of the population effect, for
four functional traits and the fitness component, measured in
the mesic (Brushy Lagoon) and dry (Ross) populations. Results
from statistical inference about all the fixed-effect model terms
included in the final LMMs and GLMMs fitted to the continuous
and discrete variables are shown in Supplementary Tables 1, 2,
respectively. When compared to the mesic population, the LS-
Means in the dry population were lower for lamina length,
and higher for leaf shape index, adjusted lignotuber size
and vegetative juvenility. Population-mean differences were
statistically significant at the 0.1% (lamina length, adjusted
lignotuber size, and vegetative juvenility) and 1% (leaf shape
index) significance levels for the functional traits. The LS-
Means for the probability of seedling survival were similar in
the mesic and dry populations, and not statistically different
(p > 0.05). For discrete variables (vegetative juvenility and
seedling survival), LS-Means based on the conditional fixed-
effect coefficients from the GLMM (as presented in Table 2)
were similar to corresponding estimates calculated from fixed-
effect coefficients with a marginal (i.e., population-averaged)
interpretation (see Supplementary Methods 7).

REML estimates of family and residual variances are shown
in Table 3 for the continuous variables. Based on one-sided
likelihood ratio tests, statistically significant (p < 0.05) family
variance estimates were found for lamina length, leaf shape index
and adjusted lignotuber size in both populations, suggesting
significant genetic variation within each population for these
traits. The proportion of the total variation explained by
the family variance (i.e., ICC) was ≈ 0.2 for lamina length
and leaf shape index, but lower for adjusted lignotuber size
(i.e., 0.03 and 0.07 in Brushy Lagoon and Ross, respectively;
Table 3). Two-sided likelihood ratio tests undertaken to
evaluate whether residual variances differed between populations
indicated significant variance heterogeneity for lamina length and
adjusted lignotuber size (p < 0.001), but not for leaf shape index
(p> 0.05). In addition, for the difference between populations in
family variances, two-sided likelihood ratio tests did not indicate
significant variance heterogeneity at the 5% significance level
for any of the traits. However, the latter results may reflect the
lack of statistical power to detect variance heterogeneity (see
also below) for some traits, given that family variance estimates
differed between populations by a factor of two for lamina length
and three for adjusted lignotuber size (Table 3).

Table 4 provides the family variances estimated by RSPL
and ML for the discrete variables. The ML estimates of
family variances were noticeably smaller than their counterparts
estimated by RSPL: for Brushy Lagoon and Ross, the differences
of the ML estimates relative to the RSPL estimates were 33

and 18% for vegetative juvenility, and 16 and 11% for seedling
survival (Table 4). Although the true parameter values are not
known, these results are consistent with the downward finite-
sample bias that may emerge for ML estimates of variance
components in GLMMs with discrete variables when the number
of clustering units is not large (see references in Supplementary
Methods 1). RSPL estimates of family variances were thus
considered to be more accurate than their ML counterparts,
given that simulation studies (e.g., McNeish, 2016, 2019) using
sample sizes comparable to the number of families and their
sizes in the current study indicated substantial downward
bias in ML estimates of variances for the random-intercept
term, and no evidence of noticeable bias for corresponding
RSPL estimates. Underestimation of variances will also lead to
underestimation of standard errors for fixed-effect parameters,
which may result in less conservative hypothesis tests for fixed-
effect model terms. Nevertheless, for the examined vegetative
juvenility and seedling survival data, the method to estimate
model parameters was inconsequential regarding conclusions
on the statistical significance of the population effect (although
the F-value increased under ML estimation, particularly for
vegetative juvenility; Supplementary Table 2).

Based on RSPL estimates of family variances, the ICC
ranged from 0.25 to 0.28 for vegetative juvenility, and from
0.02 to 0.06 for seedling survival (Table 4). As RSPL applies
linearization methods to approximate the model rather than the
likelihood function, ML estimates were used to conduct one-
sided likelihood ratio tests for family variances of vegetative
juvenility and seedling survival. These tests detected statistically
significant (p< 0.05) family variance estimates (and thus genetic
variation) for vegetative juvenility in both populations, but only
in Ross for seedling survival (Table 4). However, for seedling
survival in Brushy Lagoon, the likelihood ratio test is likely to
have a low statistical power: with our family sizes, the number
of families would need to be larger for detecting a non-null
family variance, as suggested by simulation work with binary
variables and weak ICCs (Austin and Leckie, 2018). Lack of
statistical power may also have affected two-sided likelihood
ratio tests pursued to evaluate whether family variances differed
between populations, as variance heterogeneity was not found to
be statistically significant (p > 0.05), despite the ≈ three times
difference between populations in family variances for seedling
survival (Table 4). Conversely, under a GLMM using a CMP
distribution for vegetative juvenility, two-sided likelihood ratio
tests indicated statistically significant (p < 0.001) heterogeneity
between populations in dispersion of the observations (see
footnotes of Supplementary Table 2).

Table 5 shows the estimates of directional selection gradients
and their population differences for the focal functional traits.
For Brushy Lagoon, statistical support against the null hypothesis
of no effect on relative fitness (i.e., as indicated by a 95%
confidence interval not overlapping with zero) was found for
the selection gradients of lamina length and vegetative juvenility,
with directional selection favoring seedlings exhibiting lower
values in these traits (i.e., a decrease of 1% from the mean of
lamina length and vegetative juvenility was expected to increase
relative fitness by 1.5 and 0.3%, respectively). For Ross, statistical
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FIGURE 1 | Infographic summarizing the differences between the mesic (Brushy Lagoon) and dry (Ross) populations of Eucalyptus pauciflora for the least-squares
means and directional selection gradients estimated for four seedling functional traits. Population-mean differences were statistically significantly (p < 0.01) for all
focal traits assessed (Table 2). The directional selection gradient estimates for each population are symbolized by the arrows, which refer to the partial linear effect of
a focal trait on seedling canopy (relative) survival evaluated after 67 days of dry-down. The increasing length and width of the arrows is indicative of increasing
strength of the directional selection gradient estimates, and their directionality is shown by the +/− signs. In addition, a solid arrow indicates that the bootstrapped
95% confidence interval (CI) for the selection gradient estimate did not overlap with zero, providing statistical support against the null hypothesis of no effect on
relative seedling survival (Table 5). A dashed arrow signifies that the bootstrapped 95% CI for the selection gradient estimate overlapped with zero, being indicative
of no statistical support for the existence of fitness consequences of variation in the trait. The strong negative selection gradient estimated for lamina length in the
mesic population suggests that a future occurrence of severe drought in the wild will shift the mean of the trait in the mesic population toward that of the dry
population. The negative selection gradient estimated for adjusted lignotuber size in both populations suggests an early age trade-off between drought damage and
recovery traits, with the canopies of phenotypes which develop larger lignotubers at the seedling stage being more susceptible to drought death.

support for the existence of fitness consequences of variation
in the traits was provided for the selection gradients of leaf
shape index and adjusted lignotuber size, indicating directional
selection favoring phenotypes with lower values in these traits
(i.e., an increase in 1.2 and 0.9% in relative fitness was expected
from decreasing leaf shape index and adjusted lignotuber size
by 1% from their means, respectively). Statistical support for
the difference between populations in directional selection
was observed in the selection gradient estimates for lamina
length and leaf shape index, but not for adjusted lignotuber
size and vegetative juvenility. Similar conclusions regarding
the potential importance of directional selection acting on the
traits within populations, and its difference between populations
for a trait, were indicated from formal statistical inference
about parameter estimates (on the probit scale) obtained from
a GLMM fitted for data of the two populations combined
(Supplementary Table 3).

DISCUSSION

This study identified significant functional trait differences and
differing acute drought-induced phenotypic selection gradients
between two populations from contrasting environments of
the forest tree E. pauciflora (summarized in Figure 1).
Significant genetic variation within populations, and significant
mean differences between populations in all four focal traits
studied suggest adaptive differences between the mesic and dry
populations. While seedling survival did not differ between
the two populations, when subject to acute drought stress, the
traits under phenotypic selection varied between populations,
suggesting different response strategies. Statistical support for the
presence of fitness consequences of variation in the focal traits
was detected for all traits in one or other population, but only one
trait—lamina length—exhibited a pattern of directional selection
consistent with a shift in the mean of the mesic population toward
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TABLE 2 | Estimates of least-squares means and their standard errors (with 95% confidence intervals within parentheses) for four functional traits (lamina length, leaf
shape index, adjusted lignotuber size and vegetative juvenility) and a fitness component (seedling survival) measured in the mesic (Brushy Lagoon) and dry (Ross)
populations of E. pauciflora.

Least-squares means Population effect

Brushy Lagoon Ross

Lamina length 75.17 ± 1.567
(71.71, 78.62)

60.40 ± 1.111
(57.96, 62.83)

F = 59.12;
p < 0.001

Leaf shape index 30.45 ± 0.580
(29.18, 31.72)

32.81 ± 0.557
(31.60, 34.03)

F = 8.35;
p = 0.008

Adjusted lignotuber size 5.09 ± 0.047
(4.99, 5.19)

5.68 ± 0.076
(5.51, 5.85)

F = 43.13;
p < 0.001

Vegetative juvenility 2.38 ± 0.184
(2.01, 2.82)

5.13 ± 0.301
(4.51, 5.84)

F = 63.02;
p < 0.001

Seedling survival 0.44 ± 0.034
(0.37, 0.51)

0.40 ± 0.044
(0.30, 0.50)

F = 0.57;
p = 0.458

The results obtained from the significance test (F-statistic and p-value) undertaken for the population effect in the model are also given. Lamina length (mm); leaf shape
index = adjusted lamina width (mm); adjusted lignotuber size = adjusted lignotuber diameter (mm); vegetative juvenility = node number of the first petiolate leaf; seedling
survival = survival measured as a binary outcome (where 1 = alive and 0 = dead). Estimation of model parameters used restricted maximum likelihood in the linear mixed
models (lamina length, leaf shape index and adjusted lignotuber size), and residual pseudo-likelihood in the generalized linear mixed models (vegetative juvenility and
seedling survival). The analyses of leaf shape index and adjusted lignotuber size involved the adjustment of the lamina width and lignotuber diameter measurements using
lamina length and stem diameter as covariates, respectively; thus their least-squares means are adjusted estimates for seedling differences in lamina length and radial
stem growth, respectively. For vegetative juvenility and seedling survival, the tabulated values in the "Least-squares means" columns pertain to the inverse linked scale
(i.e., the observed data scale).

TABLE 3 | Family and residual variances estimated by restricted maximum likelihood (REML), and estimates of intra-class correlation (ICC) coefficients, for continuous
variables (lamina length, leaf shape index and adjusted lignotuber size) measured in the mesic (Brushy Lagoon) and dry (Ross) populations of E. pauciflora.

Family variance Residual variance Intra-class correlation

Brushy Lagoon Ross Brushy Lagoon Ross Brushy Lagoon Ross

Lamina length 26.50
(p < 0.001)

12.95
(p < 0.001)

94.23 58.21 0.220 0.182

Leaf shape index 3.51
(p < 0.001)

3.26
(p < 0.001)

12.33 10.48 0.222 0.237

Adjusted lignotuber size 0.014
(p = 0.026)

0.048
(p < 0.001)

0.392 0.647 0.034 0.069

For family variances, a one-sided likelihood ratio test (Self and Liang, 1987) was applied to test whether a given estimate was significantly greater than zero (p-values are
given within parentheses). Lamina length (mm); leaf shape index = adjusted lamina width (mm); adjusted lignotuber size = adjusted lignotuber diameter (mm) (see the
footnotes of Table 2 for further details). Standard error estimates for measuring the uncertainty of the estimated family variances are not presented. As the estimation of
variance components usually constrains them to be positive, and their sampling distribution may thus be asymmetric, corresponding model-based estimates of standard
errors may not provide accurate measures of uncertainty. The inaccuracy in standard error estimates is likely to occur for family variances, as the number of families
sampled within each population was not large (Maas and Hox, 2004; McNeish and Stapleton, 2016b).

that of the dry population following acute drought stress. Further,
we provide evidence suggesting an early age trade-off between
drought susceptibility and a recovery trait, with seedlings which
develop larger lignotubers being more susceptible to drought
death. Such trade-offs may have contributed to the observed
similar population survival, despite the marked population
differentiation in seedling traits.

Genetic variation within, and marked mean differences
between, the mesic and dry populations for all four focal
traits suggest adaptive differences between these populations,
with seedlings of the dry population having on average smaller
and broader leaves, longer vegetative juvenility, and larger
lignotuber size than the mesic population. The mesic and
dry populations compared were selected to accentuate rainfall
differences and minimize the differences in other environmental

factors. Accordingly, we expect that the observed population
differences in the four functional traits reflect historic natural
selection and adaptation to differences in water availability.
Lamina length was strongly positively related to leaf area
(r = 0.88, n = 380; unpublished data) and, as a surrogate
of leaf size, its observed reduction in the dry population,
for example, accords with the trait-environment associations
reported in other Eucalyptus species (McLean et al., 2014).
It is also consistent with species-level trends in south-eastern
Australia, where species occurring in low rainfall areas tend to
have smaller leaves through various changes in leaf length and
width (McDonald et al., 2003). The longer vegetative juvenility
observed in seedlings from the dry population also accords
with the broader trends observed in a previous glasshouse trial
with 37 E. pauciflora populations, where seedling vegetative
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TABLE 4 | Family variances estimated by residual-pseudo likelihood (RSPL) and maximum likelihood (ML), and estimates of intra-class correlation (ICC) coefficients, for
discrete variables (vegetative juvenility and seedling survival) measured in the mesic (Brushy Lagoon) and dry (Ross) populations of E. pauciflora.

Family variance (RSPL) Family variance (ML) Intra-class correlation

Brushy Lagoon Ross Brushy Lagoon Ross Brushy Lagoon Ross

Vegetative juvenility 0.066 0.038 0.044
(p < 0.001)

0.031
(p < 0.001)

0.278 0.252

Seedling survival 0.038 0.102 0.032
(p = 0.105)

0.091
(p = 0.002)

0.023 0.060

For family variances estimated by ML, a one-sided likelihood ratio test (Self and Liang, 1987) was applied to test whether a given estimate was significantly greater than
zero (p-values are given within parentheses). Vegetative juvenility = node number of the first petiolate leaf; seedling survival = survival measured as a binary outcome
(where 1 = alive and 0 = dead). Estimates of family variances refer to the linked scale (i.e., logarithmic and probit scales for vegetative juvenility and seedling survival,
respectively). Likelihood ratio tests were not pursued to test family variances under RSPL estimation, since RSPL uses linearization methods to approximate the model
rather than the likelihood function, which precludes the comparison of nested models using likelihood ratio tests (e.g., Hedeker and Gibbons, 2006; McNeish, 2016).
Residual variances are not provided: the generalized linear mixed models (GLMMs) fitted for vegetative juvenility and seedling survival do not contain a definite error term,
and thus the residual variance is not defined as in the linear mixed model for continuous traits. The ICCs presented above correspond to GLMMs estimated with RSPL,
and were calculated as described by Nakagawa et al. (2017) (see also Supplementary Methods 4). As in Table 3, standard error estimates for measuring the uncertainty
of the estimated family variances are not given (see the footnotes in Table 3).

TABLE 5 | Estimates of directional selection gradients, and their population differences, for four functional traits (lamina length, leaf shape index, adjusted lignotuber size
and vegetative juvenility) measured in the mesic (Brushy Lagoon) and dry (Ross) populations of E. pauciflora.

Directional selection gradient estimates Differences between Brushy Lagoon and
Ross in selection gradient estimates

Brushy Lagoon Ross

Lamina length −1.515 ± 0.382
(−2.221, −0.720)

−0.139 ± 0.425
(−0.963, 0.699)

−1.376 ± 0.569
(−2.447, −0.206)

Leaf shape index 0.376 ± 0.448
(−0.495, 1.278)

−1.176 ± 0.501
(−2.161, −0.190)

1.552 ± 0.677
(0.218, 2.885)

Adjusted lignotuber size −0.765 ± 0.403
(−1.566, 0.031)

−0.873 ± 0.376
(−1.622, −0.133)

0.108 ± 0.550
(−0.987, 1.182)

Vegetative juvenility −0.267 ± 0.116
(−0.465, −0.010)

−0.091 ± 0.160
(−0.411, 0.218)

−0.176 ± 0.196
(−0.522, 0.236)

Non-parametric bootstrapping was pursued to provide standard errors, and 95% confidence intervals (within parentheses), for the selection gradient estimates and their
population differences. Lamina length (mm); leaf shape index = adjusted lamina width (mm); adjusted lignotuber size = adjusted lignotuber diameter (mm); vegetative
juvenility = node number of the first petiolate leaf. As traits were mean-standardized, a given selection gradient pertains to the effect on relative fitness—i.e., percentage
change in relative seedling survival—expected from increasing the focal trait by 1% from its mean, while holding all the other traits constant. Statistical support against a
null hypothesis being true (i.e., against the absence of an effect for either a selection gradient in a population or its difference between populations) is provided by a 95%
confidence interval not overlapping with zero (indicated in Italics).

juvenility was retained longer in populations from drier home-
sites (Gauli et al., 2015; Costa e Silva et al., 2019). In this
range-wide trial, the trait assessed was the percentage of
nodes with petiolate leaves, which is negatively related to
our measure of juvenility used in the present study. The
difference between the dry and mesic populations is also
consistent with trends in the E. risdonii/tenuiramis complex,
where the retention of sessile juvenile leaves is extreme (into
the reproductive stage) in populations from hot and dry
environments (Costa e Silva et al., 2018). Populations of eucalypt
species from hot/dry environments also have larger lignotubers
than populations from mesic environments (Ladiges, 1974;
Walters et al., 2005; Costa e Silva et al., 2019), as evident
in our comparison.

Despite mean differences between the mesic and dry
populations in putatively adaptive traits, the two populations

did not differ significantly in survival following acute drought
stress as induced in our dry-down experiment (Table 2).
However, the two populations varied in the traits detected
to be under directional selection, indicating that differences
between the populations reside in the manner they selectively
respond rather than in overall fitness under acute drought
stress. Significant genetic-based family variance in survival was
detected within the dry population, together with directional
selection toward narrower leaves (smaller leaf shape index) and
smaller lignotubers under acute drought stress. In contrast, no
statistically significant family variance in survival was detected
in the mesic population, and acute drought stress favored
smaller leaf area (through shorter leaves) and earlier vegetative
maturation (earlier development of petiolate leaves). However,
statistical support for an important difference between the dry
and mesic populations in directional selection gradients was
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provided for lamina length and leaf shape index only. For a
given trait, the population difference in the directional selection
gradients could in part be due to a difference between populations
in the phenotypic variance (Steele et al., 2011; De Lisle and
Svensson, 2017). This would particularly apply to lamina length,
where the statistical support for a difference between populations
in directional selection (Table 5) could, to some extent, reflect a
stronger selection in the more variable population (i.e., Brushy
Lagoon; Table 3). Alternatively, the strength and direction of
directional selection can be a function of the deviation of the
population mean phenotype from the optimal phenotype for the
environment (Steele et al., 2011; Hendry, 2017, p. 88). Regardless
of the cause, given the significant genetic variation detected for
all functional traits within each population (family variances in
Tables 3, 4), evolutionary change would be expected in these
traits following the observed directional selection acting on them
(Lande, 1979; Lande and Arnold, 1983).

The directional selection observed in lamina length, reflecting
leaf area, is consistent with the hypothesis that the initial trait
difference between the two populations could reflect, at least
in part, the effects of past natural selection on the trait to
reduce seedling susceptibility to events of acute drought stress.
However, with drought risk likely to increase in the wild with
climate change (and thus with more frequent episodes of severe
drought), the direction and strength of the selection gradient
estimates in the dry-down experiment suggest that, in the future,
directional selection would shift the mean lamina length of the
mesic population toward that of the dry population. A reduction
in leaf area may also underlie directional selection favoring
narrower leaves within the dry population (i.e., smaller leaf shape
index) in the dry-down experiment. As noted above, reducing
leaf area is well-recognized as an adaptation to drier conditions.
In dry environments, selection has been shown to favor smaller
leaves (Dudley, 1996; Ramírez-Valiente and Cavender-Bares,
2017). Smaller leaves may facilitate adaptation to drier conditions
via greater main vein density reducing hydraulic vulnerability
(Scoffoni et al., 2011) or through having a thinner boundary
layer of still air allowing better heat shedding than larger leaves,
and thus reducing the need for transpiration and associated
water loss to shed heat (McDonald et al., 2003). As also
mentioned above, the difference between the two populations
in directional selection for a trait could reflect adaptation to
different trait optima. For example, selection for narrower leaves,
but not shorter leaves, in the dry population may be due to
the already shorter leaves of this population being close to a
phenotypic optimum, and thus only the variation in leaf shape
index would determine selection mediated by seedling survival.
In Quercus, narrow leaves were favored in a dry year but
not in a wet year, although a statistically significant year-by-
trait interaction could not be detected (Ramírez-Valiente et al.,
2015). However, there was evidence in the current study for an
important difference between the mesic and dry populations in
directional selection gradient estimates for leaf shape index. In
a species-level study in south-eastern Australia, combinations
of reductions in leaf width in addition to leaf length were
responsible for a reduction in leaf area in low rainfall areas
(McDonald et al., 2003).

The selection gradient estimates for lignotuber size showed
an opposite trend to what would be expected if the differences
between the mesic and dry population means were the
result of differences in adaptation arising from past natural
selection to reduce susceptibility to acute drought stress.
The dry population had larger lignotubers than the mesic
population, but experienced directional selection in favor of
seedlings with smaller lignotubers, shifting its mean toward
the more mesic population. The same trend in directional
selection, toward smaller lignotubers, was evident in the mesic
population, but without statistical support for an important
effect on seedling survival (as evaluated based on seedling
canopy mortality). Susceptibility to drought damage and recovery
can be considered as genetically different “traits” in eucalypts
(Ammitzboll et al., 2020). While our unexpected finding is
consistent with lignotubers having a key role in drought recovery,
it signals a cost to their development. Such cost suggests a
resistance vs. tolerance trade-off, common in the evolution of
adaptations to periodic strong selection events arising from
biotic (Best et al., 2008; Moreira et al., 2014) and abiotic (Vesk
and Westoby, 2003; Agrawal et al., 2004; Ramírez-Valiente
and Cavender-Bares, 2017) stress. In the present case, the
observed cost may be transient and only evident at this early
seedling stage (Orians et al., 2010; Hoque and Avila-Sakar,
2015), or persist through the life-cycle but out-weighed by the
benefits of the better development of a recovery organ and
gains in tolerance.

Lignotubers are generally considered a store of non-structural
carbohydrates and dormant buds to enable basal re-sprouting
following the death of the main stem (Walters et al., 2005;
Borzak et al., 2016; Ammitzboll et al., 2020). If the main
stem is not severely damaged, it is also possible that re-
allocation of non-structural carbohydrates, such as starch, may
help recover hydraulic function or photosynthetic activity (as
suggested in Costa e Silva et al., 2019). However, the lignotuber
does not appear to be an organ particularly specialized for
the storage of non-structural carbohydrates such as starch,
and likely serves primarily as a bud bank (Carrodus and
Blake, 1970; Smith et al., 2018). The fact that selection favored
smaller lignotuber sizes in the arid population under acute
drought stress suggests that there is a cost associated with
the early allocation of seedling resources to the development
of this recovery organ. Non-structural carbohydrates support
respiration and growth when photosynthesis is reduced during
periods of water stress to avoid transpiration (McDowell et al.,
2011; Mitchell et al., 2013). If the ready availability of non-
structural carbohydrates is reduced due to resources being
allocated to the lignotuber, or their storage within the lignotuber,
then seedlings with larger lignotubers may be more susceptible
to “carbon starvation” during prolonged water stress, and
thus death of the seedling canopy. Lignotubers themselves
have also been reported to have smaller and contorted vessels
compared to those in the stems, and their resistance to
water flow may be twice that of the stem (Myers, 1995). An
alternative cause of drought-induced selection favoring small
lignotubers may thus relate to their offering less resistance
to water flow between the roots and the stem. Regardless of
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the cause, with the arid population having significantly larger
lignotubers than the mesic population, a trade-off between
avoiding susceptibility to drought damage at the seedling
stage vs. future seedling recovery could contribute to the
absence of population differences in survival following the acute
drought stress imposed. Indeed, with the evaluation of survival
based on seedling canopy mortality at the termination of the
experiment, re-watering and evaluation of recovery (Lu et al.,
2010; Zhang et al., 2017; Ruehr et al., 2019) may well have
provided the conditions under which population differences
become manifest.

Drought-induced directional selection was found to favor
early loss of vegetative juvenility in the mesic population,
but had no effect on this trait in the dry population.
There was thus no evidence from our phenotypic selection
analysis that adaptation to acute drought stress would delay
the development of the petiolate leaf in seedlings of the
mesic population, and thus would shift the mean vegetative
juvenility of the mesic population toward that of the dry
population. Using growth performance as a fitness proxy, Costa
e Silva et al. (2019) found no association between family-
level variation in seedling juvenility and the fitness proxy
in a E. pauciflora common-garden field trial established on
a dry site, which is consistent with the results currently
obtained in the dry population. In contrast, a common-garden
trial of populations from the E. risdonii/tenuiramis complex
established on a wet site showed that directional selection
favored phenotypes with early ontogenetic transition to the
petiolate “adult” leaf (Costa e Silva et al., 2018). This finding
is consistent with the selection gradient estimate for vegetative
juvenility in the mesic population. However, environmental
context is important to the interpretation of trait-fitness
relationships (MacColl, 2011), and this result from a wet site
does not explain why such selection should also occur under
acute drought stress.

Translating results of phenotypic selection analysis into
mechanistic responses can be challenging (Wade and Kalisz,
1990; MacColl, 2011; Kingsolver et al., 2012). Whilst all four
focal traits showed evidence of directional selection associated
with acute drought stress in one or other of the tested
populations, it is possible that selection on a measured trait
may occur via indirect selection acting on unmeasured traits,
correlated with the measured focal trait (Lande and Arnold,
1983; Mitchell-Olds and Shaw, 1987). Indeed, of the four traits
studied, vegetative juvenility would be the one most likely
to reflect indirect selection involving unmeasured (“hidden”)
traits that could also influence seedling survival. While we
assessed vegetative juvenility of the seedlings based on the
node at which the first petiolate leaf was produced, this is
potentially a surrogate for a wide range of physical, chemical
and physiological changes that can occur, as documented in
other eucalypt species (James and Bell, 2001; Borzak et al.,
2015; Vlasveld et al., 2018; Lucani et al., 2019). It is therefore
possible that the directional selection detected against vegetative
juvenility in the mesic population could reflect indirect selection
on a “hidden” (unmeasured) trait with a negative phenotypic
correlation with vegetative juvenility. Nevertheless, it is also

possible that there is direct phenotypic selection on the early
development of the petiole, which is only manifest in the
early maturing mesic population and could be specific to the
timing of the onset of acute drought stress with respect to the
seedling ontogeny. Such direct selection could, for example,
relate to the enhanced potential for changing leaf orientation,
a key trait affecting light interception and heat avoidance in
eucalypts and facilitated by the petiole (Cameron, 1970; King,
1997; James and Bell, 2000).

Our selection analysis focused on survival of acute drought
stress as evaluated based on seedling canopy mortality. However,
historic adaptation to long-term dry environments may be
expected to involve a complexity of different selection forces
driving a suite of adaptive differences associated with water
availability more generally, not only acute drought stress.
From an evolutionary perspective, growth in water limited
environments may require different adaptations to those involved
in surviving periodic acute drought stress. Xylem embolism is
believed to be a key cause of tree mortality under severe water
stress (Urli et al., 2013; Brodribb, 2017; Choat et al., 2018),
including eucalypts (Li et al., 2018), although long periods of
water stress and a prolonged reduction in photosynthetic activity
can also contribute to mortality through “carbon starvation” and
susceptibility to biotic attack (Galiano et al., 2011; McDowell
et al., 2011; Mitchell et al., 2013). These selective mechanisms
are part of a broader suite of traits which control water
uptake and loss (Li et al., 2018), the potential coordination of
leaf and stem traits (Bourne et al., 2017) and the important
role of recovery mechanisms in drought adaptation (Zeppel
et al., 2015; Ruehr et al., 2019). The different roles of such
factors in adaptation to acute vs. chronic water stress may
have contributed to the absence of our population difference
in the studied fitness component, despite differences in focal
trait mean values. In particular, historic adaptation in the dry
population may potentially involve selection favoring seedling
traits, as well as adult traits, that enhance survival in water
limited environments more so than survival during periodic
acute drought stress.

Nevertheless, it is possible that population differences in
fitness following acute drought stress do exist, but depend
upon their pattern of acclimation (also referred to as pre-
conditioning and priming—McDowell et al., 2008; Wang et al.,
2017). Non-lethal water stress has been shown to result in marked
metabolic changes in E. pauciflora seedlings with, for example,
leaf carbohydrate concentrations increasing and contributing to
osmotic adjustment (Warren et al., 2012). In other eucalypts,
differential plastic pre-adjustments to water stress have already
been described for functional traits at the species (Warren et al.,
2011, 2012), provenance (Li et al., 2000; McLean et al., 2014) and
genotype (Pita and Pardos, 2001) levels in Eucalyptus. Further, it
is possible that population differences in susceptibility to drought
may only be expressed following a specific type of drought,
such as one which includes water limitation combined with high
temperature stress (Groom et al., 2004; Mitchell et al., 2014).
This is particularly relevant as our dry-down experiment was
conducted over autumn, and the maximum daily temperature the
seedlings experienced averaged only 16–17◦C, and did not exceed
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27◦C on any one day. The capacity to adapt to acute drought
stress is likely to become more important into the future, with
predictions of increasing extreme climate events. The results of
this study suggest that: firstly, there may be genetic variation
available in the focal traits (i.e., depending on the extent of
genetic constraints in determining adaptive evolution; e.g., Costa
e Silva et al., 2020) upon which they can respond to selection;
and secondly, that the traits under phenotypic selection may vary
between populations, reflecting in part differing historic selection
pressures and adaptations, but also indicating potential different
acute drought response strategies that may occur under future
changes in the climate.

CONCLUSION

In conclusion, our dry-down experiment revealed different traits
under directional selection between the studied dry and mesic
populations, despite no difference in overall seedling survival.
These results highlight the complexity of drought adaptation and
the potential role of different traits and strategies in responses
to acute drought stress. Further work on more populations
from a wider range of environments, as well as replicated
populations within the same environment, would help elucidate
the various response strategies of E. pauciflora to drought stress,
including key traits and mechanisms in different environments.
Similarly, a better understanding of interacting factors, such
as heat and drought pre-conditioning, in determining the dry-
down tolerance of plants is required. Ultimately, a greater
understanding of the variation in traits under selection and
potential mechanisms across environments will contribute to
predictions of resilience, or vulnerability, of populations to
future climate stress.
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