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Abstract: Understanding how fire severity affects resprouting plants during post-fire regeneration
is key to anticipating Mediterranean vegetation vulnerability in a context of increasingly large fires
with high intensity and severity due to climate change. Here, we monitored the water status, leaf
gas exchange, and plant growth in holm oaks (Quercus ilex) of central Spain burned with different
fire severity throughout the first post-fire year. The Q. ilex burned with high severity (HB+) showed
higher water potential and shoot growth than those burned with low severity (LB+) or unburned
(B−), especially during spring and summer. In summer, resprouting HB+ and LB+ plants exhibited
higher carbon assimilation than unburned ones. Moreover, we also found that plants with higher
water availability and growth, i.e., HB+ individuals, had higher specific leaf area and lower water
use efficiency. Overall, our study shows that holm oak forests exhibit high plasticity to fire and that
Q. ilex burned with high severity have a faster short-term regeneration than those burned with low
severity. However, this rapid regeneration is based on a less conservative water-use strategy, which
could jeopardize their populations in case of extreme drought events increasingly common in the
current context of climate change.

Keywords: ecophysiology; fire severity; holm oak; post-fire regeneration; plant resprouting

1. Introduction

Fire plays a major role as a disturbing factor in numerous terrestrial ecosystems [1],
being a key ecological factor for understanding the composition and structure of many
of these ecosystems [2]. In fact, the presence of fire in Mediterranean ecosystems has
been a recurrent disturbance during the last thousands of years, shaping their landscape
and determining the distribution and characteristics of the Mediterranean vegetation [3,4].
However, anthropogenic influence on the fire regime has become more pronounced in
recent decades, reflecting the effects of climate change and land use changes, and the
subsequent development of firefighting and fuel management [5]. In this sense, the increase
in temperatures and drought events in Mediterranean areas due to climate change [6] have
contributed to a substantial increase in fire risk [7,8], which could increase even further
according to climate projections, with large fires becoming more frequent and severe in the
coming decades [9,10].

Plant species have developed different mechanisms to survive or persist after a fire,
which have traditionally been divided into two regeneration strategies: seeders and re-
sprouters [11]. The two strategies are not mutually exclusive, but rather represent the
extremes of a continuous gradient of responses to fire [4]. In seeder species, individuals
die during fire but populations persist through recruitment of new seedlings that emerge
from seed banks they had previously stored in the soil or canopy [12,13]. By contrast,
resprouter species survive the fire despite losing all or much of their aboveground biomass,
subsequently regenerating from various types of buds protected from fire [14,15]. Thus,
resprouting carries a cost of storing resources belowground to maintain and protect the bud
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bank and support rapid post-disturbance resprout, whereas seeders allocate the correspond-
ing resources to other functions such as fast growth and reproduction [16–18]. Therefore,
the two strategies result in two distinct functional groups with different morphological and
physiological traits [19–21].

Resprouting is a common functional strategy in many plant lineages under different
environments and disturbance types, which has been extensively reviewed in the litera-
ture [22–24]. Moreover, resprouting is morphologically very diverse [4], with buds located
in a variety of organs such as branches, roots, root crown, rhizomes, lignotubers, or bulbs,
which may be related to the disturbance regime [23]. In this regard, there are major differ-
ences between fire and other disturbances since the fire not only defoliates the plant, but
also can have lethal effects on meristematic tissues, depletes the litter and changes nutrient
dynamics, and kills interacting species [23,25]. Several studies show that plant persistence
declines with increasing fire frequency and severity due to a decrease in bud availability,
their protection, and the resources to fund regrowth [26–28], but the magnitude of the
effects could be variable among the species and timescales [29,30]. Anyway, the functional
and ecophysiological response of resprouting plants to fire is not fully understood, which is
of paramount importance to better understand and protect Mediterranean-type ecosystems.

Here, we studied the effect of fire on the functional response of holm oak (Quercus ilex)
individuals burned with different severity. This resprouter species is dominant in sclero-
phyllous woods and maquis vegetation of the central–western Mediterranean basin [31],
so it has been widely studied in regard to fire-related aspects as diverse as paleoecology
or ecophysiology, among others [32–35]. However, to our knowledge, the effect of fire
severity on the regeneration capacity of Q. ilex from a functional perspective has not yet
been specifically addressed, which is of vital importance in a scenario of climate change
such as the current one, in which the large fires are becoming more frequent and severe in
Mediterranean environments. We hypothesize that functionality of more severely burned
holm oaks could be negatively affected during short-term post-fire regeneration. This
hypothesis, based on previous studies reported in other resprouter species [26–30], must
be specifically tested for Q. ilex. To this end, we designed a field experiment in which we
monitored the water status, leaf gas exchange, and plant growth of holm oaks burned with
different severity during their first year of post-fire regeneration. The ultimate objective of
the work was to evaluate the degree of regeneration and the functional response of Q. ilex
individuals affected by different fire severity.

2. Materials and Methods
2.1. Study Site, Wildfire, and Experimental Design

The study site was located in a holm oak forest in the center of the Iberian Peninsula,
with an altitude of ca. 700 m and a northwest gentle slope (39◦50′ N, 4◦05′ W). The climate
is continental Mediterranean, with a mean annual temperature of 15.8 ◦C, mean annual
rainfall of 342 mm, and a pronounced summer drought (Toledo meteorological station,
39◦53′ N, 4◦02′ W; [36]). Vegetation is dominated by Quercus ilex subsp. rotundifolia Lam.,
but other species such as Retama sphaerocarpa (L.) Boiss., Stipa tenacissima L., Juniperus
oxycedrus L., Pistacia terebinthus L., Rhamnus lycioides L., Daphne gnidium L., and different
annual herbaceous species are also present. The parent rock is dominated by pre-Hercynian
and Hercynian igneous rocks and the soils are regosols with a pH of around 7.5 and soil
organic matter ranging from 5 to 16% [37].

The study area was affected by a wildfire on 28 June 2019 (Figure 1a), which occurred
under extreme temperature conditions and high wind intensity that favored the rapid
spread of the fire and made it very difficult to extinguish, affecting a total of 1600 ha
with different levels of severity. Thus, after the fire, 30 holm oak individuals of similar
diameter at breast height (mean DBH of 19 cm) were randomly selected in an extension of
ca. 5 ha and subsequently assigned to the three following experimental treatments (n = 10
per treatment): B−, unburned trees adjacent to a burnt area with similar environmental
conditions and soil properties; LB+, trees burned with low severity, i.e., whose aboveground
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part was only partially scorched by the flames during a fire and exhibited epicormic shoots
resprouting from the branches after the fire; HB+, trees burned with high severity, i.e.,
whose aboveground part was almost completely eliminated by the flames during a fire and
where resprout after the fire occurred through new basal shoots emerging from the ground
(Figure 1b). The post-fire regeneration and functional performance of all these individuals
were monitored at the end of each season (autumn 29 November 2019, winter 28 February
2020, spring 2 June 2020, summer 2 September 2020) during the first post-fire year. The
meteorological conditions during the study period were recorded by a weather station
close to the study area (39◦53′ N, 4◦02′ W; [36]).
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Figure 1. (a) Overview of the study area during (picture modified from [38]) and after the fire. (b) Detail
of an unburned Q. ilex (B−), and resprouts of Q. ilex burned with low (LB+) and high (HB+) severity.

2.2. Plant Functional Monitoring
2.2.1. Water Status

The topsoil moisture (SM) was monitored seasonally at three points on the south face
of all plants under study using a volumetric soil water content meter (Model HH2; Delta-T
Devices Ltd., Cambridge, UK), which was gravimetrically calibrated beforehand with the
natural soil from the study area at different stages of a dryness cycle (R2 = 0.95, p < 0.001).

Predawn shoot water potential (Ψpd) was also recorded seasonally in three south-
facing shoots per plant using a Scholander-type pressure chamber. Ψpd was used as an
indicator of plant water stress, assuming the absence of night-time transpiration and the
possible effect of solute concentration [39,40].

2.2.2. Leaf Gas Exchange

Net carbon assimilation (A) and stomatal conductance (g) were monitored seasonally
in three south-facing leaves per plant using a portable IRGA (Model LI-6400; Li-Cor
Biosciences Inc., Lincoln, NE, USA). The measures were taken at ca. 8:00 solar time, with
chamber parameters set to match the external weather conditions in each season (reference
[CO2] at 400 ppm, photosynthetically active radiation (PAR) at 1000–1500 µmol m−2 s−1,
leaf temperature at 20–25 ◦C, and vapor pressure deficit (VPD) at 1.5 kPa approximately).



Fire 2023, 6, 286 4 of 12

The intrinsic water use efficiency (WUEi) was inferred as:

WUEi =
A
g

where A and g were the net carbon assimilation and stomatal conductance measured
previously in the field, respectively.

2.2.3. Plant Growth

For recording shoot growth (SG), three south-facing shoots per plant were tagged at
the beginning of the experiment and their maximum lengths were measured seasonally
using a flexometer.

For monitoring leaf growth and structure, specific leaf area (SLA) was measured
seasonally in three south-facing leaves per plant. To this end, fresh leaves were collected in
the field and subsequently scanned using the software ImageJ v.1.53c (National Institutes of
Health, Bethesda, MD, USA) to obtain their leaf area (LA). Finally, they were dried (70 ◦C,
48 h). The SLA was calculated as:

SLA =
LA
DW

where LA and DW were the leaf area and dry weight, respectively.

3. Statistical Analysis

The generalized estimating equations (GEE) procedure extends the generalized linear
model with maximum likelihood (GzLM) to allow for analysis of repeated measurements
or other correlated observations, such as the observations recorded in our study individuals
during their functional monitoring throughout the first post-fire year. Thus, a GEE test with
post hoc least significant difference (LSD) pairwise comparisons was used to assess the effect
of fire severity, time, and their interaction on SM, Ψpd, A, WUEi, SG, and SLA variables
during the entire study period (n = 40 per treatment). Moreover, since the GEE only
indicates whether or not there is a general effect of the different factors during the entire
study period, a GzLM test with post hoc LSD pairwise comparisons was also conducted to
assess the effect of fire severity in each season (n = 10 per treatment), i.e., autumn, winter,
spring, and summer. Following Akaike’s information criterion corrected for finite samples
(AICc) after testing various error distributions and link functions, a normal distribution
with an identity link was assumed for SM, Ψpd, A, WUEi, and SG variables, and a gamma
distribution with a logarithmic link for SLA.

Statistical analyses were implemented in SPSS 28 (IBM Corp., Armonk, NY, USA) and
graphing was performed in OriginPro 2019 (OriginLab Corp., Northampton, MA, USA).

4. Results
4.1. Meteorology

The mean temperature recorded during the study period was 17.2 ◦C, with mean
minimum and maximum values of 4.2 ◦C and 34.6 ◦C during the winter and summer,
respectively. Total accumulated rainfall during the 19–20 meteorological year was 313.5 mm,
with spring being the wettest period with a recorded precipitation of 45.8% of the total
(Figure 2).
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Figure 2. Mean maximum (dotted line), medium (solid line), and minimum (dashed line) temperature
and accumulated rainfall (bars) seasonally recorded during the study period.

4.2. Water Status

No statistically significant differences among treatments (i.e., B−, LB+, and HB+) were
observed in soil moisture (SM) during the entire study period (Tables 1 and 2). In autumn,
values of SM around 15% were recorded in all treatments, which gradually decreased until
reaching values below 3% in summer (Figure 3a).

Table 1. Results of the GEE test (χ2 and p values) to evaluate the effect of fire severity, time, and their
interaction on SM, Ψpd, A, WUEi, SG, and SLA variables during the entire study period. Statistically
significant differences (p ≤ 0.05) are shown in boldface.

Fire Severity (FS) Time (T) FS × T

χ2 p χ2 p χ2 p

Water status
Soil moisture (SM) 3.83 0.148 464.32 <0.001 4.42 0.620

Predawn water potential (Ψpd) 239.41 <0.001 575.06 <0.001 108.75 <0.001
Leaf gas exchange

Net carbon assimilation (A) 4.79 0.091 104.99 <0.001 4.17 0.654
Water use efficiency (WUEi) 64.66 <0.001 31.58 <0.001 4.68 0.585

Plant growth
Shoot growth (SG) 56.21 <0.001 62.13 <0.001 67.85 <0.001

Specific leaf area (SLA) 136.81 <0.001 16.75 0.001 21.80 0.001

Table 2. Results of the GzLM test (χ2 and p values) to evaluate the effect of fire severity on SM, Ψpd,
A, WUEi, SG, and SLA variables in each season during the study period. Statistically significant
differences (p ≤ 0.05) are shown in boldface. Lowercase letters denote statistically homogeneous
subsets from post hoc LSD pairwise comparisons within each season.

Fire Severity (FS) Pairwise Comparison Subsets

χ2 p B− LB+ HB+

Soil moisture (SM)
Aut 2.01 0.367 a a a
Win 2.68 0.262 a a a
Spr 3.12 0.211 a a a

Sum 4.80 0.091 a a a
Predawn water potential (Ψpd)

Aut 105.34 <0.001 a b b
Win 25.89 <0.001 a b b
Spr 61.32 <0.001 a b c

Sum 144.25 <0.001 a b c
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Table 2. Cont.

Fire Severity (FS) Pairwise Comparison Subsets

χ2 p B− LB+ HB+

Net carbon assimilation (A)
Aut 2.14 0.343 a a a
Win 3.06 0.216 a a a
Spr 0.11 0.944 a a a

Sum 28.72 <0.001 a b b
Water use efficiency (WUEi)

Aut 12.27 0.002 a a b
Win 46.51 <0.001 a b c
Spr 24.54 <0.001 a a b

Sum 13.35 0.001 a a b
Shoot growth (SG)

Aut 10.96 0.004 a b ab
Win 0.03 0.983 a a a
Spr 49.71 <0.001 a a b

Sum 15.99 <0.001 a a b
Specific leaf area (SLA)

Aut 86.28 <0.001 a b c
Win 25.31 <0.001 a b b
Spr 13.20 0.001 a ab b

Sum 57.27 <0.001 a b c
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Figure 3. (a) Soil moisture (SM) and (b) predawn shoot water potential (Ψpd) seasonally recorded
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asterisks (*) show statistically significant differences among treatments within each season (p ≤ 0.05).
Lowercase letters denote statistically homogeneous subsets from post hoc pairwise comparisons for
the entire study period.
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Regarding predawn shoot water potential (Ψpd), the plants burned with high severity
(HB+) showed the highest Ψpd during the entire study period, with low-severity-burned
plants (LB+) exhibiting intermediate values and unburned ones (B−) with more negative
Ψpd (Tables 1 and 2). Immediately after the fire, during autumn and winter, HB+ and LB+
plants had a significantly higher Ψpd than B−. During spring and summer, HB+ plants
exhibited a very stable Ψpd of around −1.0 MPa, whereas LB+ and B− plants dropped to
values of −2.0 and −3.0 MPa, respectively (Figure 3b).

4.3. Leaf Gas Exchange

No statistically significant differences among treatments were observed in net carbon
assimilation (A) during the entire study period (Tables 1 and 2). During autumn, winter,
and spring, all plants showed stable values of A between 8 and 13 µmol CO2 m−2 s−1. In
summer, A dropped drastically and significant differences between HB+ and LB+ plants
(ca. 4 µmol CO2 m−2 s−1) with respect to B− ones (1.4 µmol CO2 m−2 s−1) were found
(Figure 4a).
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Figure 4. (a) Net carbon assimilation (A) and (b) intrinsic water use efficiency (WUEi) seasonally
recorded (mean ± s.e.) for Q. ilex unburned (B−), and burned with low (LB+) and high (HB+)
severity. The asterisks (*) show statistically significant differences among treatments within each
season (p ≤ 0.05). Lowercase letters denote statistically homogeneous subsets from post hoc pairwise
comparisons for the entire study period.
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Regarding intrinsic water use efficiency (WUEi), the HB+ plants showed a significantly
lower WUEi than LB+ and B− ones during the entire study period (Tables 1 and 2). The
WUEi was never higher than 55 µmol CO2 mol H2O−1 for the HB+ individuals, whereas
the LB+ and B− ones remained with values between 60 and 80 µmol CO2 mol H2O−1. In
all plants under study, the maximum values of WUEi were recorded in winter (Figure 4b).

4.4. Plant Growth

Statistically significant differences among the three experimental treatments (HB+, LB+,
and B−) in shoot growth (SG) were observed during the entire study period (Tables 1 and 2).
In autumn, the LB+ plants showed slightly higher SG than HB+ and B− ones, all of them
with values below 1.0 mm day−1. Vegetative growth stopped in winter, to be reactivated
again in spring, where the HB+ plants experienced much higher SG (4.2 mm day−1) than
LB+ and B− ones (no more than ca. 1.0 mm day−1). In summer, the HB+ individuals still
maintained some growth despite high temperatures and low rainfall, whereas for LB+ and
B− treatments the plants practically stopped their growth (Figure 5a). The mortality of the
studied individuals was practically null and only one HB+ individual had not resprouted
at the end of the study period.
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Regarding specific leaf area (SLA), the HB+ plants showed the highest SLA during the en-
tire study period, with LB+ plants exhibiting intermediate values and B− ones with lower SLA
(Tables 1 and 2). The HB+ and LB+ plants had values of ca. 60–80 and 50–60 cm2 g−1, respec-
tively, with maximum recordings in autumn and summer. Nevertheless, B− plants showed
more stable values during the entire study period, around 40–45 cm2 g−1 (Figure 5b).

5. Discussion

All resprouters are able to allocate resources to where they are needed for plant
recovery from disturbance, but resprouting from different types of organs could in turn
reflect different types of disturbance [23]. It is often assumed that the higher the severity of
the disturbance, the lower the height at which buds resprout new shoots [15,22]. In fact,
this is what occurred in our study, where we found that Q. ilex burned with low severity
had epicormic shoots resprouting from the branches, whereas Q. ilex burned with high
severity had basal shoots resprouting from the ground. However, most emphasis has been
placed on whether a species resprouts or not and not much on intraspecific differences or
among distinct types of resprouting [16,41], which could have important implications for
the speed of regeneration and ecosystem functioning.

From the point of view of water availability, Q. ilex burned with high severity showed
a better water status (Ψpd) than Q. ilex burned with low severity and unburned ones, which
was especially clear during summer drought months. In this sense, several studies have
shown that resprouts of Mediterranean species generally exhibit a better water status
during the first few years after fire than unburned plants [42–44], which has also been
previously observed in Q. ilex [34]. This reinforces the idea that fire has a negative effect
at the population level, as many individuals may be killed during the fire, but it could
even be positive at the functional level for the surviving individuals [45,46]. This would be
possible due to the fact that most of the aboveground leaf biomass of plants is generally
consumed during a fire, with a consequent reduction in leaf area index and transpiration
rates [47]. However, the root system of resprouters remains practically intact after a fire,
which ensures a water supply similar to that before the fire and allows an increase in water
availability until the plant recovers within the next post-fire years [48,49]. This fact also
explains the better water status of the high-severity-burned holm oaks compared to the
low-severity ones that still maintain part of their leaf canopy, which could have important
implications for their subsequent post-fire regeneration.

Regarding leaf gas exchange, previous studies in Q. ilex show that resprouts from
burned plants had photosynthetic activity (A) similar to that of unburned plants during
milder weather periods, but higher photosynthetic rates during summer drought [34],
which is in line with our observations and the general pattern found in other Mediterranean
species [42–44]. However, we found that resprouts from plants burned with high severity
showed a lower intrinsic water use efficiency (WUEi) than those burned with low severity
or unburned ones. This agrees with a previous observation in other Mediterranean species
after fire from δ13C data [45], a proxy of WUEi [50], and it could be supported by the
higher water availability recorded in plants burned with high severity. However, our
results contrast with the observations of Fleck et al. [51,52], who found higher WUEi in
burned Q. ilex individuals compared to unburned ones, although this was observed on
15-month-old resprouts in a population very close to the sea. This could indicate that Q. ilex
have high plasticity to adapt their leaf gas exchange to water availability, but also that
factors such as the time since fire (age of resprout) or intraspecific differences between
populations of the same species or different subspecies may also play a role. To determine
the importance of these factors, more studies in different populations and time scales are needed.

The Q. ilex burned with high severity also showed a higher shoot growth (SG) than
Q. ilex burned with low severity and unburned ones, especially during the spring and
summer of the first post-fire year. This higher growth recorded in severely burned plants
is supported by a higher water availability and a less conservative water-use strategy, as
mentioned above, which could in turn jeopardize the plant in case of extreme drought. In
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this regard, resprouting plants rely on the mobilization of stored carbohydrates to fund
respiration and regrowth until the plant has recovered photosynthetic capacity to support
these costs [16,23,53]. However, root function must also be sustained, so if CO2 uptake is
limited by stomatal closure due to drought, then carbohydrates could be depleted leading
to death [54,55]. Likewise, it has been documented that resprouts have a higher risk of
cavitation than undisturbed plants [55,56], so they could be endangered in case of severe
and prolonged drought [24]. On the other hand, we also found that shoots with higher
growth, i.e., shoots of Q. ilex burned with high severity, also had leaves with higher specific
leaf area (SLA). In this sense, there is extensive evidence of the positive relationship between
SLA and leaf lifespan with photosynthetic and respiration rates [57]. Moreover, it shows
the high plasticity of Q. ilex leaves to adapt to the environment and stress conditions, as
previously reported [35], developing, in this case, more sclerophyllous leaves (i.e., low SLA)
in those plants that have a lower water availability (unburned ones), which allows it to
better adapt to drought even though this entails higher construction costs [58–60].

6. Conclusions

Overall, our study shows that holm oak forests exhibit high plasticity to fire and
that Q. ilex burned with high severity have a faster regeneration than those burned with
low severity, at least during the first year after a fire. However, this rapid regeneration
is based on poor water use efficiency, so that plant recovery could be compromised in
case of extreme post-fire drought events, which are becoming increasingly common in
Mediterranean ecosystems due to climate change. Therefore, it is essential to carry out
further long-term studies, and on different populations and environments in order to clarify
the general response of this species to different fire severity and thus be able to anticipate
its response and that of the ecosystems it inhabits to present and future threats.
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