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Abstract: In Mediterranean fire-prone ecosystems, plant functional traits and burn severity have
decisive roles in post-fire vegetation recovery. These traits may reflect plant fitness to fire regimes
in the Mediterranean Basin. The aim of this study was to evaluate the effect of burn severity on
post-fire vegetation regeneration through plant functional (physiological and regenerative) traits in
two Mediterranean ecosystems: one more humid and colder (Cabrera in León province, NW Spain),
and another characterized by a longer summer drought (Gátova in Valencia province, SE Spain). A
total of 384 and 80 field plots (2 m × 2 m) were fixed in Cabrera and Gátova, respectively. In each
burned plot, we quantified burn severity by means of the composite burn index (CBI), differentiating
three severity levels (low, moderate, and high), and evaluated post-fire vegetation regeneration one
and two years after wildfires. We measured the percentage cover of each species and classified
them according to physiological (specific leaf area and N2 -fixing capacity) and regenerative traits
(reproductive strategy, bud bank location, and heat-stimulated germination). The main results
showed that in Cabrera, burn severity had significant effects on vegetation cover independently of
plant functional traits. In Gátova, burn severity effects differed among functional traits. In this site,
the cover of plants with low specific leaf area and without heat-stimulation and N2 -fixing capacity
was negatively related to burn severity. On the contrary, the cover of N2 -fixers and species with
resprouting ability and heat-stimulated germination rose with increasing burn severity. In general,
vegetation cover showed a more pronounced increased over time in the more humid area, mainly
under the effect of high severity. The results of this research highlighted the importance of the use of
plant functional traits as a driver to understand the response of different ecosystems to current fire
regimes, which could be relevant for pre- and post-fire management.
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Fire is an important disturbance in forest ecosystem, particularly in those located
in Mediterranean regions [1], where it is a relevant ecological element that shapes the
landscape [2]. In recent decades, climate change and increasing fuel accumulation caused
by land use abandonment (mainly driven by a reduction in traditional agriculture, livestock
grazing, and rural population density) have contributed to the alteration of the fire regime
in the Mediterranean Basin [3]. This has led to an increase in the number of fires [4], burned
area [2], and burn severity [5–7]. These changes in the fire regime have influenced plant
community structure [8], especially the presence of species with reproductive traits that
allow them to persist after fire [9,10]. In this sense, the regeneration of plant communities
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is strongly affected by burn severity [11–14]. In addition, climatic conditions characterized
by a decrease in the water availability for plants constrains their response to wildfire,
mainly because of its implication in the productivity of the plant community after fire [15].
Thus, the effect of fire on ecosystems is influenced by the pre-fire vegetation state and the
adaptive traits of plants [16–21].
According to Violle et al. [22], plant functional traits are classified as morpho–physio–
phenological traits that influence plant fitness by their effects on growth, reproduction, and
survival. Functional traits are particularly relevant in fire-prone ecosystems, where fire
regimes may shape the evolution of these plant characteristics [23], because they determine
the ability of plants to reproduce and survive [24]. Therefore, many authors have studied
the relationships between fire and plant functional traits in order to evaluate vegetation
behavior and response to fire regimes in Mediterranean ecosystems [15,19,25–28]. In this
context, burn severity plays an important role in shaping the types of vegetation after
fire [21,28]. From a physiological point of view, specific leaf area (SLA, leaf area per unit
dry mass) is one of the most studied functional traits [28–32]. This trait may provide
information about vegetation productivity and is considered to be an indicator of resource
use strategies [29,33]. Low SLA is often related to species with lower growth rates, net
photosynthetic capacity, and leaf nitrogen (N) concentration [34], but with a longer leaf
life-span [35]. On the contrary, species with high SLA are associated with faster growing and shorter leaf life-spans [36], which could be a good strategy in areas frequently
affected by severe fires [28]. Post-fire vegetation growth and recovery are also related to
soil nutrient concentrations [37,38], N being one of the most limiting nutrients in terrestrial ecosystems [39,40]. Leguminous and actinorhizal plant species can fix N2 from the
atmosphere through a symbiotic association with N2 -fixing rhizobia and Frankia bacteria, a
process that occurs in the root nodules [41,42]. Therefore, the presence of N2 -fixing species
after fire may contribute to recovering soil N losses by combustion [43,44], which is highly
relevant in areas frequently affected by wildfires [45].
Plant regenerative traits modulate post-fire vegetation persistence [9,16,18,27,46–48].
In this sense, plants can be classified as obligate seeders or resprouters based on their
ability to regenerate by germination or resprouting, respectively, and facultatives in cases
where they present both mechanisms [49]. In this context, the type of species present before
disturbance is closely related to post-fire vegetation development [19]. Obligate seeder
species in Mediterranean ecosystems usually present faster growth rates and shorter life
cycles than resprouters [50–52], so they easily recover during the first years after fire [53].
This is mainly explained by the fact that some of these species have fire-resistant seeds [54],
which may be stimulated by the temperatures reached during the fire [54–59]. Therefore,
heat-stimulated germination may help vegetation to persist in fire-prone ecosystems [60].
However, temperatures reached under high severity fire conditions may be lethal for seeds,
preventing seedling recruitment [14].
Resprouter species can regenerate vegetatively because they have aboveground and
belowground latent buds that form bud banks [61], which are protected by bark or leaf bases
and by soil, respectively [62]. These species depend on carbohydrates and nutrient reserves,
which are mobilized after a disturbance to resprout [63]. Therefore, the resprouting capacity
usually accelerates post-fire regeneration, even after frequent fires [18,52,64]. Despite this,
high severity situations are often related to poor regeneration of species with aboveground
buds, mainly because of consumption of the aerial biomass [65]. Therefore, resprouting
from belowground buds, which are protected by soil, is an advantageous strategy to
survive after severe disturbances [62].
The relationship between burn severity and plant functional traits was previously
studied in Mediterranean ecosystems [13,21,28,66,67]. However, we found no evidence of
studies focused on explaining vegetation response to burn severity over the short term as
a function of plant physiological and regenerative traits, comparing areas with different
vegetation composition and structure.
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The Gátova wildfire burned 1414 ha of Pinus halepensis Mill. forests with an understory vegetation dominated mainly by Rosmarinus officinalis L., Ulex parviflorus Pourr.,
Quercus coccifera L., and Erica multiflora L. This area has a Mediterranean climate, with hot,
dry summers [72]. Mean annual temperature and precipitation are 15 ◦ C and 400–600 mm,
respectively [73]. It is a mountainous region, with heterogeneous orography. Elevation
ranges from 290 to 815 m.a.s.l. It is characterized by alkaline soils (pH around 8), and the
predominant lithology includes dolomites, limestones, sandstones, clays, and marls from
the Triassic period [74].
2.2. Field Sampling
We randomly fixed a total of 384 field plots in Cabrera and 80 plots in Gátova
(2 m × 2 m), covering fire perimeters and unburned areas. In each burned plot, we
evaluated burn severity by the application of the composite burn index procedure (CBI),
adapted by Fernández-García et al. [75]. According to them, we visually rated from a score
of 0 (unburned) to 3 (maximal burn severity) several burn severity indicators (e.g., litter
consumed, char depth and soil color, foliage consumed, char height, tree mortality, and
canopy color) in 5 vertical strata of soil and vegetation. The final score of the plot was
obtained with the average of all the evaluated strata. In the Cabrera study area, we established 88 unburned plots, 80 at low severity, 100 at moderate severity, and 116 at high
severity. In Gátova, we fixed 20 unburned plots, 20 at low severity, 20 at moderate severity,
and 20 at high severity. Every burned and unburned plot (2 m × 2 m) was divided into
four 1 m × 1 m sampling units. The percentage cover of each woody species was visually
estimated in every sampling unit. Then, we calculated the average cover of each woody
species for each 2 m × 2 m plot. With the aim of analyzing vegetation changes over time,
burned plots were monitored one and two years after the wildfires. Specifically, field
samplings were carried out during the months of June and July 2018 and 2019. We used a
high precision GPS to georeference the plot centers.
2.3. Plant Functional Traits
Woody species were classified according to the following functional traits (Tables S1 and S2):
(1) Physiological traits: specific leaf area (SLA) (low or high) and N2 -fixing capacity (yes or
no); and (2) regenerative traits: reproductive strategy (resprouter, obligate seeder, facultative), bud bank location (aboveground or belowground), and heat-stimulated germination
(yes or no). Vegetation trait classification was based on the BROT 2.0 database [76], bibliographic review [18,48,77–81], personal communications, and field observations.
2.4. Data Analysis
To analyze the effects of burn severity and time after fire on vegetation regeneration,
we fitted generalized linear mixed models (GLMMs) with a quasi-Poisson error distribution
(log link function) and a penalized quasi-likelihood approximation (glmmPQL function) to
account for overdispersion. Data for all 2 m × 2 m plots from one (2018) and two (2019)
years after the wildfires were included in the analysis (n = 384 in Cabrera and n = 80 in
Gátova). The predictor variables in the GLMMs were burn severity categories (unburned,
low, moderate, and high), calculated with the CBI scoring, the time after fire (one and two
years), and their interaction (severity × time). The response variables in the models were
the percentage cover of vegetation differentiated by functional traits. For physiological
traits, we analyzed (1) low SLA, (2) high SLA, (3) N2 -fixing, and (4) no N2 -fixing capacity.
For regenerative traits, we analyzed (1) resprouters, (2) obligate seeders, (3) facultatives,
(4) aboveground buds, (5) belowground buds, (6) heat-stimulated germination, and (7) no
heat-stimulated germination. The identities of the 2 m × 2 m field plots were included in
each of the models as a random factor. We assumed that differences were significant at a
p value < 0.05.
Data analyses were carried out with R software [82] using MASS [83] and nlme [84] packages.
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In the case of resprouter and facultative species, the cover of those with belowground
buds showed a clear dominance in both study areas (Figure 5). We found a significant
negative effect of fire during the first year, but time significantly increased the cover values
of species with both types of buds (Tables S3 and S4). In Cabrera, percentage cover of
above and belowground buds species increased from low to high burn severity two years
after the wildfire (Figure 5; Table S3). In Gátova, aboveground buds species showed great
regeneration under moderate and high severity situations (p < 0.05) (Figure 5; Table S4).
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We observed an inverse pattern in the cover of heat and no heat-stimulated species
among the study areas, with a dominance of heat-stimulated species in Cabrera and no
heat-stimulated species in Gátova (Figure 6). One year after fire, the regeneration of heat-
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We observed an inverse pattern in the cover of heat and no heat-stimulated species
among the study areas, with a dominance of heat-stimulated species in Cabrera and no
heat-stimulated species in Gátova (Figure 6). One year after fire, the regeneration of heatstimulated species was low in Cabrera, but their cover significantly increased over time
(p < 0.001). During the second year, regeneration increased at high severity compared to
low and moderate severities (Figure 6; Table S3). In Gátova, we observed an increment in
the cover of heat-stimulated species over time and with burn severity, mainly two years
Forests 2021, 12, x FOR PEER REVIEW
of 16
after fire (Table S4). However, no heat-stimulated species was negatively affected by 9burn
severity (p < 0.001) (Figure 6; Table S4).

Figure 6. Average cover (%) of species with heat-stimulated and no heat-stimulated germination, and standard error for
Figure 6. Average cover (%) of species with heat-stimulated and no heat-stimulated germination, and standard error for
each
in: (a)
(a) Cabrera,
Cabrera,
each burn
burn severity
severity level
level (unburned,
(unburned, low,
low, moderate,
moderate, and
and high)
high) measured
measured by
by the
the composite
composite burn
burn index
index (CBI)
(CBI) in:
one
(c) Gátova,
one year
year post-fire;
post-fire; and
and (d)
(d) Gátova,
Gátova, two
two years
years post-fire.
post-fire.
one year
year post-fire;
post-fire; (b)
(b) Cabrera,
Cabrera, two
two years
years post-fire;
post-fire; (c)
Gátova, one
Statistical information is provided
provided in
in Tables
TablesS3
S3and
andS4
S4(Supplementary
(SupplementaryMaterial).
Material).

4. Discussion
thethe
effects
of burn
severity
on vegetation
regeneration
In the present
presentstudy,
study,we
weassessed
assessed
effects
of burn
severity
on vegetation
regenerover the
short
term,term,
basedbased
on a series
of physiological
and regenerative
traits,
in two
fireation
over
the short
on a series
of physiological
and regenerative
traits,
in two
prone
Mediterranean
areas
of
the
Iberian
Peninsula
with
different
climatic
conditions
fire-prone Mediterranean areas of the Iberian Peninsula with different climatic conditions
According to our results, burn severity affected
and vegetation composition. According
affected vegetation
vegetation
regeneration, but
traits
and
showed
different
regeneration,
but plants
plantsresponse
responsewas
wasdetermined
determinedbybyfunctional
functional
traits
and
showed
differbehavior
in the
areas.areas.
Despite
these differences,
in general,
regeneration
was low was
one
ent
behavior
instudy
the study
Despite
these differences,
in general,
regeneration
yearone
afteryear
the fires,
vegetation
cover increased
time in
both
study
areas.study
In Cabrera,
low
after and
the fires,
and vegetation
cover over
increased
over
time
in both
areas.
theCabrera,
area withthe
shorter
summer
drought,
burndrought,
severity burn
levelsseverity
did not significantly
influence
In
area with
shorter
summer
levels did not
signifiregeneration
during
the
first
year.
Nevertheless,
vegetation
cover
generally
increased
cantly influence regeneration during the first year. Nevertheless, vegetation cover generunder
high severity
aftertwo
fire,years
compared
to low
and moderate
severities.
In
ally
increased
under two
highyears
severity
after fire,
compared
to low and
moderate
Gátova, which
is characterized
higher average
temperatures
lower annual
severities.
In Gátova,
which is by
characterized
by higher
averageand
temperatures
andrainfall,
lower
different
response
patterns
were
observed
on
vegetation
cover
depending
on
the
evaluated
annual rainfall, different response patterns were observed on vegetation cover depending
plant
In this case,
theInregeneration
vegetation with
predominant
on
thefunctional
evaluated traits.
plant functional
traits.
this case, theofregeneration
of vegetation
with
predominant traits (species with low SLA, without N2-fixing capacity, obligate seeder, and
with no heat-stimulated germination) were negatively affected by burn severity.
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traits (species with low SLA, without N2 -fixing capacity, obligate seeder, and with no
heat-stimulated germination) were negatively affected by burn severity.
There was a clear difference in the cover of species with different SLA among study
areas. The effects of burn severity on the cover of these species also differed among study
sites. In the most humid area, there was a dominance in the cover of species with high
SLA, the regeneration of which increased under the effect of high burn severity compared
to low and moderate severities two years after fire. Despite this, the cover of high SLA
species did not reach unburned levels. The relation between species with high SLA, burn
severity, and more humid environments was previously documented in Mediterranean
ecosystems [28]. Vegetation with high SLA is usually associated with a greater use of the
available resources in the environment, investing less dry matter per leaf and growing
fast [36]. In this context, Anacker et al. [29] also related an increment in SLA in areas with
higher water availability and showed a relationship between high SLA and resprouter
species in a chaparral ecosystem in California. In the Cabrera study site, most of the
species with high SLA were shrubs with resprouting ability, mainly Ericaceae species, which
presented better regeneration as burn severity increased. In general, shrub vegetation
recovers quickly under high severity because it has more open spaces and less competition
with tree species, which facilitates its growth and development [12]. On the contrary,
species with low SLA dominated in the driest and hottest area, mainly because this trait
offers an advantage to avoid drought in areas with low resources [29]. The regeneration
of these species was low even two years after fire, which could be attributed to the lesser
photosynthetic activity and slower growth rates associated with this type of vegetation [34].
However, burn severity levels hardly influenced the regeneration of these species.
Regarding the N2 -fixing capacity, the percentage cover of N2 -fixing and no N2 -fixing
species did not differ in the area with shorter summer drought, while there was a dominance in the cover of species without N2 -fixing capacity before fire in the driest area. In
spite of this, the regeneration of N2 -fixing species significantly increased from low to high
severity two years after fire in both study sites. This could be explained by the fact that N
is the main limiting nutrient in these environments [28], although high intensity fires can
convert soil organic nitrogen to inorganic forms [43]. Furthermore, phosphorus increases its
availability under high severity situations [85], but losses through volatilization or leaching
are smaller than nitrogen. This is especially relevant in areas of the southeastern Iberian
Peninsula characterized by soils rich in phosphorus [86]. This new situation can induce
plants to increase their demand for nitrogen to maintain their stoichiometry. Therefore,
the input of N into the system and increase in its availability may be enhanced by the
recovery of species with N2 -fixing capacity [44] to the detriment of no N2 -fixing species in
N-limited areas.
With regards to plant regenerative traits, vegetation regeneration increased with burn
severity two years after the Cabrera wildfire, regardless of plant reproductive strategy.
In Gátova, the recovery of obligate seeder species decreased with burn severity, but the
cover of facultatives significantly increased under moderate and high severity situations.
Post-fire recovery is closely related to reproductive traits since they may influence strategies
used by plants to face drought conditions [87], vegetation response to post-fire rainfall
patterns [71], and the mechanisms of plants to obtain resources [88].
In this context, resprouter species regenerated rapidly under the effects of high severity
in the more humid area, compared to the hotter and drier site, almost reaching unburned
cover values. In fact, this reproductive strategy is considered a fitness advantage in areas
with high recurrence of fires [89], such as the Cabrera mountain range [90], and a trait
that enables vegetation to face high severity wildfires [28]. Resprouters usually have a
more developed root system that allows better access to water reserves [87], which could
make them more resistant to drought seasons [70]. Moreover, the ability to regenerate
vegetatively from bud banks is also related to good post-fire regeneration of resprouter
vegetation [61]. In the Cabrera study site, post-fire cover of species with resprouting
ability increased with burn severity regardless of bud type. However, this increment was
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more defined by belowground bud species. In this sense, it is common that individuals
with belowground buds resprout easily after high severity conditions, since their storage
organs are less exposed [65,67]. However, although fire may destroy the cambium in stems,
some strategies, such as a thicker bark, may still allow vegetation to resprout from aerial
buds [62,67,91], which could explain the regeneration of resprouter and facultative species
with aboveground buds.
The cover of obligate seeders dominated in Gátova, but these species were barely
present in the Cabrera study area. In fact, germination is a very common regeneration
strategy in Mediterranean regions with drier and hotter climates [28,88]. However, obligate
seeders were negatively affected by burn severity in this site, which presented low cover
values even under low severity conditions. This showed poor regeneration of the dominant
species, P. halepensis, an obligate seeder with no heat-stimulated germination. The seeds of
this species may not be as resistant to high temperatures as those of other pine species [92],
so temperatures reached at high severity situations may produce high seed mortality and
therefore low seedling density after fire [14]. Moreover, the processes of competition between germinated seedlings may also influence the regeneration of this species over the
short term [13,93]. In addition, shorter rainfall periods may affect post-fire emergence,
survival, and growth of obligate seeders more adversely than resprouters [70,71], since
suitable soil conditions and water availability are required for seedling recruitment [94].
Despite the low presence of obligate seeders in the Cabrera study area, species regeneration was good under high severity conditions. In fact, some authors have highlighted
germination as a reproductive strategy that promotes plant regeneration in fire-prone
areas [59,60]. Fire may enhance seedling recruitment because dormant seeds can be stimulated by high temperatures [55]. This process occurs when the seed coat is scarified
by heat [95], favoring water imbibition and promoting the germination of the soil seed
bank [59]. However, temperatures at low/moderate burn severities may not be high
enough to stimulate germination [58].
In the present study, the regeneration of species with heat-stimulated germination
increased from low to high burn severity situations. In fact, this process is very common in
many Mediterranean Cistaceae and Fabaceae species [95,96], such as some obligate seeders
and facultatives present in the study areas. Therefore, heat-stimulated germination could
also explain part of the regeneration observed in facultative species from both study sites. In
this context, González-De Vega et al. [13] found as well a higher regeneration of facultative
species under moderate severity one, three, and five years after fire. In South Africa,
Marais et al. [97] documented elevated seedling recruitment of facultative Mediterranean
shrubs two years post-fire. Thus, the presence of both reproductive strategies could have
had a positive effect on the regeneration of these species [98].
Our results showed that burn severity influenced post-fire regeneration over the
short term, mainly increasing cover values in more humid environments and negatively
influencing the recovery of dominant vegetation in hotter drier areas. Identification of
the functional plant traits that explain greater vegetation recovery according to different
severity situations is of special interest, especially in fire-prone areas. In general, vegetation
with N2 -fixing capacity, resprouting ability, and heat-stimulated germination responded
better to burn severity. In this context, the ability of many early successional species to
increase available N [99], the allocation of resources in storage organs and a better accessibility to water of resprouters [100], and the tolerance of some seeds to high temperatures
and recurrent fires [59] may enhance vegetation regeneration.
This approach shows evidence of the effects of burn severity in the most vulnerable
vegetation in relation to the environment. In this sense, climate conditions characterized by
higher average temperatures and lower annual rainfall may have played an important role
in vegetation recovery. The study of vegetation regeneration through plant functional traits
could be an interesting approach to understanding current fire regimes [3], and to face
future predictions on fire behavior in Mediterranean ecosystems under a climate change
context [5], as it may provide us with information about the response of areas frequently
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affected by severe fires. This could therefore be a key element in fire management in
Mediterranean Basin forests in the framework of global change [101]. In such a way, the
most resistant and resilient vegetation could be taken into consideration in these type of
management strategies [27,102]. Therefore, studying the long-term response of vegetation
in relation to plant functional traits may also offer an interesting approach about how
vegetation is able to face current fire regimes and cope with global change and, therefore,
about those species and environments that require a priority management [103].
5. Conclusions
The present study provides evidence of the effects of burn severity on vegetation
regeneration as a function of plant physiological and regenerative traits in two different
Mediterranean areas in Spain, one being characterized by mild temperatures and frequent
precipitation (Cabrera), and the other by a drier and warmer climate (Gátova).
In Cabrera, high SLA species, resprouters, and obligate seeders with heat-stimulated
germination respond better to burn severity. In general, post-fire cover tends to increase
under high severity compared to low and moderate severities. In Gátova, N2 -fixer species,
facultatives, and heat-stimulated species present better regeneration at high burn severity.
However, the recovery of the predominant species is poor, both one and two years after
fire, since cover decreases with burn severity. Therefore, vegetation response in Gátova
changed among plant functional traits.
In general terms, vegetation covers increased over time in both study sites. However,
this increment is more pronounced in the more humid area, mainly under the effect of high
severity. Thus, more favorable climatic conditions could have promoted the regeneration
of vegetation in the Cabrera compared to the Gátova study area.
Therefore, the results of this research further our knowledge about the response of
different ecosystems to current fire regimes, which could be relevant for pre- and postfire management.
Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
907/12/2/149/s1, Table S1: Classification of woody species sampled in the Cabrera study area
according to the functional traits. Bud bank location (aboveground or belowground) applied for
resprouter and facultative species. Heat-stimulated germination (yes or no) applied for obligate
seeder and facultative species, Table S2: Classification of woody species sampled in the Gátova study
area according to functional traits. Bud bank location (aboveground or belowground) applied for
resprouter and facultative species. Heat-stimulated germination (yes or no) applied for obligate
seeder and facultative species, Table S3: Results of the generalized linear mixed models (GLMMs)
showing the effects of the burn severity variable (unburned, low, moderate, and high), effects of
the time (one and two years after fire), and interaction (severity × time) on each vegetation trait
in the Cabrera study area. df are degrees of freedom. Significant p values are in bold face. NS (no
significant), Table S4: Results of the generalized linear mixed models (GLMMs) showing the effects
of the burn severity variable (unburned, low, moderate, and high), the effects of time (one and two
years after fire), and interaction (severity × time), on each vegetation trait in the Gátova study area.
df are degrees of freedom. Significant p values are in bold face. NS (no significant).
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