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halepensis (a non-resprouting serotinous pine species). Then, we evaluated the age at
first reproduction and the size of the canopy seed bank of each individual tree. Our
results show a significant effect of fire regime on the onset of reproduction in this spe-
cies, suggesting a selection towards higher precocity in populations subject to shorter
fire intervals. Due to this higher precocity, pines stored more cones and therefore,
increased their potential for reproduction post-fire. We provide the first field evidence
that fire can act as a driver of precocity. Being precocious in fire-prone environments
is adaptive because it increases the probability of having a significant seed bank when
the next fire arrives.
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Introduction

Fires and plants have interacted for millions of years, generating evolutionary feed-
backs (Pausas and Keeley 2009, Archibald et al. 2018). As a consequence, many plant
species have acquired traits that enhance their fitness in environments with recurrent
fires (He et al. 2011, Keeley et al. 2011, Pausas 2015, Lamont et al. 2019). There is
now a bulk of evidence at the microevolutionary scale suggesting that particular fire
regimes select for specific plant traits (Pausas et al. 2012, Herndndez-Serrano et al.
2013, Vandvik et al. 2014).

Global change factors, including increased ignitions, land use changes and global
warming, are changing fire regimes (e.g. reducing the interval of intense crown-fires)
beyond the local historical variability (Enright et al. 2015, Turner et al. 2019, Pausas
and Keeley 2021). For non-resprouting species, if the time needed for saplings to
mature and begin to produce seeds is greater than fire interval (i.e. severe fires occur
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before sexual maturity), populations will fail to regener-
ate after fire. That is, a very short fire interval may strongly
reduce population size of non-resprouting species or even
lead them to local extinction (immaturity risk; Zedler et al.
1983, Keeley et al. 1999, Enright et al. 2015, Turner et al.
2019). Thus, sexual precocity (i.e. reproduction at an earlier
age) is a key trait for persistence in a world with increasing
fire activity. This is especially relevant for serotinous species,
whose strategy to withstand fires is to accumulate a canopy
seed bank in woody structures (cones or fruits) until the heat
of a fire opens the cones and releases the seeds (Lamont et al.
2020). Thanks to this accumulation of seeds, serotinous spe-
cies massively recruit in post-fire conditions where resource
availability is high and competition is low (Causley et al.
2016, Lamont et al. 2020). However, serotiny is adaptive
only when fire return intervals fall between the age of repro-
ductive maturity and the plant’s lifespan (Pausas and Keeley
2014, Lamont et al. 2020).

Several studies have highlighted the extraordinary impor-
tance of serotiny and precocity in post-fire population recov-
ery, especially in pine species (Panetsos 1981, Daskalakou
and Thanos 1996, Keeley and Zedler 1998, Tapias et al.
2001). The correlated evolution of serotiny and precocity
and its relationship with the fire regime is also well docu-
mented in pines (Schwilk and Ackerly 2001). However,
while most of the studies focus on interspecific variability
of these reproductive traits, few consider intraspecific vari-
ability (Climent et al. 2008, Espelta et al. 2008, Santos-
del-Blanco et al. 2010, 2013). There is sound evidence that
the frequency of crown-fires increases the level of serotiny
among populations of the same species (Gauthier et al. 1996,
Radeloff et al. 2004, Herndandez-Serrano et al. 2013). In the
same way, the mechanism proposed to explain the evolution
of precocity is the reduced fire interval (Keeley and Zedler
1998, Tapias et al. 2001, Climent et al. 2008); but to our
knowledge, the effect of fire on the intraspecific variability of
precocity has not yet been evaluated.

There is large variation (5-50 years) in the age at the first
reproduction across pine species; those inhabiting fire-prone
environments are more precocious than those from low
productivity ecosystems that do not burn (deserts and high
mountains; Keeley and Zedler 1998). There is also evidence
of variability among and within populations (Supporting
information; Turner 1985, Tapias et al. 2001, Ne'eman et al.
2004, Landis et al. 2005, Climent et al. 2008) and of high
genetic control of precocity (Cecich et al. 1994, Santos-del-
Blanco et al. 2010, Zhuk and Goroshkevich 2018). The fact
that there is variability in precocity among populations could
indicate different selection processes, while within popula-
tion variability and heritability provides the opportunity
for the evolution of this trait. Thus, we hypothesize that
under short fire interval, only precocious trees will be able
to produce seeds for recruiting after the second fire, with
the consequent increase in precocity in the next generation.
This selective pressure should be especially evident in non-
resprouting serotinous species, including several pines, and
should operate simultancously with the observed reduction

of post-fire tree density (Eugenio et al. 2006, Espelta et al.
2008). We predict that in these pine species, young trees from
populations inhabiting environments where crown-fires are
frequent will tend to reproduce earlier, thereby increasing the
number of stored cones in comparison to those that inhabit
environments that rarely burn. This, together with a higher
level of serotiny, will allow individuals living in environments
with recurrent fires to accumulate a larger canopy seed bank
at carly ages (Fig. 1) ensuring their reproduction post-fire.
We tested this hypothesis in the widespread Mediterranean
Aleppo pine Pinus halepensis.

Material and methods
Study species

Pinus halepensis is one of the most abundant and widespread
tree species in the Mediterranean basin and it is dominant
in the eastern Iberian Peninsula (Quézel 2000). The great
regeneration capacity of 2 halepensis is due to its repro-
ductive precocity (Panetsos 1981), its large annual crop of
cones and its ability to store serotinous cones in the can-
opy (Daskalakou and Thanos 1996). In the eastern Iberian
Peninsula, this species occupies habitats with different fre-
quencies of crown-fires and exhibits high variability in sero-
tiny (Herndndez-Serrano et al. 2013). Little is known about
the degree of variation of precocity for this species as in most
studies (Tapias et al. 2001, Climent et al. 2008) the mean
age at first reproduction, which is estimated for even-aged
populations, is based on the reproductive individuals only (a
proportion of the entire population). Thus, this estimation is
contingent on the age of the population (e.g. young popula-
tions with a few reproductive individuals will be considered
more precocious than older populations). However, from
those studies, we can infer that there is variability in this trait
within and among populations. Furthermore, this species
shows significant heritability in reproductive traits (flower
and cone production; Matziris 1997), including precocity
(Santos-del-Blanco et al. 2010). These characteristics make P
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Figure 1. Conceptual diagram of the hypothesized mechanisms that
modulate the size of the canopy seed bank in young pine trees. High
frequency of fire selects for precocious individuals. As a result of pre-
cocity, these individuals store more cones at a given age than those
who begin to reproduce later. Fire frequency also increases the level
of serotiny, as the most serotinous individuals are more likely to
reproduce after each fire. These two fire-mediated traits allow indi-
viduals growing in areas under high fire activity to increase the size of
the canopy seed bank, and therefore improve their fitness after a fire.

HIGH FIRE
FREQUENCY,

Page 2 of 9

85U8017 SUOWIWIOD SAERID 3 [deat[dde 8y Ag peusencb a.1e sejole YO ‘9SN Jo Sojni o} AkeugiT8UIIUQ A8]IM UO (SUONIPU0D-pUe-SWB Lo A3 1M Alelq 1 juluo//SAny) SUORIPUOD Pue SWiS | U1 88S *[£202/€0/20] o Akeiqiauliuo A(1m ‘(ouleAnde ) sqnopesy Aq £2£60"110/TTTT'OT/I0P/WO0 A8 |1 Aleiq i u|uoy/Sdny wolj pepeojumod ‘€ ‘€202 ‘9020009T



halepensis a good species model to test the influence of fire in
shaping precocity variability.

Study sites and sampling

We selected 13 sites dominated by P halepensis trees in the
Valencia region (eastern Spain). In this area, crown-fires are
more frequent at lower (warmer) alticudes (Verdd and Pausas
2007, Pausas and Verdd 2008, Herndndez-Serrano et al.
2013); thus, to ensure the sampling includes variability in
the fire regime, sites were selected across a range of altitudes
(60-850 m approx.; Supporting information) and climatic
conditions (Table 1). We used local forestry maps to confirm
the dominance of young trees in each site and to avoid plan-
tations. Distances between sites ranged from 6.1 to 165 km
(77.5 + 38.1 km, mean + SD). In each site, we established
four transects, spaced by at least 100 m. In each transect, we
haphazardly selected and georeferenced 10 trees (40 trees per
site, except S11 with 37 trees; Supporting information), sepa-
rated by at least 10 m. Since tree size and conspecific den-
sity can affect cone production (Shmida et al. 2000, Niklas
and Enquist 2003, Espelta et al. 2008, Strauss et al. 2017),
we measured the basal diameter (10 cm above ground) of
each tree and its distance to the two closest trees. We then
calculated the annual growth rate as the basal diameter (cm)
divided by the age (years) and the average of the distances
to the two closest trees (hereafter, average distance). We esti-
mated the age of each tree by counting whorls (Lamont 1985).
Generally, Pinus species produce one whorl per year, but P
halepensis can produce several shoots annually. Therefore, this
method to age the trees requires detecting whorls produced
in the same year. Through field observations, we found that
the secondary whorls have fewer and thinner branches and/
or are closer to other whorls from the same growing season
(see the Supporting information for more details). We vali-
dated this age estimation in post-fire stands in which the age
of the regenerating trees is known (i.e. the time since the last

Table 1. Fire activity index (FAI; standardized values of log-transformed
sum of the fire sizes recorded in a 10 km radius circle surrounding
each sampled site) and climate (mean annual precipitation and tem-
perature, and aridity index), of the studied sites. Note that a lower
aridity index value corresponds to more arid conditions. Additional
details of the sites are given in the Supporting information.

Site Precipitation Temperature

code FAI (mm) (°C) Aridity index
S1 1.00 560.15 15.33 0.283
S2 0.91 828.26 18.35 0.236
S3 0.87 558.50 16.36 0.270
S4 0.83 518.60 16.26 0.271
S5 0.73 569.60 15.69 0.311
S6 0.54 433.35 14.78 0.241
S7 0.52 526.82 17.55 0.290
S8 0.47 504.15 11.27 0.261
S9 0.40 427.77 12.6 0.240
S10 0.31 504.15 11.27 0.240
S11 0.26 563.79 11.04 0.284
S12 0.14 447.68 13.22 0.269
S13 0.00 421.75 14.47 0.233
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crown-fire). For reproductive trees, we also estimated the age
of each cone following the same method of counting whorls
(avoiding immature cone cohorts; i.e. the last or last two
cohorts depending on the sampling season) and recorded
whether they were open (non-serotinous), closed (serotinous
cones) or from the last cohort considered (closed but sero-
tiny unknown). Pinus halepensis is a very flammable species
that retains old branches and empty cones; they act as ladder
fuels that carry the fire to the crown (Supporting information;
Ne’eman and Arianoutsou 2021). This retention of branches
and cones allowed us to estimate the age of the young tree
and its cones (even if they were open), and therefore the age
at first reproduction and the total number of stored cones (i.e.
closed cones; an estimation of the canopy seed bank) for each
tree. Field evidence suggested that some lower (thin) branches
can be dropped at about the age of 20-year-old, thus, to avoid
sampling errors, we established 18-year-old as the maximum
age of the sampling individuals. Note that 2 halapensis (like
many other pines) starts reproducing as female. Also, pollen is
unlikely to be limiting as this species produces an abundance
of wind-dispersed pollen and forms extensive populations
(Ne’eman et al. 2004). Thus, female cones are a good indica-
tor of the first reproduction in this species.

Fire and climate characterization

The fire records available for our study region cover a period
of 37 years (maps provided by the regional government
of Valencia and Castilla la Mancha, from 1979 to 2016).
Although there is evidence of overlapping fires with short
intervals in our region (in relation to the longevity of the
species; Malak and Pausas 2006, Malak et al. 2015), the fire
return intervals in P halepensis forest are considered to be in
the order of decades (Naveh 1990, Agee 1998, Rundel et al.
2016). Then, the available fire data are too short to accurately
depict the fire history of specific sites (i.e. at sampled-site
scale) and particularly, to detect the occurrence of the less
frequent events of overlapping fires with shorter intervals that
promotes precocity. In addition, crown-fires in these forests
are very intense and kill all individuals (stand-replacing fires),
and therefore counting fire scars in the trunk is not an option
in our study system. Thus, it is impossible to have reliable
information on the specific fire recurrence and interval at the
site scale. One way to overcome this lack of data is to estimate
the fire regime for a larger area than the sites (i.e. the area
surrounding the sites), obtaining more information from the
available fire records. The area surrounding the sites can be
considered similar to them in regard to their fire-proneness.
Thus, using relatively large areas allows for estimating some
long-term fire regime parameters, even with relatively short
fire data (Hanes et al. 2019, Pausas 2022). That is, sites in
areas with recent high fire activity are in more fire-prone
environments and thus, they are more likely to have suffered
recurrent (overlapping) fires with short fire intervals than sites
located in areas with low fire activity in the last 37 years (less
fire-prone). Specifically, we calculated a fire activity index
(hereafter FAI) as the log-transformed sum of the sizes of all

85U8017 SUOWIWIOD SAERID 3 [deat[dde 8y Ag peusencb a.1e sejole YO ‘9SN Jo Sojni o} AkeugiT8UIIUQ A8]IM UO (SUONIPU0D-pUe-SWB Lo A3 1M Alelq 1 juluo//SAny) SUORIPUOD Pue SWiS | U1 88S *[£202/€0/20] o Akeiqiauliuo A(1m ‘(ouleAnde ) sqnopesy Aq £2£60"110/TTTT'OT/I0P/WO0 A8 |1 Aleiq i u|uoy/Sdny wolj pepeojumod ‘€ ‘€202 ‘9020009T



fires (i.e. cumulative burned area) recorded in the area of a
10 km radius circle surrounding each sampled site (i.e. buffer
zone; see the Supporting information for further details); the
value was then standardized between 0 and 1 (Table 1). The
full size of each fire was included even if their areas exceeded
the buffer zone. This FAI can be considered a proxy for the
fire return interval at local (sampled-site) scale, as the higher
the FAI the greater the probability for any site to have experi-
enced two consecutive fires with a short fire interval (because
of the higher chance of fires to overlap). In addition, sites
with high values of FAI are in more lowlands with warmer
and dryer climates, corroborating the relationship between
FAI and fire-proneness (Verdt and Pausas 2007, Pausas and
Verdt 2008, Hernandez-Serrano et al. 2013).

FAI values were computed using QGIS ver. 3.16.13
(QGIS Development Team 2019), by setting the 10 km buf-
fer zones around our sites and intersecting with the fire maps.
Note that all fire events were wildfires; prescribed burns were
not performed in the region during the study period.

Another possible index of fire activity with the available
fire records would be just the number of fires in the 10 km
buffer zone, instead of cumulative burned area. In our sites
the number of fires and cumulative burned area are corre-
lated (r=0.89, p < 0.001), indicating that sites with a higher
burned area have also had more fires and therefore, high values
of FAI are not conditioned by unusual events (i.e. a single
large fire). We selected cumulative burned area for the analysis
because it should be a better indicator of the fire return inter-
val at the site scale as it accounts for the fire size (for the same
number of fires, smaller fires are less likely to overlap than
large fires), but results with the number of fires as a predictor
variable are also presented in the Supporting Information.

To characterize the climate of our sites, we extracted mean
annual temperature and mean annual precipitation (1951—
2015 period) from a gridded map (0.1° resolution) provided
by the Santander Meteorology Group (Herrera et al. 2012,
2016; Table 1). We also obtained aridity values from the
Global Aridity Index map (30 arc-seconds resolution for the
1970-2000 period) (Trabucco and Zomer 2019; Table 1).

Statistical analyses

Before conducting our analyses, we tested the influence of
FAI on average distance and growth rate, by fitting linear
mixed models with site as random factor. FAI was not signifi-
cant in explaining the differences in either average distance
nor in growth rate (Supporting information).

To evaluate the role of fire regimen on per-individual age
at first reproduction (precocity), we fitted a Cox proportional
hazards regression model with the ‘coxme’ package (Therneau
2019). We used this survival analysis framework to account
for censored data, i.e. to include individuals that did not
reach sexual maturity at the sampling time. We included FAI
as a predictor variable and site as a random factor. Given that
cone production could also vary with tree size, tree density
and climate, we added annual growth rate, average distance
and the three climatic variables described above as covariates

in the model. We also tested the interactions between FAI
and the covariates.

To test whether the number of closed cones (as a proxy of
the canopy seed bank) at the individual level differed depend-
ing on the FAI, we used a generalized linear mixed model
(GLMM) with a Poisson error distribution and the log link
function using the ‘lme4’ package (Bates et al. 2015). We
included FAI as a predictor variable, and the same covariates
as in the previous model, including for this model the age
of the tree at sampling time. Then, to explore the influence
of precocity in the number of closed cones accumulated in
the canopy, we ficted a GLMM with the same structure, but
added the number of years since the first reproductive event
(maturity) as a predictor. The last variable removes the effect
of precocity, and thus allows us to test whether the differences
in the amount of cones are related to fire, independent of
precocity. Failing to find a significant relation with fire in this
latter model (and a significant effect in the previous) would
suggest that precocity is a more relevant factor. For these two
models we considered individual nested within site as ran-
dom factor. We included an individual-level random effect to
deal with overdispersion (Harrison 2014). Non-reproductive
individuals and open cones do not contribute to the seed
bank and thus were not considered in the analysis.

We used the ‘ggeffects’ package (Liidecke 2018) to com-
pute the predicted values of precocity and accumulated closed
cones for the 75th and 25th percentile of the FAI values (i.e.
for high and low fire activity, respectively). Given that the
‘coxme’ package used for the precocity model does not pro-
vide methods for obtaining conditional predicted values, we
used the ‘survival’ package (coxph function; Therneau 2015)
to obtain the predicted values of the probability of maturity.
Both fitting methods (coxme and coxph) allow the inclusion of
a random effect term and therefore, both methods are appro-
priate for the analysis. We prioritized coxme to test the model
because it appears to be the most accurate when modeling
mixed effects (Therneau 2015), but results with coxph are also
presented (in the Supporting Information). In survival analy-
ses, we calculate the probability of reaching sexual maturity
as: 1 — P, where P is the probability of being immature. All
analyses were performed in R ver. 3.6.1 (www.r-project.org).

Results

Growth rate is the single variable that best explains precocity
(positive relationship; Table 2a). Once we take into account
growth rate, FAI is highly significant and positively related
to precocity (Table 2a, Fig. 2a). Individuals growing in sites
that frequently burn (75th percentile in the FAI frequency
distribution) reach the 0.5 probability of being reproduc-
tive at 9 years old, while for individuals growing in sites that
rarely burnt (25th percentile in the FAI) this probability is not
reached until 13 years old (Fig. 2a). The relationship between
average distance to closest trees and precocity was also signifi-
cant and showed a negative tendency, that is, the more isolated
individuals, the later they reached sexual maturity (Table 2a).
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Table 2. Results of the model for (a) precocity, (b) number of closed cones (proxy of the canopy seed bank) and (c) influence of precocity in
the number of closed cones in relation to fire activity (FAI) and covariates (sequential addition of variables). Degree of freedom (df), log-
likelihood (LogLik), 2 and the associated p value of each step in the models are presented (**p < 0.01; ***p < 0.001). The last two columns
provide the estimated coefficients and standard errors (SE) for the intercept (null model row) and fixed effects of the final model. Note that

Cox models do not fit the intercept.

Model df LoglLik X p Estimate SE
(@) Precocity (Cox model)
Null 3 -1460.4
Growth rate 4 —1435.5 49.77 < 0.0071*#** 0.32 0.04
+ Average distance 5 -1431.4 8.24 0.004** -0.07 0.02
+ FAI 6 —1427.3 8.21 0.004** 0.44 0.13
(b) Number of closed cones (GLMM)
Null 3 -832.49 -3.16 0.41
Growth rate 4 -793.92 77.15 < 0.007*** 0.27 0.03
+ Age 5 —-768.81 50.22 < 0.007*** 0.19 0.02
+ FAI 6 —763.08 11.46 < 0.007*** 0.13 0.03
(c) Precocity influence in the number of closed cones (GLMM)
Null 3 —-832.49 -2.96 0.44
Growth rate 4 -793.92 77.15 < 0.007 *** 0.26 0.02
+ Age 5 —768.81 55.22 < 0.007*** 0.13 0.02
+ Years since maturity 6 —756.42 24.78 < 0.007*** 0.11 0.02
+ Temperature 7 -750.72 11.41 < 0.007*** 0.08 0.02

The number of closed cones was significantly and posi-
tively related to the growth rate and the age of the tree (Table
2b). Once these two variables were included in the models,
FAI was still significant (Table 2b, Fig. 2b), indicating that
the trees bear more cones in sites with higher FAL. However,
when we include the number of years since maturity, this vari-
able was significant in explaining the differences in the num-
ber of closed cones (and FAI was no longer significant; Table
2¢). Of the other covariates included in the model, only mean
annual temperature contributed to explaining the number of
closed cones (positive relationship; Table 2c¢). That is, more
precocious trees showed more stored cones at a given tree age,
regardless of fire activity. In other words, the main mecha-
nism by which fire increases the number of stored cones at a
given age (Table 2b) is by increasing precocity (Table 2a) and
not by other fire-related processes (e.g. higher productivity
post-fire; Table 2c).

All these results are independent of the fitting method
(Supporting information) and the logarithmic transforma-
tion (Supporting information). In addition, the results are
basically the same if we use the number of fires instead of FAI
as a predictor variable (Supporting information).

Discussion

There is a positive relationship between fire activity experi-
enced by the population and the onset of reproduction in
P halepensis trees (Table 2a). Because populations in more
fire-prone habitats (high FAI) likely suffered more recurrent
(overlapping) fires, our results suggest that the increase in pre-
cocity may be driven by short fire intervals. Previous studies
have shown significant heritability of precocity (Santos-del-
Blanco et al. 2010) and have proposed fire as a likely driver
for the evolution of this trait in P halepensis (Tapias et al.
2001, Climent et al. 2008). Taken together, these results
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suggest that short fire intervals prevent the reproduction of
slow reproducing individuals and thus, select the most pre-
cocious ones. To our knowledge, we provide the first field
evidence of this phenomenon.

Furthermore, we found that fire activity increases the
number of cones accumulated in the canopy at a given age
(Table 2b), and that this effect is not explained by higher
cone productivity of populations under high fire activity, but
by their higher precocity (Table 2¢). This result is consistent
with precocious individuals bearing more cones in homoge-
neous growing conditions (common gardens experiments;
Santos-del-Blanco et al. 2010). Since we only considered
cones that were closed at the sampling time, an alternative
explanation for the observed differences could be the open-
ing of the cones. However, the serotiny degree (proportion
of closed cones respect to the total) is very high in young P
halepensis trees (Tapias et al. 2001, Ne'eman et al. 2004). In
fact, in our study, open cones accounted for only 8% of the
total sampled cones (n=2193) and we found no evidence
that fire activity or any of the covariates considered affected
cone opening (Supporting information). Accordingly, pre-
cocious individuals bear more cones at a given age (com-
pared to individuals that begin to reproduce later), and thus
it is likely that they accumulate a larger canopy seed bank
at young ages. In pines, the number of seeds per cone may
show some variability across cones and trees, but there is no
evidence that they vary with fire activity. Thus, the observed
differences in the number of cones suggest a different size
of the seed bank. The consequence is that trees subject to
high fire activity are more likely to reproduce and leave more
offspring if the next fire comes after a short period. The fact
that precocity and serotiny are correlated traits among pine
species (Schwilk and Ackerly 2001) suggests that this process
is likely to be quite general in serotinous species. Our results
also add further evidence to the role of fire in shaping intra-
specific variability in plant traits (Gémez-Gonzdlez et al.
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Figure 2. Fitted lines for 75th (in red; upper lines) and 25th (in
blue; lower lines) percentile of fire activity index (FAIL i.e. high and
low fire activity) for the models relating (a) probability of reaching
sexual maturity (precocity; Supporting information), and (b) num-
ber of closed cones (proxy of the canopy seed bank; Table 2b)
against the age of the individuals. Shaded area shows the confidence
intervals. Note that in precocity models (Supporting information)
age is not included as a predictor since Cox models use time to
event (i.e. age) as a response variable.

2011, Pausas et al. 2012, Hernandez-Serrano et al. 2013,
Vandvik et al. 2014).

Pinus halepensis saplings with a higher growth rate exhib-
ited higher precocity (Table 2a). Tree size (represented by age,
and for a given tree cohort, by growth rate) also influenced
cone production (Table 2b), and this effect was significant
even when we take into account the effect of precocity (Table
2¢). This positive relationship between growth and reproduc-
tive investment (precocity and cone production) has been

widely documented in pines (Shmida et al. 2000, Niklas
and Enquist 2003, Espelta et al. 2008). In common garden
experiments, however, some authors have observed a tradeoff
between investment in reproduction and vegetative growth in
pines, with a maximum allocation to reproduction in middle-
size individuals (Climent et al. 2008, Santos-del-Blanco et al.
2010). These contrasting results could be explained by the
spatial heterogeneity in natural environments, supported by
the higher growth rate variability within than among sites
in our data (76% and 24%, respectively). This heterogeneity
gives individuals different access to resources, which can blur
the reproduction—growth tradeoffs (Reznick et al. 2000).

Previous studies have revealed the negative effects of tree
density on reproduction, either due to competition for soil
resources or due to the interference between crowns, which
limits light and wind pollination (Strauss et al. 2017).
However, most of the studies evaluating the effects of den-
sity have been conducted in experimentally thinned plots
(Gonzélez-Ochoa et al. 2004, Verkaik and Espelta 2006),
so small-scale effects of spatial heterogeneity in the distribu-
tion of individuals were not taken into account. We found
that the most isolated individuals (within the sampled site)
showed a later onset of reproduction (Table 2a). Since this
result is not due to different resource allocations (differences
in growth have already been taken into account), it could be a
signature of the seed shadow from the mother trees. Post-fire
recruitment normally occurs close to the mother tree, gener-
ating a spatial genetic structure of the population (Ayre et al.
2010, Herndndez-Serrano et al. 2013). Therefore, is likely
that after a second fire, precocious mothers will leave a more
profuse offspring (because of a larger seed bank), while less
precocious mothers will leave a fewer and more dispersed off-
spring. This could explain the observed pattern, although we
cannot address this in detail with the available data. Overall
our results emphasize the importance of field-based studies to
understand ecological processes.

Although a high frequency of fires favors precocity, not
all individuals are mature up to 16 years old (Table 2a,
Fig. 2a). Thus, recurrent fires with fire intervals shorter than
16 years may reduce the density of the post-fire population,
as it excludes slow-reproducing individuals and the canopy
seed bank of the precocious ones may not be large enough to
reach the pre-fire density. This is in line with previous stud-
ies showing that the minimum fire interval for P halepensis
populations to recover the pre-fire density level is 15 years
(Eugenio et al. 2006, Espelta et al. 2008). The occurrence of
such short fire intervals is currently anomalous in our region.
However, fire activity is likely to increase in the study area
as temperatures and rural depopulation increase and urban
populations spread into the forest-urban interface (Pausas
and Milldn 2019). This tendency could compromise the per-
sistence of P halepensis populations, especially those growing
in places with historically low fire activity (less precocious).
That is, pine populations with histories of lower fire activity
are more sensitive to abrupt increases in fire frequency. In
short, to what extent the lower density of precocious trees
will maintain the population is beyond the objectives of this
paper and requires further research; but will likely depend
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on the interplay between the number of recurrent fires, their
interval and the precocity of the population, together with
other characteristics of the site (Pausas et al. 2004).

In conclusion, our study suggests that fire can act as a
driver of precocity in serotinous species, and this implies
that populations under high fire activity accumulate larger
canopy seed banks at young ages. That is, being precocious
in an environment that burns frequently has a high adaptive
value, as it increases the probability of reproduction after a
short fire interval. These results also have direct management
implications; selecting seeds from populations with high fire
activity for restoration projects would increase the resilience
capacity of the restored woodland to face novel fire regimes
with increased fire frequency (Leverkus et al. 2021). Our
results provide evidence that there is room for the evolution
of serotinous species to adapt to novel fire regimes, when-
ever the increase of fire activity remains under a certain limit.
Furthermore, our results demonstrate significant variability
in the sensitivity of population to fire regime changes.
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