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Abstract

Key message Cistus ladanifer L. shows an extraordinary plasticity of germination and growth. Fire promotes

the regeneration of C. ladanifer by triggering its germination through thermal shock as well as by enhancing its
seedling growth through the addition of ashes. On the contrary, stacking of Pinus pinaster Ait. leaf litter may hinder
seedling establishment, at least in the first months after germination.

Context Pinus pinaster Ait. is affected by forest fires in the Mediterranean basin. Its extreme flammability is due

to the high spatial continuity together with the massive accumulation of leaf litter. Cistus ladanifer L. is a species which
is widely distributed in the west Mediterranean region where it can form vast shrublands and flourish under these
pinewoods. Although high temperatures associated with the occurrence of fire trigger germination of C. ladanifer,
knowledge on how other factors, such as the presence of litter on the forest floor or the ash left after the fire, influ-
ence germination and seedling growth is essential to improve land management plans.

Aims The main objective of this study was to determine the effects of different loads of litter from P. pinaster and ash
from their combustion on the germination and growth of seedlings of C. ladanifer.

Methods Two experiments were carried out to assess the effect of heat shock (100 °C for 10 min) and two loads
of litter and ash from P. pinaster (control, high and low loads of litter, high and low loads of ash) on the germination
and growth after 2 and 4 months of C. ladanifer.

Results Heat shock significantly increased the germination of C. ladanifer. In contrast, the addition of litter and ash
had no effect on total germination but affected the growth of the seedlings coming from seeds exposed to heat
shock. Litter treatments reduced biomass of 2 months seedlings and ash increased biomass of 4 months seedlings.

Conclusion C ladanifer is a species favoured by fire in different ways depending on the stage of regeneration.
Germination is promoted by heat shock while seedling growth is favoured by ash nutrients. In contrast, pine leaf litter
hinders seedling growth, although this effect disappears 4 months after germination. Alternative forest management
practices to prescribed fires are recommended if preventing the spread of Cistus is a priority.

Keywords Biomass, Cistaceae, Fire, Maritime pine, Seed dormancy, Prescribed fires, Seedlings

Handling editor: Paulo Fernandes

*Correspondence:

Paula Pinas-Bonilla

Paula.Pinas@alu.ucim.es

Belén Luna

Belen.Luna@uclm.es

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-6629-1870
https://orcid.org/0000-0001-8181-9779
http://orcid.org/0000-0001-8584-2087
https://orcid.org/0000-0002-4448-8373
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13595-024-01258-3&domain=pdf

Pifas-Bonilla et al. Annals of Forest Science (2024) 81:37

1 Introduction

Pine forests occupy vast areas of the Mediterranean
basin, especially in locations poor in nutrients and/or
water (Keeley and Zedler 1998). Moreover, the distribu-
tion of these species throughout the Mediterranean has
been favoured by reforestation in the second half of the
twentieth century, contributing to an increase in the risk
of fires (Pausas et al. 2008; Wittenberg and Malkinson
2009). Prominent among the different species is the mari-
time pine (Pinus pinaster Ait.) which is widely distributed
in the western Mediterranean and was the second most
affected species by forest fires (FF) in the Iberian Penin-
sula between 2006 and 2015 (Lépez-Santalla and Lépez-
Garcia 2019). P. pinaster forests are very flammable due
to their structure and continuity and the accumulation of
leaf litter (Elvira and Hernando 1989; Fernandez-Guisur-
aga et al. 2021), which means that fires can potentially be
extremely severe in dense forests (Fernandes and Rigolot
2007; Gomez-Vézquez et al. 2013). Furthermore, there
are often tall and dense shrubs in the undergrowth of
these pine forests (Taboada et al. 2018), which increases
the vertical continuity of the fuel, favouring fire in the
treetops and enhancing its intensity (Fernandes and Rig-
olot 2007).

However, although fire is a natural ecological factor that
contributes to the dynamics of the Mediterranean ecosys-
tems, in the last few years the fire risk has increased due
to enhanced temperatures and severe drought associated
to climate change (Moriondo et al. 2006; Jones e al. 2022).
To date, the main policy for fighting FF in the Mediterra-
nean basin has been to extinguish them, which, although
it achieves the main objective, leads to a gradual increase
in the interannual loads and continuity of the fuel, which
in turn leads to a landscape which is even more suscep-
tible to fires (Pausas and Ferndndez-Muioz 2012). The
need has therefore been seen of developing preventive
tools in the fight against forest fires that decrease the fuel
and its continuity. Some of these management practices
include clearing and prescribed fires, of proven efficiency
for reducing the severity of the FF and improving the
resilience of areas treated to prevent them (Fernandes
and Botelho 2003; Waltz et al. 2014; Duane et al. 2019).
However, the effects of prescribed fires on the regenera-
tion of the shrubs that grow in these pine woodlands are
not clear. Some studies show that in the pine stands with
a high density of trees, the undergrowth decreases and
disappears for lack of light (Facelli and Kerrigan 1996),
for the allelopathic properties of the pines (Valera-Burgos
et al. 2012) or because of the changes in the physical—
chemical characteristics of the soils (Ferniandez-Marcos
2022). In contrast, in pine stands with a lower density, the
shrubs flourish and species of Ericaceae, Leguminosae
and Cistaceae among others, coexist (Vasques et al. 2012;
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Taboada et al. 2018). Specifically, Cistaceae can form
vast areas of shrubland, especially after a fire (Trabaud
and Renard 1999). This family displays seeds with a hard
seed coat (Thanos et al. 1992) which prevents germina-
tion until a scarifying agent, like the high temperatures
reached during a fire, permit their rupture and, thus, the
entry of water to the embryo and its subsequent germina-
tion (Baskin and Baskin 1998).

This study will deepen knowledge of the regeneration
of C. ladanifer, which is one of the most widespread
species in the Iberian Peninsula and is considered a
pyrophyte (Naveh 1974) or generalist and opportunistic
coloniser (Trabaud 1995). It occupies strongly disturbed
areas associated with early successional stages and is
capable of colonising highly disturbed soils, like those
present in areas affected by fire, abandoned agricultural
land or disturbed woods (Herrera 1984; Gallego et al.
2020). C. ladanifer forms monospecific shrublands that
often do not evolve into more mature stages of vegeta-
tion (Mendes et al. 2015) due to their great capacity for
regeneration together with the allelopathic effect of their
leaves which inhibit the development of other plants
(Térrega et al. 2001; Herranz et al. 2006; Sosa et al. 2010).
Similarly, these homogeneous landscapes present a great
accumulation and continuity of dead fuel, which leads to
situations of high flammability (Saura-Mas et al. 2010;
Baeza and Santana 2015).

Detailed knowledge exists on the effect of high temper-
atures associated with the event of a fire in the increase
in germination of C. ladanifer (Thanos et al. 1992; Val-
buena et al. 1992; Herranz et al. 1999; Luna et al. 2019).
However, although many studies have dealt with the
effect of heat shock on germination, little is known about
other environmental factors that might influence the
emergence and growth of this species. For example, the
regeneration of C. ladanifer is associated with disturbed
surroundings (Luis-Calabuig et al. 2000; Tarrega et al.
2001), but knowledge of the specific factors that trig-
ger or inhibit the different stages of establishment, such
as germination and seedling growth, can help to better
understand the ecological requirements of the species. In
general, leaf litter or the remains which lie on the surface
of the soil can interact with the germination of seeds via
different mechanisms (Tormo et al. 2020). The effects of
leaf litter on the establishment of seedlings are complex
(Facelli and Pickett 1991; Koorem et al. 2011) and vary
considerably among studies depending on the vegeta-
tion variable studied, the study method, the duration of
the experiment, latitude, habitat, type and amount of
litter and target species (Xiong and Nilsson 1999). Leaf
litter can facilitate the establishment of some species by
improving availability of water (West 1979; Fowler 1986),
decreasing competition due to lower plant density (Sydes
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and Grime 1981; Facelli and Pickett 1991; Myster 1994),
buffering rapid fluctuations of temperature or preventing
predation by small vertebrates like rodents (Shaw 1968;
Grime et al. 1981). In contrast, the establishment of many
species is negatively affected by shade (Facelli and Pick-
ett 1991; Roy and Sonie 1992), the physical barrier (Her-
ranz et al. 1999; Izhaki et al. 2000), the reduction in the
temperature amplitude on the soil or its physical-chemi-
cal changes (Binkley and Giardina 1998; Valera-Burgos
et al. 2012; Gallego et al. 2020). Moreover, all these effects
depend on the local microenvironment, the physical and
chemical characteristics of the leaf litter (Koorem et al.
2011) as well as the size of the seeds and their physiologi-
cal responses to light and temperature (Vazquez-Yanes
et al. 1990; Facelli and Pickett 1991; Peterson and Facelli
1992; Facelli and Kerrigan 1996). While in mesic environ-
ments leaf litter limits seedling establishment by reducing
light, in dry environments, leaf litter enhances seedling
establishment and growth by increasing water availabil-
ity (Fowler 1986). In any case, we can generally say that
the short-term effects of leaf litter on regeneration are
usually negative (Xiong and Nilsson 1999), which would
imply that the development of the seedlings depends to
a great extent on the factors that reduce leaf litter like
rapid decomposition and disturbances. In the case of
pine forests, the low rates of decomposition imposed by
the physical-chemical characteristics of the leaf litter will
condition the growth of some species of underwood, and
the elimination of the leaf litter in this case will be fun-
damentally facilitated by fires. The main direct effects of
fire include the high temperatures reached and the depo-
sition of ash. As mentioned above, the heat shock associ-
ated with the fire can break the physical seed dormancy
of some Cistaceae triggering germination and provoking
the massive establishment of seedlings after the fire has
passed (Arianoutsou and Margaris 1980; Trabaud and
Lepart 1980; Moreno et al. 2011). The ash can provide
nutrients for the plants but can also increase the pH of
the soil (Henig-Sever et al. 1996) and its osmotic poten-
tial (Ne’eman et al. 1992), which can inhibit the germina-
tion and growth of the seedlings (Ne'eman et al. 2009).
The amount of deposited ash can also condition these
effects, normally decreasing germination as it increases
(Reyes and Casal 2004; for a review see Ferndndez-Mar-
cos 2022).

Although direct fire effects on C. ladanifer germination
are quite well known, there is not information about the
influence of litter on the forest floor or the ash that is left
after the fire on its germination and seedling growth. To
our knowledge, this study analyses for the first time the
effects of these factors on the germination and growth
of C. ladanifer. A detailed knowledge of undergrowth
species regeneration, such as C. ladanifer, is needed to
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understand the post-fire dynamics of vegetation and
fuels in forests. Additionally, this more in-depth knowl-
edge will help to give effective guidelines for landscape
management under the current context of increasing fire
risk. The main objective of this study was to determine
the effects of different loads of leaf litter from Pinus pin-
aster and ash from their combustion on the germination
and growth of seedlings of C. ladanifer. The aim was also
to assess if these effects are similar between seeds that
have or have not been exposed to heat shock. The factors
analysed in this research are related both to the natural
conditions and to different management methods. The
different loads of fuel can be related to pine stands of
different densities, but also to different clearance treat-
ments. Similarly, both the exposition to heat shock and
the addition of ash could be related to a fire or the appli-
cation of prescribed fires, and thus, the results obtained
would have implications for the ecological interpretation
of the regeneration of C. ladanifer and the management
of forests in which they are the main species.

Since seeds of C. ladanifer have physical dormancy and
establish abundantly after fire, we hypothesised that ger-
mination increases after exposure of seeds to heat shock
and seedling growth is favoured by ash addition. On the
contrary, a negative effect of litter on seed germination
and seedling growth would be expected because of the
physical barrier exerted on the tiny seeds of C. ladanifer.
To test these hypotheses, we set the following specific
objectives: (1) to determine the effects of high and low
litter and ash loads on the germination of C. ladanifer,
(2) to test whether a heat shock modifies the germina-
tion response to the above treatments, (3) to establish
the effects of the same treatments, high and low litter
and ash loads, on the growth of C. ladanifer seedlings, (4)
to identify whether growth patterns are similar between
seedlings from previously heated vs. unheated seeds, and
(5) to explore the effects of all these treatments on the 2-
and 4-month-old seedlings growth.

2 Material and methods

The seeds used in this study were gathered in the munici-
pality of Navalucillos, located in the centre of the Ibe-
rian Peninsula (Coordinates UTM 30N: X:348.273; Y:
4.385.357). This zone is characterised by a Mediterranean
climate with very cold winters and hot and dry summers,
and a mean annual temperature of 16.9 °C and mean
annual rainfall of 309 mm (AEMET 2023). The zone is
occupied by a Pinus pinaster Ait. stand which displays
zones with different densities of trees, ranging from 1211
trees/ha to 217 trees/ha, also including different densi-
ties of C. ladanifer (0.03% and 25.84% of ground cover
in high- and low-density zones, respectively). Leaf lit-
ter loads were determined in four plots of 30X30 m in
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both high- and low-density pine stands. In each plot, four
50 %50 cm quadrat samples were set, and litter was col-
lected, dried and weighted in the laboratory. Leaf litter
loads were 1022+ 53 and 457 +66 g/m? respectively for
high- and low-density pine stands.

In July 2021, during the period of seed dispersal, cap-
sules were gathered from 50 C. ladanifer shrubs. They
were placed in paper envelopes and taken to the labora-
tory where the seeds were extracted, cleaned and stored
in paper bags. The seeds were kept in the dark in labora-
tory conditions at ambient temperature. Leaf litter from
P pinaster was also gathered from the ground, cleaned,
dried and stored until the beginning of the experiment.

2.1 Experimental design

Seeds were exposed to a heat shock of 100 °C for 10 min
in an air-forced oven since Luna et al. (2023) found that
this temperature and exposure time led to high germi-
nation rates. Half the seeds were exposed to heat shock
(H+) and the other half were not (H—). After the heat
shock, both groups of seeds were left to germinate under
different treatments simulating the conditions in the
high- and low-density pine stands from which the leaf lit-
ter load had been estimated in 1000 g/m? for high density
and 450 g/m? for low density pine stands.

The treatments consisted in the addition of leaf lit-
ter simulating the loads found in the field: a high load of
needles (TLit) and low load of needles (YLit) correspond-
ing to high- and low-density pine stands, respectively.
Equally, two treatments with ash were applied which
corresponded to the quantity of ash generated by a fire
in the high- and low-density pine stands studied. To this
end, the loads corresponding to the high and low amount
of litter were burned simultaneously in a fire research
laboratory under similar conditions. We obtained 36 g/
m? ashes in the case of a high load (*Ash) and 18 g/m?
ashes for a low load (VAsh). The last treatment consisted
in a control without the addition of litter or ash (Con)
(Appendix Fig. 7).

2.2 Experiment 1: Germination

To study the germination of C. ladanifer, 30 aluminium
trays measuring 30X 30 cm were sown with the seeds
that had previously received the heat shock (H+), and 30
similar trays were planted with the seeds which had not
(H—). Each tray was planted with 25 seeds of C. ladanifer
with vermiculite as the substrate and the treatments were
applied on the surface of the vermiculite making a total
of 6 replicas for each of the treatments (Con, VLit, TLit,
VAsh, TAsh). The trays were kept for 8 weeks in a green-
house. During this time, the maximum temperatures did
not exceed 27 °C and the minimum temperatures did not
drop below 11 °C. The seeds were watered daily and the
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number of germinated seeds were counted three times
per week and removed from the tray. A seed was consid-
ered to have germinated when the seedling had emerged
above the substrate. All the trays were moved weekly to
avoid the possible effects of location.

Germination was characterised by two variables: the
total percentage of germination (total germination) and
the time elapsed from planting to germination, that is the
number of days until the first seed germinated (T,). The
effects of heat shock (H—and H+) and the treatments
(Con, TLit, {Lit, TAsh and VAsh) on the total germination
of C. ladanifer were analysed using a generalised linear
model (GLM). Based on the structure of the data, we
used a binomial distribution and a logit link for the total
germination. In the case of T\, the residues of the analy-
sis did not fulfil the criteria of normality and homosce-
dasticity either for the gross variables or the transformed
variables, so the effect of the treatments was calculated
separately for the seeds that had received the heat shock
and those that had not, using the Kruskal-Wallis non-
parametric test. After analysing the total germination
and T, a pairwise comparison was performed with a
Bonferroni post hoc test.

2.3 Experiment 2: Growth

Growth of C. ladanifer was analysed after 2 and 4 months
from the start of the experiment. The seeds were planted
in seedbeds of 30 cells (5.5%5.5% 16 cm) with vermicu-
lite as the substrate. Each seedbed contained 6 replicas of
each of the 5 treatments, which were randomly placed in
the seedbed before starting the experiment. Eight seed-
beds were used in the case of the heat shock seeds (H+).
The seeds that had not been exposed to the heat shock
(H-) had more difficulty to germinate so that 10 seed-
beds were used instead of 8. If all the seeds emerged,
total number of replicas would be 48 seedlings for each
of the 5 treatments with heated seeds subjected to heat
shock (H+) and 60 seedlings for each of the treatments
with unheated seeds (H—). Moreover, in an attempt to
ensure the emergence of at least one seedling per cell,
two seeds were planted in each one. When both seeds
germinated the last plant to emerge was removed from
the cell. During the experiment, the seedlings were
kept in the greenhouse under the same conditions as in
experiment 1. They were watered daily and once a week
all the seedbeds were moved to ensure that they all were
exposed to the same conditions of light and water. Two
months after the start of the experiment four H+seed-
beds were randomly selected. The seedlings were
extracted, cleaned and measured for total, aerial and root
length. After measurement, they were dried in the oven
at 75 °C for 48 h. The dried seedlings were weighed differ-
entiating total, aerial, leaf, stem and root biomass. After
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4 months, the procedure was repeated with the 4 remain-
ing H+ seedbeds. The number of seedlings emerged from
seeds that had not received the heat shock was very low
(Con:11,MLit:4,{Lit:4," Ash:8 and VAsh: 14 seedlings) and
thus, all of these seedlings were analysed after 2 months.

Growth of the seedlings was described with the vari-
ables, total, shoot and root length, and total, aerial, leaf,
stem and root biomass of each seedling. Given the low
number of seedlings that had emerged from seeds that
had not been exposed to heat shock, it was not possible
to analyse the effect of heat shock on growth. Thus, the
effects of the treatments were analysed separately for
plants exposed to heat shock and those that were not.
The effect of the treatments on the growth of the seed-
lings was analysed with one-way ANOVA with 5 levels
(Con, TLit, {Lit, TAsh and VAsh). In the case of the vari-
ables that did not fulfil the criterion of a normal distribu-
tion of the data, a Kruskal-Wallis nonparametric test was
performed. When significant differences (» <0.05) were
found between treatments, Bonferroni’s post hoc pair-
wise comparison was used.
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All the statistical analyses were conducted with SPSS
Statistics version 24.0 (SPSS, Chicago, IL, USA). The data
on which the analyses are based are available in a reposi-
tory (Pifias-Bonilla et al. 2024).

3 Results

3.1 Experiment 1: Germination

Heat shock played a fundamental role in the germina-
tion of C. ladanifer, as the seeds that were exposed to
heat shock reached almost 100% germination, while non
exposed seeds reached barely 5% germination (Fig. 1). In
contrast, the other treatments had no effects on total ger-
mination. Moreover, no interaction was detected (Fig. 1,
Table 1).

The start of the germination (T) of the seeds exposed
to heat shock was significantly affected by the treatments
(p<0.001). Germination began later in the treatments
with litter than with the control and the treatments with
ash (Fig. 1, Appendix Fig. 8). In the case of seeds not
exposed to heat shock, T, was not affected by the differ-
ent treatments (Table 2).
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Fig. 1 Percentage of total germination (white columns) and T, or number of days that passed until the beginning of germination (black dots)
(mean +sd) for H—(seeds not exposed to heat shock) and H+ (seeds exposed to heat shock). The seeds previously exposed or not to heat shock
were left to germinate under five different treatments Con: control; TLit: high load of litter; Lit: low load of litter; TAsh: high load of ash; YAsh:
low load of ash. The letters indicate significant differences (p < 0.05) according to Bonferroni’s post hoc pairwise comparison. H— =H+indicates
that total germination was significantly lower in the seeds not exposed to heat shock compared to those that were
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Table 1 Results of the general linear model (GLM) analysis for
the main effects of the heat shock, the treatments and their
interactions on the total germination of the Cistus ladanifer seeds

Total germination

'e p
Heat shock 2684.00 <0.001
Treatment 2.99 0.056
Heat shock x Treatment 1.23 0.087

Table 2 Analysis of the effects of the different treatments on the
To (number of days required to start germination) of the Cistus
ladanifer seeds exposed (H+) and not exposed (H—) to heat
shock. The data did not follow a normal distribution so the non-
parametric Kruskal-Wallis test was conducted

To
H p
Treatment H+ 28.079 <0.001
H— 0.758 0.944

3.2 Experiment 2: Growth

The growth of the seedlings from seeds that received
heat shock revealed significant differences among the
different treatments both after 2 and 4 months from the
start of the experiment (Table 3). After 2 months, the
total length of seedlings grown with the high litter load
(TLit) was similar to those grown with the low litter load
(VLit), but shorter than those grown with the other treat-
ments (Con, TAsh and VAsh) (Table 3, Appendix_Table5).
This difference was mainly due to the root length, which
similar to the total length, was not significantly different
from the root length of the seedlings under a low load of
litter but was significantly shorter than the rest (Fig. 2).
After 4 months, while the total, aerial and root length of
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the seedlings that grew under the treatment of the lit-
ter equaled that of the control (Fig. 2), the total length of
the seedlings from the treatment of a low load of ash was
significantly longer than the control and those from the
treatment with litter (Appendix_Table 5).

After 2 months, the seedlings from the two leaf lit-
ter treatments were significantly lighter than the rest of
the seedlings, both in aerial and root biomass (Fig. 3).
Leaf biomass investment was also significantly lower in
these two treatments compared with the others (Fig. 4).
In addition, stem biomass was significantly lower in the
treatment with high litter load (Fig. 4, Appendix Table 5).
After 4 months, seedling biomass of the litter treatments
was equal to that of the control. However, the biomass
(total, aerial, root, leaf and stem) of the ash-treated seed-
lings was significantly greater (Figs. 3 and 4, Table 3).

The investment between roots and shoots was dif-
ferent for length and biomass variables. Root length
(722+0.50 c¢cm) was around the triple than shoot
length (2.44+0.96 cm). On the contrary, root biomass
(0.70+0.14 mg) was one third of the shoot biomass
(2.35+0.51 mg) (Figs. 2 and 3).

Seedlings survival analyses was not among the objec-
tives of our study, but we want to point out that it was
very high, around 100% for all treatments except for
seedlings grown under the high load of litter (1Lit), in
which seedling survival decreased to 85%.

In the case of the seedlings from non-heat shocked
seeds, no statistically significant differences in growth
were found among treatments (Table 4). However, in some
cases there were marginally significant differences (p<0.1),
showing similar growth patterns to those of seedlings from
heat shocked seeds. Seedlings grown at high litter load
showed less root length development compared to the
other treatments (Fig. 5, Appendix Table 6). With respect
to the biomass, seedlings treated with ash, especially those

Table 3 Analysis of the effects of the treatments on the different variables of the growth of the Cistus ladanifer seedlings from seeds
exposed to heat shock, after 2 and 4 months from the start of the experiment. If the data followed a normal distribution, a parametric
one-way ANOVA was performed (A). However, if the data did not follow a normal distribution the non-parametric Kruskal-Wallis test

was used (O)

2 months 4 months

Statistic p Statistic p
Total length 4.607 0.002 A 7.441 <0.001 A
Aerial length 3.201 0.016 A 3.066 0.020 A
Root length 4743 0.002 A 16.842 0.002 O
Total biomass 55.726 <0.001 [m} 41.120 <0.001 [m}
Aerial biomass 51.030 <0.001 [m| 39419 <0.001 O
Stem biomass 42.859 <0.001 O 46.394 <0.001 O
Leaf biomass 52.624 0.021 O 36.766 <0.001 [m}
Root biomass 18.550 <0.001 A 41.044 <0.001 [m}




Pifas-Bonilla et al. Annals of Forest Science (2024) 81:37

Page 7 of 15

—_
(=1 S
!

R
2
o

1 = 7 =+ o
7] i w2 o Z
e s 5 ’

R

Aerial ORoot

R
e

Length (cm)
0 AN BN O NN RN

| b
a ab a
10 1 a ab ab e o
12
Con fLit |Lit fAsh |Ash Con fLit |Lit tAsh |Ash
2 months 4 months

Fig. 2 Aerial and root length of the Cistus ladanifer seedlings (mean +sd) after 2 and 4 months of growth under greenhouse conditions. The seeds
of these seedlings were exposed to heat shock before the start of the experiment and were subsequently left to germinate under five different
treatments: Con: control; TLit: high load of litter; YLit: low load of litter; TAsh: high load of ash; {Ash: low load of ash. The different letters show
significant differences (p <0.05) among the different treatments after 2 and 4 months based on Bonferroni’s pairwise comparison

10

Aerial ORoot

T

Biomass (mg)
[\S}

TR
TR R

il
I

2 1 T

4 - b

6 Con fLit |[Lit fTAsh |Ash Con fLit |Lit fAsh |Ash
2 months 4 months
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show significant differences (p <0.05) among the different treatments after 2 and 4 months based on Bonferroni's pairwise comparison

subjected to a low ash load, showed a greater development
of the aerial part (Fig. 6, Appendix Table 6).

4 Discussion

The results of this study show that heat shock is fundamen-
tal in the germination of C. ladanifer, independently of the
subsequent treatment applied. This finding coincides with
other studies where leaf litter or ash had no effects on the
percentage of total germination of other species of Cistus
or Pinus (Escudero et al. 1997; Trabaud and Renard 1999;

Herrero et al. 2007). However, a negative effect of leaf litter
and ash is frequently found on the germination of different
taxa including Cistus (Gonzalez-Rabanal and Casal 1995;
Facelli and Kerrigan 1996; Henig-Sever et al. 1996; Izhaki
et al. 2000; Reyes and Casal 2004). This negative effect,
both of leaf litter and ash, depends on the layer thickness
(Koorem et al. 2011; Bodi et al. 2014), and in most cases,
there is a greater inhibition of the germination of the seed-
lings with greater loads of litter and ash (Trabaud and Casal
1989; Neleman et al. 1992; Reyes and Casal 1998; Tormo
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Fig. 4 Leaf and stem biomass of Cistus ladanifer seedlings (media + sd) measured after 2 and 4 months of growth under greenhouse conditions.
The seeds of these seedlings were exposed to heat shock before the start of the experiment and were subsequently left to germinate under five
different treatments: Con: control; TLit: high load of litter; JLit: low load of litter; TAsh: high load of ash; YAsh: low load of ash. The different letters
show significant differences (p <0.05) among the different treatments after 2 and 4 months based on Bonferroni's pairwise comparison

Table 4 Results of the non-parametric Kruskal-Wallis test for
the main effects of the treatments of the seedlings from seeds
not exposed to heat shock on the different variables of the Cistus
ladanifer seedlings after 2 months

2020). As well as the load, other factors can determine the
effect of leaf litter on germination, like the type of leaf lit-
ter (Koorem et al. 2011), or the size and shape of the seeds
(Facelli and Pickett 1991). However, in our study, none of

2 months the loads of litter or ash from P. pinaster had an effect on
H the total germination of C. ladanifer, which reflects the
i great germinative capacity of this species in spite of the
Total length 2.781 0595  small size of its seeds (0.27 mg) (Luna et al. 2022). The start
Aerial length 2621 0623  of the germination also did not vary among treatments for
Root length 8.883 0064  those seeds not exposed to heat shock. Since the total ger-
Total biomass 8739 0068  mination for unheated seeds was very low, the analysis of
Aerial biomass 8.166 0086 T, was based on a very low number of germinated seeds,
Stern biomass 4522 034  which probably led to a high intra-group variance and
Leaf biomass 8435 0077  consequently to lack significant differences. Although in
Root biomass 8911 0063  our study total germination was not affected, the start of
6
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Fig.5 Aerial and root length of the Cistus ladanifer seedlings (mean+sd) from seeds that were not exposed to heat shock. These measures were
taken after 2 months of growth under greenhouse conditions. The seed of these seedlings were directly left to germinate under five different
treatments: Con: control; TLit: high load of litter; YLit: low load of litter; TAsh: high load of ash; YAsh: low load of ash
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Fig. 6 Leaf, stem and root biomass of the Cistus ladanifer seedlings (mean + sd) from seeds that were not exposed to heat shock. These measures
were taken after 2 months of growth under greenhouse conditions. The seed of these seedlings were directly left to germinate under five different
treatments: Con: control; TLit: high load of litter; Lit: low load of litter; T Ash: high load of ash; YAsh: low load of ash

germination did differ among treatments for those seeds
exposed to heat shock, with the seedlings that grew with the
leaf litter treatments being the slowest to begin to emerge.
This could be due to the physical barrier that they have to
overcome to get to the light (Koorem et al. 2011). Moreover,
this physical barrier could provoke changes in the growth of
the seedlings after they emerge (Reyes and Casal 2004). In
this respect, we found that although the addition of the lit-
ter and ash did not affect the final germination of C. ladani-
fer, it did affect the growth of the seedlings.

The effect of heat shock and its interaction with the
other treatments on the growth of the seedlings could
not be statistically assessed due to the low germination
rate of seeds not exposed to heat shock. Although new
research is needed to verify this issue, our data give us
a glimpse that growth patterns, related to length and
biomass, appeared quite similar between seedlings from
seeds exposed and not exposed to heat shock. A similar
behaviour has been observed in other species from the
Mediterranean basin, specifically of the Cistus genus, like
C. creticus and C. salviifolius, with no effects from heat
shock on the growth of the seedlings (Hanley and Fen-
ner 1998). Equally, the distribution between the aerial
length and the root length was similar independently of
the treatment received, and different between the vari-
ables of length and biomass. While the root length was
greater than the aerial length, the biomass was greater
in the aerial biomass than the root biomass. This means
that the specific root length (SRL) developed by unit
of biomass was high, which gives the seedlings greater
efficacy in the acquisition of resources (water, nitrogen
and phosphorus) (Reich et al. 1998; Comas et al. 2002;
Padilla and Pugnaire 2007) and a higher rate of survival
when faced with the summer drought (Paula and Pausas

2011). Furthermore, the greater investment of resources
in the aerial biomass would imply higher rates of growth,
and thus, quicker establishment (Verda 2000). In short,
these characteristics are advantageous in Mediterranean
environments, where rapid growth and a good develop-
ment of roots are a key to successfully facing the summer
drought.

The growth of C. ladanifer is depending on the age of
the seedlings. After 2 months, it was found that the total
and root length of the seedlings that grew with a high
load of litter were shorter than those of the rest of the
treatments. Similarly, the total, aerial and root biomass
of the seedlings grown with both treatments of litter was
smaller than those from other treatments. These results
coincide with those found for other species (Hamrick and
Lee 1987). A thick layer of litter will cause the seedlings
reach the light later and thus the onset of photosynthesis
may be delayed, which would reduce the photosynthates
to be sent to the roots. This smaller root growth can have
serious consequences for its survival and establishment
in zones lacking in water and nutrients, as in the case of
Mediterranean environments (Green et al. 2006; Herranz
et al. 2006; Gallego et al. 2020), which could even cause
them to die. This coincides with the results of our study
where greater mortality was observed in the seedlings
that grew under the treatment with a high load of litter.
In woods with a high load of litter, the rates of decompo-
sition are low, which mean that they stay on the ground
for a long time (Garcia-PI¢ et al. 1995). The physical bar-
rier presented by the layer of litter can serve as protection
against direct impact of rain or changes in temperature
(Gallego et al. 2020), but negative effects have mostly
been described as they hinder the establishment of the
seedlings and make their growth difficult (Facelli and
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Kerrigan 1996; Koorem et al. 2011). It was also observed
that although a low load of leaf litter (< 100-300 g/m?) can
lead to an increase in production and diversity, a high
load (>900 g/m?) produces negative effects on diversity
(Carson and Peterson 1990). In our study, there were
no statistically significant differences in growth (length
and biomass) between the seedlings treated with the
two loads of litter (450 and 1000 g/m?), but a pattern
was observed of the consistent gradual effect of the load
which worsened growth the greater the load.

While the seedlings that were with the litter showed
less growth after 2 months, by 4 months they had equaled
those of the control. This was probably related to the
longer time that they needed to emerge from the layer
of litter, but once they managed to emerge and reach the
light, the negative effects of the layer of litter disappeared.
This could lead us to think that the negative effects of
the litter were due to the physical obstruction that they
presented, and not so much to their possible allelopathic
effect, because in that case it would have lasted over time.
These negative effects together with the long permanence
of the leaf litter without decomposing could explain, at
least in part, that the zones with a high density of pines
have a lower density of shrubs in the undergrowth as can
be inferred from our results and observed in the study
area with the different tree densities.

These high-density areas are extremely flammable, due
to the great accumulation of fuel on the ground, which
carries a high risk of fires; and in the case that they do
occur, of high-intensity fires (Fernandes and Rigolot
2007). Thus, they are zones in which preventive meas-
ures, like the use of prescribed fires, should strategically
be implemented to reduce the risk of fire and its severity
(Fernandes and Botelho 2003). After a fire, the dead fuels
turn into large quantities of ash that are deposited on the
ground. In general, the ash could enhance the growth
of the seedlings as they contribute nutrients, especially
nitrogen (Downes et al. 2013). However, they could also
have negative effects on the recovery of the species pre-
sent in the undergrowth (Reyes and Casal 1998), either
due to the increase in pH (Henig-Sever et al. 1996; Izhaki
et al. 2000) or the osmotic potential (Ne’eman et al. 1992;
Gonzdlez-Rabanal and Casal 1995). In our study, the ash
in general had a positive effect on the growth of C. ladani-
fer. Although there were scarcely statistically significant
differences between the two loads of ash applied, this
positive effect was more evident with a low load of ash,
and especially after 4 months. This could be related to the
greater nutritional needs of the larger seedlings and with
the nutritional contribution implied by the ash. In gen-
eral, most of the literature focuses on the effects of ash on
the germination and not on the growth of the seedlings,
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which makes it difficult to compare our findings with the
existing bibliography (Fernandez-Marcos 2022) and high-
lights the need for more research on this question. As
well as being scarce, these studies report different results,
finding that the addition of ash either had no effect on the
growth (length and biomass) of several species of Pinus
(Reyes and Casal 2004), or produced a decrease in the aer-
ial and root growth in the treatments with a deeper layer
or load of ash in all the species studied like C. salviifolius,
C. creticus and Pinus halepensis (Ne'eman et al. 1993).
Moreover, these harmful effects were greater in the cista-
ceae than in the pines (Ne'eman 1997). In this research,
benefits from the ash were found in the growth of the
seedlings in the first months, which is fundamental for
their establishment as it is the most critical stage that con-
ditions the establishment of the plants and the dynamic of
vegetable populations (Facelli 1994).

The study of the effect of different treatments on the
germination and growth of C. ladanifer is fundamental to
be able to understand the dynamic of the undergrowth in
P, pinaster forests and plantations. Many species of Cistus
store their seeds on the ground, and after the fires, they
experience massive germination as a recolonising strategy
(Frazao et al. 2018). This study evidences the extraordi-
nary plasticity for germination and growth of C. ladani-
fer which seems to show a great capacity for adapting to
different environments (Nufez-Olivera et al. 1996). Our
findings improve the knowledge on the regeneration of
this species and make it possible to prudently infer some
implications for making decisions on the most effective
treatments when managing P. pinaster pine stands and
the vegetation underneath when facing adverse condi-
tions like forest fires. Well-developed undergrowth could
mean an increase in diversity but could also lead to an
increase in the horizontal and vertical continuity of the
fuel, which would favour the severity and intensity of the
forest fires (Baeza and Santana 2015). Thus, it is essen-
tial to seek a balance between maintaining diversity and
reducing the severity of forest fires. Different preventive
management techniques are used to reduce the negative
impact of forest fires, like prescribed fires. This tech-
nique is currently the most frequently used with the main
objective of eliminating surface dead fuel (Fernandes and
Botelho 2003; Agee and Skinner 2005; Espinosa et al.
2018). Although it is a useful management technique
to reduce the load of fine fuel, it could mean the activa-
tion of the seed bank of some species that could lead to
an increase in the continuity of the fuel, which would be
the case of the species studied here. The high tempera-
tures produced by the fire would break the dormancy
of the C. ladanifer seeds and stimulate their germina-
tion. As well as the activation of the ground seed bank,
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the prescribed fires could produce favourable conditions
for the establishment of the species, like the increase in
light and nutrients as they eliminate the competing spe-
cies for the development of the seedlings. Prescribed fires
would, therefore, contribute to the elimination of the sur-
face fuel, but could also favour the continuity of the ver-
tical fuel by developing the undergrowth. Litter fall after
fire will be delayed depending on the fire characteristics
and post-fire conditions. Leaves will fall on floor only
when fire would be intense enough to scorch the canopy
but not so much intense to remove it completely. In the
meantime, heated seeds of C. ladanifer stored in the soil
will only be able to germinate after rainfall. It is known
that in Mediterranean shrublands, post-fire germination
of C. ladanifer is used to be gathered in the first year after
fire, but when the first year after fire is dry, germination is
delayed until the next 2 years (Moreno et al. 2011). Thus,
since the senescence of the litter would be affected by
the intensity of the prescribed fires and, therefore, by the
moment when they were carried out as well as the sub-
sequent post-fire conditions, it is essential to choose the
moment and the suitable zones for the execution of pre-
scribed fires to guarantee the effectiveness of the tool for
the management of the pine stands.

Appendix
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5 Conclusion

Fire improves the regeneration of C. ladanifer through dif-
ferent factors acting on germination and seedling growth.
This species exhibits a remarkable germination capac-
ity once seed dormancy is broken by heat shock, reaching
high germination percentages across all studied treatments.
Unlike fire, leaf litter had no effect on final germination and
only affected the earliest stages of seedling growth. Leaf
litter hinders the growth of 2-month-old seedlings due to
the physical barrier that the tiny seeds need to go through
for reaching the light; however, after 4 months, when
plants have grown to a larger size, litter ceases to restrict
their growth, while ash promotes it by providing nutrients
required for seedling development. According to these
findings, although the use of prescribed fires may have the
desired short-term effect of reducing fine fuel loads, they
also may aid the spread of C. ladanifer, which would have
short- and medium-term implications by increasing future
fuel continuity. These collateral effects are specially pro-
nounced in pine stands of low density, where a larger soil
seed bank can be activated and the addition of low amounts
of ash is especially advantageous for seedlings. However,
further research based on vegetation monitoring after pre-
scribed fires is needed to support these conclusions.

Table 5 Mean values and standard deviation of the variables of growth [length (cm) and biomass (mg)] of the seedlings of Cistus
ladanifer. The seeds were exposed to a heat shock of 100°C for 10 minutes. The seeds were left to germinate under different treatments
Con: control; tLit: high load of litter; YLit: low load of litter; TAsh: high load of ash; YAsh: low load of ash. Half of the seedlings were
removed after 2 months and the growth variables related to length and biomass were measured. The same procedure was repeated
after 4 months with the remaining seedlings. Different letters show the significant differences in the growth of the seedlings (P <0.05)
among the treatments according to the pairwise comparison using Bonferroni's correction and the one-way ANOVA if the data were
normally distributed, or the non-parametric Kruskal-Wallis test if they were not

Total length (cm) Aerial length (cm) Root length (cm)
2 months 4 months 2 months 4 months 2 months 4 months

Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd
Con 9.14 248 a 962 1.6 ab | 1.89 021 a 247 058 a | 725 237 a 7.15 1.82 ab
TLit 699 204 b 9.12 194 a 2.12 0.53 ab 2.77 0.52 ab |[4.87 1.78 b 6.48 1.87 a
|Lit 8.65 2.00 ab 10.24 1.78 ab [ 1.99 0.27 ab 2.67 0.52 ab | 6.66 2.09 ab 7.57 1.54 ab
1Ash 9.17 2.16 a 11.34 2.78 bc [ 2.08 0.36 ab 3.02 0.88 ab | 7.09 2.19 a 8.33 2.36 be
|Ash 9.97 244 a 12.17 244 ¢ 222 024 b 313 084 b |7.75 239 a 9.05 2.19 ¢

Total biomass (mg) Aerial biomass (mg) Stem biomass (mg) Leaf biomass (mg) Root biomass (mg)
2 months 4 months 2 months 4 months 2 months 4 months 2 months 4 months 2 months 4 months
Mean  sd Mean  sd Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd

Con 1.92 0.51 ac 3.10 1.29 a 1.36 0.36 ac 237 1.00 a | 033 0.13 ac 0.68 031 a |1.00 03l ac 1.66 080a [056 0.17a 073 0.32a
TLit 083 041 b 273 1.70 a 065 028 b 219 139 a |0.12 0.14 b 049 0.38 a 040 023 b 1.53 1.12a [0.25 0.09b 0.54 0.40 a
|Lit 1.15 034 b 298 151 a 082 027 b 233 1.19 a | 027 0.12 a 0.66 0.34 a 0.52 022 b 1.64 091 a [0.33 0.10b 0.65 0.36 a
tAsh 1.74 058 a 637 3.40b |123 043 a 512 282 b (035 013 ac 138 074 b |[0.88 033 a 3.74 2.11b [051 0.17a 126 0.65b
|Ash 217 051 ¢ 735 377 b |155 035 c 585 3.03 b |040 0.13 ¢ 1.60 1.02 b | 1.13 030c¢ 425 248 b |0.62 0.19 a 1.50 0.83 b
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Table 6 Mean and standard deviation (sd) of the variables of growth [length (cm) and biomass (mg)] of the Cistus ladanifer seedlings
from seeds not exposed to heat shock. The seeds were left to germinate under different treatments: Con: control; TLit: high load of litter;
Lit: low load of litter; TAsh: high load of ash; YAsh: low load of ash. All the plants were removed after 2 months and their growth variables
were measures in terms of their length and biomass

Total length | Aerial length | Root length Total Aerial Stem Leaf biomass | Root biomass
Treatment (cm) (cm) (cm) biomass (mg) | biomass (mg) | biomass (mg) (mg) (mg)

Mean sd |Mean sd |Mean sd [Mean sd |Mean sd |[Mean sd [Mean sd |Mean sd
Con 851 1.72 | 148 0.41|7.03 146 1.19 0.50| 0.83 0.38 | 0.19 0.08 [ 0.64 0.31 | 0.36 0.15
tLit 6.53 296|190 0.52 [4.63 3.33 | 0.85 033|063 031|021 0.16| 042 0.16 [ 0.22 0.08
ILit 8.84 282|208 0.17|6.77 277 | 1.14 0.27 | 0.78 0.20 | 0.24 0.06 | 0.55 0.15 | 0.35 0.09
1Ash 9.00 1.38| 1.83 0.36 (7.18 1.22] 148 031 | 1.0l 0.23( 026 0.09|0.75 0.17 [ 047 0.16
|Ash 823 261)202 047 |621 283|177 0.84| 126 0.60 | 0.31 0.16 | 0.95 0.47 | 0.50 0.27

C. ladanifer

Control

1Lt
1000gm-2

ILit
450gm-2

tAsh

36gm-2

Litter and ash treatments

Fig. 7 Diagram of treatments applied in germination and growth experiments

|Ash
18gm-
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Fig. 8 Percentage of cumulative germination over the course of the experiment for H- (seeds not exposed to heat shock) and H+ (seeds exposed
to heat shock). The seeds previously exposed or not to heat shock were left to germinate under five different treatments Con: control; TLit: high load

of litter; {Lit: low load of litter; TAsh: high load of ash; VAsh: low load of ash
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