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Abstract. In fire-prone environments, the “event-dependent1l Introduction

hypothesis” states that plant population changes are driven

by the unique set of conditions of a fire (e.g. fire season,n fire-prone environments, the “event-dependent hypothe-
climate). Climate variability, in particular changes in rain- sis” states that plant population changes are driven by the
fall patterns, can be most important for seeder species, sincenique set of conditions of a fire (e.g. fire intensity, fire sea-
they regenerate after fire from seeds, and for Mediterraneagon, fire area or pre-, and/or post-fire climate; Bond and
shrublands, given the high yearly variability of rainfall in van Wilgen, 1996). For a given vegetation type, the en-
these ecosystems. Yet, the role of rainfall variability and itsergy released during fire varies enormously, depending on the
interaction with fire characteristics (e.g. fire season) on planiveather conditions during fire in interaction with fuel struc-
populations has received little attention. Here we investi-ture and composition (Bessie and Johnson, 1995). Therefore,
gated the changes in seedling emergence and recruitment @fis not surprising that much attention has focussed on under-
three seeder specie€iétus ladanifer Erica umbellataand  standing the role of fire intensity and severity on plant popu-
Rosmarinus officinaljsafter fires lit during three different lations (Moreno and Oechel, 1991; Pausas et al., 2003; Kee-
years and at two times (early and late) during the fire seasoriey et al., 2008). Studies on how fire season affects postfire
Three plots were burned at each season, for a total of 18 plotslant regeneration have also been conducted for a long time
burned during the three years. After fire, emerged seedling¢Trabaud and Lepart, 1981) because of its significance for
were tallied, tagged and monitored during three years (two irmanagement, amongst other reasons. Yet, our understanding
the last burning year). Rainfall during the study period wasof the role of fire season is limited because few studies have
rather variable and, in some years, it was well below avertemporal replication (Knox and Clarke, 2006). Thus, the ef-
age. Postfire seedling emergence varied by a factor of 3 téect of temporal variation in post-fire climate on plant pop-
12, depending on the species and on the burning year. Thelation changes after fire, while potentially important, has
bulk of seedling emergence occurred during the first year afonly seldom been considered (Keeley et al., 2005). Although
ter fire; seedling recruitment at the end of the study periodsome studies have addressed the impact of weather and cli-
was tightly correlated with this early emergence. Emergencemate extremes following fire (e.g. droughts, heavy rains) (De
in Erica and Rosmarinusbut not inCistus was correlated  Luis et al., 2005; Prieto et al., 2009), little is known about
with precipitation in the fall and winter immediately after how inter-annual rainfall variability interacts with other com-
fire, with Erica being the most sensitive to reduced rainfall. ponents of the fire regime, namely fire season (but see Brad-
Fire season was generally neither an important factor in constock and Bedward, 1992), to affect plant regeneration after
trolling emergence nor, in particular, recruitment. We discussfire.

how projected changes in rainfall patterns with global warm-  The effects of post-fire rainfall and fire season on plant
ing could alter the balance of species in this shrubland, andegeneration after fire deserve particular attention in the
could drive some species to near local extinction. Mediterranean region and other Mediterranean-type climate
areas of the world. These areas are characterized by warm
and dry summers, and cool and moist winters; total yearly
precipitation as well as the length of the rainy season are

Correspondence tal. M. Moreno highly variable from year to year, and droughts are com-
BY (josem.moreno@ucim.es) mon (Lana et al., 2006). Fires, particularly very large fires,
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and multiple large fire-episodes tend to occur under severeuring several years and at two times during the fire sea-
fire weather, which is partly the result of reduced rainfall son, we intended to assess the variability in emergence and
and high temperatures (Trigo et al., 2006; Founda and Gitecruitment through the years, and to cover a period within
annakopoulos, 2009). Therefore, large areas, which at timew/hich a large fluctuation in the soil seed-bank was likely to
can amount to significant portions of a country, could be re-occur. By allowing a long period of time between burns, we
generating under, and be subject to, similar climatic condi-aimed at understanding the impacts on plant populations of
tions. That is, the effects of climate variability on plant pop- fires that could occur at different times during the year. This
ulations under regeneration could be geographically extenis important under the ongoing and projected changes in cli-
sive and, eventually, lead to long-lasting changes. Thereforemate for the Mediterranean. Increased temperature, reduced
it is essential to understand how inter-annual variability in total precipitation and changes in rainfall patterns (Chris-
rainfall patterns and rainfall extremes, among other climatictensen et al., 2007) are projected to lengthen the fire season
conditions, affect post-fire regeneration. (Moriondo et al., 2006; Moreno et al., 2010), hence, making
Seeder species are common in Mediterranean areas (Trdires to potentially occur earlier and later during the year.
baud, 1987; Bond and van Wilgen, 1996). These are species
with all individuals dying during the fire, and that depend
on post-fire germination for reestablishment. Therefore, they2 Materials and methods
can be particularly sensitive to the vagaries of the weather
and climate after fire. Germination is commonly triggered The study was carried out at the Coto Nacional de los Quin-
by the first rains (Quintana et al., 2004). However, tem-tos de Mora (Los ¥benes, Toledo, 393 N, 4°00 W).
perature or other requirements for germination vary amongrhe climate is Mediterranean. Long-term mean yearly tem-
species (Baskin and Baskin, 1998); hence, the temporal paperature is 14.6C and mean precipitation is 683 mm, of
tern of rainfall can shift the time of germination up to sev- which only 13.2 % falls during the summer months (June—
eral months. Once germination has occurred, soil moistureéseptember; data from Los Cortijos meteorological observa-
is probably the most limiting factor for seedling survival tory, located 10 km away from the site). An olg45 years)
(Moreno and Oechel, 1992). Seedling mortality during theshrubland stand was chosen in a south-facing slope, 17 % in-
first few months, up to and including the first summer, is clination, at 900 m elevation. The shrubland was dominated
very high (Moreno and Oechel, 1992; Thanos et al., 1996;by Cistus ladaniferL., Erica arboreal., Erica umbellata
Lloret, 1998; Quintana et al., 2004). Consequently, climaticLoefl. ex L., Phillyrea angustifoliaL. and Rosmarinus offic-
conditions after fire can play a significant role in regulating inalis L. (Table 1). Other less abundant species weriea
germination and seedling mortality in these species. Differ-scoparial. andArbutus unedd.., but these shall not be fur-
ences in the sensitivity of germination or seedling survival tother considered. Plant abundance (density and basal area of
drought (and other features of post-fire climate) among codive and dead stems) was estimated in twenty1im located
existing species may lead to shifts in the structure and comalong two 10 m transects set in each plot (see below). Cover
position of plant populations. was visually estimated in an adjacent stand, in six hundred
Aside from the postfire climatic conditions, the number 0.5x 0.5m quadratsCistus ladanifer Erica umbellataand
of seedlings emerging after fire is a function of the size andRosmarinus officinali§Cistus Erica and Rosmarinusrom
dormancy state of the soil seed-bank in interaction with firehere on), are non-sprouting seeders, i.e. all plants die after
intensity and severity. Soil seed banks in Mediterranearfire, and recruitment is dependent on germinatiBhillyrea
ecosystems are persistent but fluctuate along the year an@sprouts from underground producing several stems. It is
between years, although these changes have not been welbt possible to differentiate at the surface whether they all
guantified (Clemente et al., 2007). The size of the seed-bankriginate from the same individual. Thus, we assumed all
will change during the course of the season, being highest irshoots close to one another conformed one individaata
late summer and lowest in late spring, before seed maturaarborea and Phillyrea angustifoliaare resprouters. Emer-
tion and dispersal (Bastida and Talavera, 2002; Traba et algence of these two species was nil during the study period
2006). Therefore, the size of the soil seed-bank at the time ofind will not be treated further.
fire could vary depending on when fire occurs, and this could During three consecutive years (Yr 1 to Yr 3; we set the
affect the number of germinates and subsequent recruits. years to start in October, coinciding with the end of the
The objectives of this study were to assess how post-firdire season, and end in September of the next year), exper-
seedling emergence and recruitment of three seeder specigsental burns (B1, B2 and B3) were conducted early (late
varied following fires lit during three years and at two differ- June) and late (end of September/beginning of October) in
ent times (early and late) within the fire season. The questhe fire season (ES and LS, respectively). At each burn, 3
tions addressed were: how variable are seedling emergenqaots (13x 14 m) were burned, adding up to 18 plots in total
and recruitment following burning in different years? Is this (3 yearsx 2 seasons 3 replicates; Fig. 1). Fires were con-
variability related to the rainfall following fire? How does ducted by burning up-hill and downwind. All three plots per
fire season interact with the previous factors? By burningseason and year were burned during the same day. Burning
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Table 1. Mean (range) plant density and stem basal area of live, dead and live+dead individuals in all 18 plots prior to being burned at the
Coto Nacional de Quintos de Mora, central Spain. Cover was visually estimated in an adjacent stand (see Methods section).

; 2 —2
Species Density (Ind. nT<) Stem basal area (Gm—2) Cover
Live Dead Live + Dead Live Dead Live + Dead (%)
Cistus ladanifer 2.19 (2.58-1.85) 2.06(2.48-1.68) 4.25(4.93-3.82) 7.03(9.99-5.55) 7.90(11.58-5.85) 14.93(21.58-12.31) 35.1
Erica umbellata 0.69 (1.17-0.37) 0.67 (1.48-0.37) 1.36 (2.65-0.82) 0.94 (1.68-0.51)  0.96 (1.27-0.60) 1.90 (2.73-1.11) 15.1

Rosmarinus officinalis 0.47 (0.57-0.17)  0.18 (0.25-0.13)  0.65 (0.82-0.38) 1.49 (3.43-0.39) 1.27 (3.88-0.51)  2.76 (7.31-1.03) 8.3
Phillyrea angustifolia ~ 3.66 (7.37-1.47)  0.59 (1.70-0.03)  4.24 (9.07-1.60) 5.30 (6.49-4.50) 0.90 (1.15-0.50)  6.20 (7.60-4.99)  32.3

Erica arborea 1.50 (2.02-1.18) 0.54 (0.97-0.32)  2.04 (2.42—1.55) 7.11(8.28-4.30) 2.99 (4.60-2.14)  10.10 (12.79-6.98)  24.1
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Fig. 1. Scheme of the experimental design and timing of experimental burning and postfire monitoring of emergence (e) and recruitment
(n. The experiment took place during five consecutive years. Experimental burning took place during each of the first three years (B1 to
B3) in late June (ES) or late September/early October (LS) (3 plots per burning, for a total of 18 plots). Seedling emergence was monitored
monthly during relevant periods (fall to spring) in twent$0x 0.50 cm permanent quadrats. Recruitment was monitored at regular intervals,
particularly at the end of summer. Seedlings emerged after fires were separated by cohorts based on their year after fire of emergence. Th
first three burns were monitored during three years, the last burn only during two. The cohorts that had a relevant number of seedlings are
marked in bold. Note that YAF (year after fire) refers to each particular burn.

was always conducted on clear, sunny days, and under stgling and herbivory by large mammals, the whole area was
ble conditions. Except in the first set of burns (B1 ES), fenced before the first fire. In each plot, two 10 m transects
soil surface temperatures during fire were recorded with 10-were established, and along each, ten<&D cm quadrats

15 K-type thermocouples placed 1 cm above the soil surfaceywere permanently set at regular intervals. These were used
and connected to a data logger (Campbell Scientific, Loganto monitor post-fire seedling emergence and survival. After
Utah, USA). From this, we calculated the time-temperaturefire, emergence and establishment were monitored regularly
integral, which can be a good estimation of the total heatat monthly intervals (during active periods of seedling emer-
reaching the soil surface during fire, hence of fire-intensitygence). Emerged seedlings were tallied, tagged and mon-
(Keeley, 2009). itored during the three following years, except for the last

The Coto Nacional de los Quintos de Mora has been use@ét of burns (B3) in which post-fire monitoring lasted only

for game hunting for decades, and herbivore stocks are kegtvo years (Fig. 1). Therefore, seedling monitoring after fire
at much higher rates than would be normal. To avoid tram-lasted four years (Yr 2 to Yr 5). B1 burns were conducted in
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250 was differentiated by yearly cohorts based on the year-after-
fire (YAF) of emergence (cohort 1 to cohort 3). Since burning
200 - was done in consecutive years, different cohorts overlapped
over the years (Fig. 1).
150 4 Homogeneity in initial conditions across plots (in live,
dead, and live+dead plant density and stem basal area for the
100 1 different species) was assessed with non-parametric Kruskal-
50 | Wallis tests, due to heterocedascity of variances even after
= transformations. Differences in seedling emergence (emer-
£ 01 gence at the end of YAF1 and YAF2) and recruitment (total
é seedling density at the end of YAF1 or YAF2) in relation to
% 250 , : : . : r burning year, fire season and year-after-fire were analyzed
3 by repeated measures ANOVA. There were two between-
a 200 4 subjects factors and one within-subject factor, with three
replicates for each treatment combination. Between subjects
150 1 factors were burning year (B1, B2, and B8:=3) and fire
season (ES and L%, =2). The within-subject factor was
100 / / . the year-after-fire (YAF1 and YAF2) at which emergence or
o Joa recruitment was recorded. Finally, differences in the time-
504 4 - . . .
i / /\>J / temperature integral between burning year and fire season
0 s = were analyzed by a two-way ANOVA for B2 and B3 burns.
To understand trends in recruitment and the factors con-
. ‘ ‘ , - . trolling them, we compared recruitment at the end of YAF2
Oct Dec Feb Apr Jun Aug with emergence during YAF1 for each burn by linear regres-
120 Month sion (2 =6, that is, each point was the mean of the three

plots burned per season each year). Similarly, we compared
recruitment at the end of YAF3 with recruitment at the end of
YAF2 for B1 and B2 burnsi{=4; B3 burns could not be in-
cluded since YAF3 was not sampled in these burns). Differ-
ences in the slope of these relationships among species were
examined by the ratio of the difference in slopes to the stan-
dard error of the difference between slopes. Finally, seedling
emergence at the end of YAF1 was related to rainfall during
fall and winter (October through February) of that year for
each of the burns by ordinary least square linear regression.
Statistical analyses were conducted with SPSS vs. 13 (SPSS
Inc., Somers, NY) and R (R Development Core Team, 2011).

100 -

80

60 -

40 -

Cumulative frequency (%)

20 -

200 300 400 500 600 700 800
Autumn and winter precipitation (mm)

. : - 3 Results

Fig. 2. (a) Mean (line) and standard deviation (shaded area) of

monthly precipitation during 40 years of observations at Los COr- . op o cteristics of the stands chosen weistuswas
tijos meteorological observatory. Arrows indicate when burnings

were conducted.(b) Precipitation during the four years of post- th? dominant species among the three Sgeders, followed by
fire monitoring: Yr 2, black: Yr 3, red; Yr 4, green: Yr 5, yellow. Erica umbellataand Rosmarinus Rosmarinuswas larger
(c) Cumulative frequency distribution of winter and fall precipita- in Size, and in terms of stem basal area was secoiisto
tion (October through February), with arrows indicating the amounttus Among the resprouter®hillyrea had greater density,
of precipitation of each year. but lower stem basal area th&nica arborea(Table 1). No
statistically significant differenceg (> 0.05) were observed
for any of the density measurements (live, dead or live+dead)
the fire season of Yr 1, and were monitored from the begin-across plots before burning for all species exdeiptlyrea,
ning of Yr 2 to the end of Yr 4. B2 burns were conducted in in which the three measures of density were significantly dif-
the fire season of Yr 2, and were monitored during Yr 3 to ferent among yearsp(= 0.040, 0.007, 0.025 for live, dead
Yr 5. B3 burns were conducted in the fire season of Yr 3, andand live+dead density, respectively), but not among seasons
were monitored during Yr 4 and Yr 5. Seedling emergence(p > 0.05 in all three cases). Stem basal area measurements
after fire occurred during a maximum of three years (B2), andfor all three categories (live, dead, live + dead) and all five
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18 3500 Table 2. Main effects and interactions of the repeated measures
16 - £ 3000 ANOVA for burning year (Year), fire season (Season) and year af-
5 2500 ter fire (YAF)(the first two years) on emergence and recruitment of
m 14 1 & 2000 three seeder species growing in a Mediterranean shrubland in cen-
9 12 - K 1800 tral Spain. Burning year and fire season were between subject fac-
= 10 | g 1000 tors, and year after fire was a within subject factor. Species were:
€ 502 Cistus ladanifer(Cistug9, Erica umbellata(Erica) andRosmarinus
— 8 ES LS ES LS ES LS officinalis(Rosmarinus N = 3 plots per fire season and year.
()
g 6 1 ]
|— —e—BiLs | B3I Emergence Recruitment
4 —0— B2ES >
2T 88 U S
0 —=— B3LS =W ) Cistus
' ' ' ' ' YAF 188.48 <0.001 209 017
100 200 300 400 500 600 Year 527 002 270 011
Temperature (°C) Season 12.01 <0.01 3.30 0.09
Yearx Season 5.22 0.02 256 0.12
. . . YAF x Year 7.90 <0.001 0.24 0.79
Fig. 3. Residence time of temperatures from 2@to 600°C dur- YAFE x Season 120.60 <0.001 0.20 067

ing experimental burns early (ES) and late (LS) in the fire season
and in each of the three consecutive burning years (B1 to B3). In-
set figure shows the means and standard errors for the temperature-Erica

YAF x Yearx Season 30.46 <0.001 0.21 0.82

time integral (in°C min). Temperature for the B1 ES burns was not  YAF 12.20 <0.01 0.10 0.75
available. Year 3.79 0.05 291 0.09
Season 0.57 0.46 1.25 0.28
Yearx Season 0.43 0.66 0.68 0.52
species were not significantly different for either years or sea- YAF x Year 3.85 0.05 4.55  0.03
YAF x Season 0.00 0.98 0.40 0.54
sons p < 0.05).

L . ) YAF x Yearx Season 1.87 0.20 195 0.18
Annual precipitation during the four years of seedling

monitoring (Yr 2 to Yr 5) was highly variable, and covered a Rosmarinus

large portion of the long-term variability observed in the area YAF 56.94  <0.001 820 o001
(Fig. 2). Rainfall in Yr 2 and Yr 5 were above the long-term gii;on 2(')7763 o(')lfl 2(')1246 o(.)lgz
mean, while rainfall in Yr 4 and, particularly, during Yr3 ~ { " "c 0:11 0:90 0:02 0:98
were well below average (Fig. 2). Soil surface temperatures yar  vear 36.82 <0.001 180 0.21
during the experimental burns were similar between burning yag « Season 14.23 <0.01 1.84 0.20
years and seasons (Fig. 3). There were no statistically signif- YAE x Yearx Season 7.88 <0.01 0.07 0.93

icant differences for time-integrated temperature during fires
(burning year:F» 10=1.59, p = 0.25; season¥y 10= 2.25,
p =0.16; burning year season¥; 10=0.40, p =0.54).

There were large differences in total emerged seedling${owever, emergence after B2 burns occurred over the next
between years and specigSistuswas the species with the three years (cohort 1 to 3). Similarly, emergence follow-
greatest average seedling emergence during the three burnifgly B3 burns occurred over the next two years after fire (the
years, varying between burns by a factor greater than 3 (fromhird year could not be sampled). Emergence was generally
61 to 204 seedlings 1f). Erica produced, on average, the highest in YAF1 (larger size of cohort 1) than in YAF2 or
second largest emergence; yet, its variability between burngaFr3 (lower size of cohorts 2 and 3, if at all present) for all
was much larger (factor of 12, from 13 to 156 seedlingspyrning years, but with differences among species (Fig. 4).
m~2). Rosmarinuswas the species with fewer seedlings For instance, emergence Erica was higher in YAF2 (co-
emerged on average, and with lesser variability among burnort 2) than in YAF1 (cohort 1) for two burning years (B2
(factor of 3, from 6 to 17 seedlings T; Fig. 4). Bum-  and B3). Actually, in one occasion (B2, LS) emergence in
ing year was a statistically significant factor for emergenceyar3 (cohort 3) was even higher than in YAF1 (cohort 1)
in Cistus andErica and non-significant ilRosmarinugTa- (Fig. 4). Year-after-fire (YAF1 and YAF2 were the only two
ble 2; Online Supplementary Material 1). tested; see Methods) was a significant factor for the three

Seedling emergence during the subsequent years after firgpecies. Furthermore, there was a significant interaction be-
(cohort 1 to cohort 3) changed depending on the burninggween YAF and burning year for all three species, and with
year and species. Emergence following B1 burns occurredeason foCistusandRosmarinugTable 2). In absolute fig-
in one single cohort (cohort 1) for all three species (Fig. 4).ures, LS burns produced greater emergence than ES burns

www.biogeosciences.net/8/3721/2011/ Biogeosciences, 8, 3732-2011



3726 J. M. Moreno et al.: Rainfall and postfire recruitment
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Fig. 4. Seedling emergence of three seeder spe€issi(s ladanifer, Erica umbellata and Rosmarinus officinaiiéer experimental burning

early (ES) and late (LS) in the fire season during three consecutive years (B1, B2 and B3 burns) at a shrubland in Central Spain. Shown are
total seedling emergence during the first (cohort 1), second (cohort 2) and third (cohort 3) year after fire. Note that B3 burns were monitored
only during two years. Error bars refer YAF2 data, which were used in the statistical tests (see Methods).

for Cistusand Rosmarinuswhile the opposite pattern was sions were significantly differenp(0.05) among the three

seen inErica (Fig. 4). Nevertheless, season was a statisti-species, being highest Rosmarinug0.36) (higher recruit-

cally significant factor only foCistus Furthermore, season ment in relation to emergence), intermediat€intus(0.24)

in this species interacted with burning year and YAF, respec-and lowest irErica (0.09) (the lower the slope the lower re-

tively (two way interaction) and jointly with the two (three cruitment, that is, survival in relation to emergence). Fur-

way interaction; Table 2). thermore, recruitment at the end of the third year after fire

was virtually the same than at the end of the second year

Atthe end of the third year after fire (second for B3 burns) for Rosmarinusand Cistus (we observed an intercept and

recruitment for the three species showed similar patterns tg slope statistically identicap(> 0.05) to 0 and 1, respec-

total seedling emergence. Note that the population of re+jyely). However, the slope of the relationship between third

cruiters ofCistusandRosmarinusvas mainly composed of gnd second year recruitment firica was 0.44 and signifi-

cohort 1 individuals (Fig. 5). That was not so fBrica,  cantly (» < 0.05) smaller than 1. This indicates that recruit-

with a recruiter population composed by individuals that hadment in Erica decreased from the second to the third year

germinated in the first, second or even third year after fire after fire (Fig. 7). There was a significant relationship be-

depending on the burning year (Fig. 5; Supplementary Ma-+yeen the amount of rain fallen in autumn and winter (Octo-

terial 1). Few effects, however, were significant in recruit- per through February) the first year after fire and emergence

ment: burning year was marginally significant £ 0.1) in  during that year foRosmarinusand, particularly, foiErica

Erica, with a significant interaction with YAF. Season was pyt not forCistus(Fig. 8).

also marginally significant fo€istus YAF was only a sig-

nificant factor forRosmarinugecruitment (Table 2). That

is, recruitment in YAF1 was different from that in YAF2 for 4 Discussion

Rosmarinuswhile no differences were observed in the re-

cruitment ofCistusor Erica across YAF. Recruitment atthe 4.1 Event-dependent processes and population changes

end of the second year after fire was tightly correlated with

seedling emergence during the first year after fire in the thre&Seedling emergence and recruitment across years and sea-

species (Fig. 6). Note the high® of the models, particu- sons for the three species studied was highly variable;

larly in CistusandRosmarinus.The slopes of these regres- this variability was species-dependent and different between

Biogeosciences, 8, 3723#32 2011 www.biogeosciences.net/8/3721/2011/
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Fig. 5. Recruitment (No. m?2) at the end (three years for B1 and B2, 2 years for B3) for three seeder sp@isies (adanifer, Erica
umbellata and Rosmarinus officingliafter experimental burning early (ES) or late (LS) during the fire season during three consecutive
years (B1, B2 and B3 burns) in a shrubland in Central Spain. Recruitment is shown distinguishing among the cohorts that germinated during
the first (cohort 1), second (cohort 2) and third (cohort 3) year after fire. Error bars refer to YAF2 data, which were used in the statistical tests
(see Methods).

emergence and recruitment. Temporal (across years and segearly patterns of emergence in these species were closely
sons) variation in seedling emergence was loweRtamar-  related to rainfall patterns. In the burning year that was fol-
inus, intermediate inCistus and highest irErica. Inter- lowed by a wet fall and winter (B1 burns), emergence was
specific differences in recruitment were also apparent, andhighest in all three species and occurred only during the first
they were largely related to emergence during the first yearpostfire year (basically, one single yearly cohort). By con-
This close relationship between emergence and recruitmentary, when the first year after fire was dry (B2 burns), the
indicates that the potential for variation in the population of three species responded with a similar pattern of reduced
recruits from year to year can be important, depending onemergence, and this was delayed until the next two years.
what happens during the first year after fire. Because not allndeed, three yearly cohorts contributed to recruitment in all
three species responded equally across the years and seasdhsee species, in particular FErica. Furthermore, despite a
this means that the population of recruits of each species wilgeneral effect of rainfall on post-fire emergence, the magni-
vary depending on the particularities of time of fire and the tude and ultimate significance of the change on the popula-
postfire climatology, and that differences among species cation of recruiters was species-dependent. Similar responses
appear as a result of fire. This supports the hypothesis thawere found in experimental manipulations of drought (Lloret
“event dependent” processes can be a cause of populatiogt al., 2004). This indicates that anticipating the impact of
changes in seeder dominated shrublands, such as the ofigure changes in precipitation in these systems will be com-
studied here. This is relevant because it implies that, afteplicated until some generalities among species can be found.
a given fire, changes, that are difficult to anticipate, might

occur in the demographics of the seeder species. It is important to note that Yr 2 and Yr 3 were at the
extreme (46 % above and 60% below average October—
4.2 Emergence, recruitment and rainfall February precipitation, respectively) sides of the long-term

frequency distribution of rainfall in the area, which provided
This study documents that emergence and recruitment patis with a good representation of the range of patterns of
terns were closely related to changes in postfire rainfall, andemergence and recruitment after fire that can be expected
that this relationship varied by species. Rainfall during au-in this shrubland. The variability in demographic responses
tumn and winter (October through February) of the first yearfound here documents that studies based on single-year ex-
after fire was an important factor in determining emergenceperiments in systems with high interannual rainfall variabil-
and, ultimately, recruitment in the three species. The postfirgty may not represent the wide range of outcomes that might
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S 51 o inusg). Note that while inCistusandRosmarinughe relationship la-
e ys along the 1-to-1 line, foErica it lays below that line, indicating
’5 0 oo y=2.36 +0.09 x mortality of 2 yr-old recruiters during the third year after fire. Each
3 r= 052 point is the mean of three plots in each year-by-season treatment.
-t ‘ . , .
£ 0 50 100 150
3 (c) Rosmarinus This study also documents that the window for recruitment
3 8 | of seeders after fire is virtually restricted to the first year after
. ° fire, as was found earlier at this site (Quintana et al., 2004),
7 1 . and also occurs on other Mediterranean systems (Keeley et
al., 2005). Despite the differences in emergence patterns, the
6 | tight correlation between emergence on the first year and re-
cruitment two or three years after fire indicates that individ-
5 uals emerging after the first year will have a low probability
4 & e y=2.02+0.36 x of becoming recruits one or two years later. Consequently,
2= 0.92 what happens during the first year is vital, and rainfall in
‘ ‘ ‘ - - : autumn-winter (October—February) appears as critical. This
6 8 10 12 14 16 supports the hypothesis that early germination is favoured
Emergence 1 year after fire over spreading it over several years (Merdnd Traveset,
(No m-z) 2005). This is important since many large fires and multiple

large fire episodes occur under drought, and droughts can be

Fig. 6. Recruitment as a function of emergence one year after fire!ong lasting (Lana et al., 2006). Consequently, the negative

for Cistus ladanifer(a), Erica umbellata(b), andRosmarinus offic-  Impact of a dry year following fire may not be compensated
inalis (c). The line is the ordinary least squares best fit line. Eachfor in the following years, at least not equally in all species.

point is the mean of three plots in each year-by-season treatment.
4.3 Emergence, recruitment and fire season

Despite variation among species, fire season was found not
occur across different years. Because rainfall variability af-to be a strong factor in controlling seedling emergence and
ter fire is important, using fire for management purposes enfecruitment. This coincides with results reported by Trabaud
tails a high degree of uncertainty, even if the system is welland Lepart (1981), but contrasts to some extent with those of
known in advance. While additional multiyear experiments Céspedes et al. (2011) who observed that season was a signif-
are needed to have a better understanding of the interactiorisant factor for species likRosmarinusSeveral mechanisms
between fire season and changes in postfire climatology ican contribute to modify post-fire emergence in relation to
Mediterranean shrublands, modelling can illustrate the longfire season. First, fire season could affect fire intensity and in-
term effects of these interacting factors (Bradstock and Bed+eract with the physical dormancy of the seeds. Early season
ward, 1992). fires can occur when soils and plants have higher moisture
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content and thus will be of lower fire intensity than late sea- 200
son fires. Warming deeper into the soil might then be im-

peded and temperatures high enough to break the physical
dormancy of seeds may not be reached (Hodgkinson, 1991). 150 -
Not all seed species, however, require thermal scarification
for germination and, in our case, this would only apply to
Cistus(Thanos et al., 1992). Soils at the site were shallow,

Cistus

and seed density is usually highest in the upper soil layers 100 1
(2-3cm) (Clemente et al., 2007). Moreover, fire intensity o R
was high and similar across burns and with burns in another 50 . NS

similar shrublands (Espedes et al., 2011). It thus seems un-
likely that fire-intensity played a significant role in altering
Cistusemergence.

Second, fires in different seasons may encounter differ-
ences in the size of the seed bank due to seed dispersal phe-
nology. In the study are&osmarinuglisperses from March
to July; Erica disperses from July to October, with peak dis-
persal in AugustCistushas an extended period of seed dis-
persal, from July to January, with peak dispersal occurring
also in August (Luna, 1998). Based on this, we expected that
Rosmarinusvould have had greater emergence in ES than

100 200 300 400 500 600
150 H Erica

100 -

an
o

y=-54.43 +0.29 x

Seedling emergence year after fire (No m?)

in LS, as found by €spedes et al. (2011), the reverse being ol 8 ¢ roos

true for the other two species. Nevertheless, @iktushad ‘ ' ‘ '
significantly larger emergence in late season fires. Season 100 200 300 400 500 600
was only marginally significant in recruitment at the end of 17 4 ® Rosmarinus .
the second postfire year. Aside from seed phenology, other .

factors such as seed predation (Bastida et al., 2009; Traba

et al., 2006) or direct burn during the fire é6pedes et al., 13 1

2011) can contribute to reducing the number of seeds in the °
soil seed bank, particularly those in the upper soil (Ferran-

dis et al., 1999; Valbuena et al., 2000). Third, seeds recently 91

fallen might be physiologically dormant and their germina- . y=7.27 +0.0145 x
tion will be delayed until cold or other conditions have been 5 | ® 2=035

met, provided suitable moisture is available. If rainfall is not . ‘ . ‘
sufficient after these conditions have been met, germination 100 200 300 400 500 600

will be delayed until the next wet season (Ooi, 2010). This
mechanism would not apply ®osmarinusor Cistus since

both germinate readily after fire once the soll is m0|stenedFig_ 8. Seedling emergence during the first year after fire as a func-

(C_eSpedes etal., 2011), but it could .play a mlemFa' !n tion of autumn and winter (October through February) precipitation
this species, heat alone does not stimulate germination, biine year after fire fo€istus ladanifer(a), Erica umbellatab), and
heat and cold stratification does, as well as smoke. Additionﬂosmarinus officinaligc) after experimental burning. The line is
ally, ash, with and without heat, completely deters germina-the ordinary least squares best fit line (see Methods) and NS indi-
tion of Erica (Gonzlez Rabanal and Casal, 1995; Moreira cates a non-significant model. Each point is the mean of three plots
et al., 2010). Germination after fire in the field is delayed in each year-by-season treatment.

in time with respect to the other two species; autumn rain-

fall triggering germination irCistusandRosmarinusvas not

as efficient for doing so irfErica, whose germination was so much detected after LS fires during the season of seed dis-
delayed until later in the winter or spring (Quintana et al., persal, but in the next year, once dormancy is broken. Ash
2004). Cold stratification is also required for germination could further contribute to delay germination until it has been
in Erica australis a species common in these shrublandsleached from the soil. Although season was not a significant
(Trigueros Vera et al., 2010). Furthermore, germination afterfactor in Erica, it is worth noting that, contrary to seed dis-
fire in this species can be delayed by several months (Valpersal patterns, in the two years with highest emergence, in
buena et al., 2000). Therefore, we argue that, dependingbsolute numbers this was higher in ES than in LS fires. Be-
on rainfall patterns, dormancy might delay germination, socauseErica is an important component of western Iberian
much that the effects of the current seed crop would not besiliceous shrublands (Rivas-Marez, 1979), further studies

Rain 1 year after fire (mm)
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need to confirm whether dormancy alone or in combinationfor recruitment of seeder species after fire. Nevertheless,
with other factors plays a role in the fire season response pafurther studies need to confirm this, particularly if summer
tern of this species. This is important because, if it does, thelrought becomes more intense than what was experienced in
mixture of warmer winters and lower precipitation in spring this study. The results reported here Enica were similar
in a future climate could impair the capacityBficato per-  to those found in an experiment carried out several years ear-
sist in these environments. lier, and in which the first year after fire was also particularly
The pattern of demographic responses to fire season foundry (Quintana et al., 2004). These two studies document that
in this study contrasts with results from systems with canopy-Erica umbellatahas great difficulty for recruiting after fire
stored seed banks in either seasonal (Bond, 1984; Bond et air) a dry year. This leads us to argue that the persistence of
1984; Heeleman et al., 2008) or non-seasonal climates (Knothis species can be seriously compromised in the case of fire
and Clarke, 2006), which usually find a strong fire-season efand future reductions in rainfall, a trend that has been occur-
fects on seedling populations. In such systems, dispersal folring in the Iberian Peninsula (Esteban-Parra et al., 1998), sig-
lows fire; thus, seed predation during the period that elapsesalling a way by which these shrublands may lose species af-
between fire and suitable conditions for germination will be ter climate change-induced changes in precipitation patterns.
very variable, depending on the timing of fire. The longer
this period, the greater the negative impact on the size of th&upplementary material related to this

seed bank and subsequent seedling population. article is available online at:
http://www.biogeosciences.net/8/3721/2011/
4.4 Implications in a context of climate change bg-8-3721-2011-supplement.pdf
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