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a Fire Ecology and Seed Research Lab., Division of Ecology, Department of Biology, Hacettepe University, Beytepe 06800, Ankara, Turkey
b Department of Biology, Mu�gla Sıtkı Koçman University, K€otekli, 48000, Mu�gla, Turkey
c Division of Botany, Department of Biology, Hacettepe University, Beytepe 06800, Ankara, Turkey
a r t i c l e i n f o

Article history:
Received 25 January 2015
Received in revised form
26 June 2015
Accepted 29 June 2015
Available online xxx

Keywords:
Heat shock
Regeneration traits
Seedling vigor
Smoke
Surface fire
Temperate grasslands
* Corresponding author.
E-mail address: ctavsan@hacettepe.edu.tr (Ç. Tavşa
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a b s t r a c t

The role of fire in shaping plant traits in crown fire ecosystems is well understood, but little attention has
been given to surface fire ecosystems. We studied the effect of fire-related cues (heat shock and smoke)
on the germination and early seedling growth of 21 herbaceous species in Central Anatolian steppe,
Turkey. We made an experiment including one smoke and five heat-shock treatments (60, 80, 100, 120
and 140 �C for 5 min) to test whether germination percentage, mean germination time, seedling growth,
and seedling vigor enhance or reduce in the treatments in comparison to the controls. Seeds of all species
were able to tolerate low heat shocks, but moderate and high heat shocks had a negative impact on
germination and seedling growth. In Stachys byzantina, germination was stimulated by the smoke
treatment. Smoke and low heat shocks positively affected the seedling vigor index of six species. The
results suggest that the seeds of plant species in Central Anatolian steppes are resistant to low-intensity
surface fires, but not high-intensity crown fires and that some species take advantage from surface fires.
Our results contribute to understanding the role of fire in temperate grassland ecosystems.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Fire is a global phenomenon affecting many ecosystems in the
world including forests, shrublands and grasslands in temperate
and tropical regions (Archibald et al., 2013). Although the natural
role of fire has been acknowledged for many years (Naveh, 1975),
the importance of fire in the evolution of plants has recently been
understood (Keeley et al., 2012). Many studies conducted in recent
years showed how fire shapes plant traits such as flammability,
serotiny, germination and seed size (Keeley et al., 2011; Moreira
et al., 2012; Pausas et al., 2012; Tavşano�glu and Çatav, 2012).
However, most of the studies related to fire-adapted plant traits
come from frequently burnedMediterranean-type ecosystems. One
of the interesting questions in relation to natural role of fires,
therefore, is how fire affects plant regeneration traits (e.g. germi-
nation) in fire-prone vegetation types out of the Mediterranean
ecosystems (Çatav et al., 2014). In such regions, there is still a
shortage of information on fire-related plant traits, and therefore
relatively less is known about fire's role in the ecosystem. Three of
no�glu).
those understudied regions are the grasslands of temperate, sub-
tropical and tropical regions, which are all fire-prone ecosystems.
Recently, subtropical and tropical grasslands/savannas have
received some attention in relation to fire-related plant traits
(Gashaw and Michelsen, 2002; Williams et al., 2003; Overbeck
et al., 2006; Dayamba et al., 2008; Dantas et al., 2013; among
others). However, such studies have relatively less conducted in
temperate grasslands (but see; Clarke and French, 2005; Gonzalez
and Ghermandi, 2012; Schwilk and Zavala, 2012). Studying fire-
related regeneration traits in plant species in surface-fire ecosys-
tems will improve our understanding of pyrogeography, the study
of the distribution of fire on Earth (Archibald et al., 2013). Moreover,
data from such regions will be useful to be compared to the Med-
iterranean ecosystems, and to learn about the relevance of fire
regime (crown vs. surface) in shaping plant regeneration traits.

Heat shock and smoke are the most commonly studied cues for
fire-related germination and seedling growth. Heat shock causes
the release of physical seed dormancy in fire-adapted species with
impermeable seed coat, while the chemicals found in smoke break
physiological seed dormancy in fire-adapted species with perme-
able seed coat (Moreira et al., 2010). These traits allow the stimu-
lation of germination after fire by breaking dormancy of seeds in
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the soil seed bank (Keeley and Fotheringham, 1998). Moreover,
smoke is known to stimulate seedling growth in several species
(Daws et al., 2007; Moreira et al., 2010). It is clear that the germi-
nation response of plant species to smoke is a fire adaptation at
least in Mediterranean ecosystems (Keeley et al., 2011). On the
other hand, there is still a large gap on the role of smoke as fire-
related germination and seedling growth in different ecosystems
in the world.

In temperate, sub-tropical and tropical grasslands, plant species
have positive, negative or neutral germination response to fire-
related cues. Most of the studies tested germination response of
grassland species to various heat shock doses failed to show any
stimulative effect of heat on germination (Gashaw and Michelsen,
2002; Overbeck et al., 2006; Dayamba et al., 2008; Gonzalez and
Ghermandi, 2012; Schwilk and Zavala, 2012). However, at the
same time, many species can resist low to moderate heat shock
treatments while intense heat shock has a lethal effect on seeds of
some species. Among grassland species, germination stimulation
by heat shock has been shown in some Australian Poaceae (Clarke
and French, 2005) and a Rumex species from Japan (Tsuyuzaki and
Miyoshi, 2009). In most cases, smoke does not affect the germi-
nation of species found in grasslands either (Dayamba et al., 2008;
Gonzalez and Ghermandi, 2012; Schwilk and Zavala, 2012). But
there are records of smoke-stimulated germination (Tsuyuzaki and
Miyoshi, 2009; Ghebrehiwot et al., 2012; Gonzalez and Ghermandi,
2012; Schwilk and Zavala, 2012; Le Stradic et al., 2015) and seedling
growth (Blank and Young, 1998) in some grassland species.

Temperate grasslands cover extensive areas in Anatolian
peninsula. Anatolia hosted the first human settlements in theworld
(dated back to 10,000 years before present), and the first domes-
tications of wild plants and animals also occurred around this re-
gion. At the same time, Anatolia has an extraordinary biodiversity
created by its variable topography andmicroclimates and enhanced
by the existence of three biogeographic regions inside (Şekercio�glu
et al., 2011). Due to the long history of human civilization in this
region, Anatolian people have converted forests into grasslands and
grasslands into crop fields, and have intensely used grasslands as
rangelands for their livestock (Fırıncıo�glu et al., 2009). Therefore,
Central and Eastern Anatolian grasslands (i.e., steppes) have been
under intense human pressure for millennia (Asouti and Fairbairn,
2002). Agricultural burning has also been a common practice in
Central Anatolia, to clean crop residues in agricultural areas after
harvesting period and to grow grasses more in rangelands for goat
and sheep grazing. Satellite data indicate a high burning activity in
Central Anatolia in recent years especially concentrated on
September (Giglio et al., 2003; NASA, 2012), but the short durations
of those fires are a sign of agricultural ones (Amraoui et al., 2013).
The anthropogenic origin fire regimes seem to be present for a few
millennia in Central Anatolia after agriculture became intensified
(Kaniewski et al., 2008), as the lake sedimentary charcoal data
suggest (Turner et al., 2008). However, during the early and mid-
Holocene periods (before agricultural fires become widespread),
natural grassland fires were also common in Central Anatolia and
the grasslands covered this region were maintained by dry-season
fires (Turner et al., 2010; Vanni�ere et al., 2011). Since Central
Anatolian steppes have a fire history dated back to the end of the
last glacial period, plant species found in this ecosystem should
have been under the selective pressure of surface fires for
millennia. It can be expected, therefore, that regeneration charac-
teristics of plant species (such as seed germination and seedling
growth) in Central Anatolian steppes are shaped by fire. To date,
however, no study has been performed on fire-related germination
and seedling growth in the plant species in the Central Anatolian
steppe ecosystem.

In this study, considering the observations and assumptions
above, we hypothesized that germination and seedling vigor will be
enhanced or not be affected by fire in plant species in the Central
Anatolian steppe. To test this hypothesis, we studied the effect of
fire-related cues (heat shock and smoke) on the germination and
early seedling growth of 21 herbaceous species growing in steppe
vegetation near Ankara, Central Anatolia, Turkey. We made a lab-
oratory experiment including one smoke and five heat-shock
treatments to test if germination percentage, mean germination
time, seedling growth, and seedling vigor index of the studied
species enhance or reduce in the treatments in comparison to the
controls.

2. Materials and methods

2.1. Study area, study species and seed collection

We collected the fruits of twenty-one plant species (Table 1)
from Hacettepe University Beytepe Campus area, Ankara, Turkey
(39� 520 N, 32� 430 E, 1025 m) between July and September 2010.
This period corresponds to the time just before the seed dispersal
starts for each particular species. All the studied species have
hemicryptophyte or therophyte life form and are herbaceous
except the suffruticose Fumana aciphylla. The distribution range
varies among species, extending from Anatolian endemics to
widespread throughout the world (Table 1). Between these two
extremes, some species have regional distribution range (only in
the Mediterranean Basin or Eastern Europe or the Middle East)
whereas some distributedmore locally (only in Anatolia or around).
Although the vegetation of the study area is originally characterized
by Central Anatolian steppe, Pinus nigra (black pine) plantations
have substituted natural flora in many parts of the landscape due to
afforestation and landscape planning activities for nearly 40 years.
Fortunately, plant species from steppe vegetation remained in the
open patches that are not covered by planted trees.

Flora of the study area consists of 504 species, 264 genera, and
57 families (Mutlu et al., 2008). Although the selected 21 species for
the study constitutes a small sample of the local flora, they are
among the most common ones, and they more-or-less represent
the major phylogenetic lineages of Angiosperms growing in Ana-
tolia. Many of the selected species are also present in other local-
ities throughout the Central Anatolian steppe (Davis, 1965e1985).
Therefore, we assumed that our selection is a representative one of
the local flora.

The climate of the study area is semi-arid continental one ac-
cording to K€oppen's climate classification, with cold winters and
hot summers. Annual total precipitation is 407.3 mm, and themean
annual temperature is 12.1 �C (data from Turkish State Meteoro-
logical Service, 1980e2011). During the cold period (November to
March) mean temperature is 3.6 �C while total precipitation is
47.1 mm during the dry period (July to September).

We collected fruits from the field into paper bags from at least
five individuals for each species, however in some cases more in-
dividuals were needed to be collected to obtain enough number of
fruits to conduct an experiment. Seeds were removed from fruits by
hand in the laboratory and then stored in paper envelopes under
room conditions until the start of the experiment in October 2010.

Nomenclature follows Davis (1965e1985), but also Angiosperm
Phylogeny Website (Version 12.07.2012; http://www.mobot.org/
MOBOT/research/APweb/) for the current family names.

2.2. The experiments

We performed five heat shock treatments and an aqueous
smoke treatment in the study. We also used untreated seeds in the
experiment serving as a control for heat shock treatments, whereas
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Table 1
Taxonomic status and the ecological characteristics of the study species. GF is growth form (a: annual herb, b: biennial herb, p: perennial herb, sf: suffruticose herb), LF is
Raunkier's life form (t: therophyte, H: hemicryptophyte), Range is the distribution range of species (W: widespread, R: regional, and L: local; Anatolian endemics indicatedwith
asterisks), and SM is mean seed mass in mg. Taxa codes given here are used in the tables throughout the study.

Code Family Taxon GF LF Range SM

BRA Apiaceae Bifora radians a t R 9.12
DCA Apiaceae Daucus carota b H W 1.05
CDE Asteraceae Carthamus dentatus a t R 25.3
CFO Asteraceae Crepis foetida ssp. rhoedafolia a t W 0.51
CCR Asteraceae Crupina crupinastrum a t R 6.87
TPO Asteraceae Tragopogon porrifolius ssp. longirostris b H R 1.30
ALE Boraginaceae Anchusa leptophylla ssp. leptophylla p H R 6.33
DTE Brassicaceae Diplotaxis tenuifolia p H W 0.25
GPI Caryophyllaceae Gypsophila pilosa a t R 2.48
FAC Cistaceae Fumana aciphylla sf H R 2.82
SAR Caprifoliaceae Scabiosa argentea p H R 1.55
OTO Fabaceae Onobrychis tournefortii* p H L 7.35
PPU Lamiaceae Phlomis pungens p H R 8.13
SSY Lamiaceae Salvia syriaca p H R 1.92
SAN Lamiaceae Stachys annua ssp. annua p H W 2.22
SBY Lamiaceae Stachys byzantina p H R 3.15
LHI Linaceae Linum hirsutum ssp. pseudoanatolicum* p H L 1.14
RCR Polygonaceae Rumex crispus p H W 1.35
RLU Resedaceae Reseda lutea p H W 0.71
SMI Rosaceae Sanguisorba minor ssp. minor p H W 2.58
GFL Rubiaceae Galium floribundum ssp. floribundum a t L 0.24
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a watered control was used to serve as a control for aqueous smoke
treatment (see below).

Heat shock treatments applied at several temperatures (60 �C,
80 �C, 100 �C, 120 �C and 140 �C) for 5 min. These treatments
correspond to the temporal pattern of the upper zone soil tem-
peratures during surface and crown fires (Trabaud, 1979). By
selecting a range of heat shock intensities, we simulated low-
intensity surface fire (60 and 80 �C), moderate intensity fire
(100 �C), and high-intensity crown fire (120 and 140 �C). Before we
apply the heat shock in a temperature-controlled oven, seeds were
put into aluminum pockets and placed in the center of the oven.
Each time, the seed pockets of one replicate of all species were
heated at the corresponding heat shock temperature. This proce-
dure was repeated four times for each treatment to obtain four
independent replicates.

For smoke treatment, an aqueous smoke solution was prepared
and then applied to the seeds. To achieve that, first, dry leaves of
Phillyrea latifoliawere separated into small pieces. Four replicates of
5 g of this plant material were heated separately in metallic con-
tainers in the oven for 30 min at 195 �C. The mouth of each
container was tightly covered by an aluminum foil to capture the
smoke generated from the burnt plant material. After the treat-
ment, 50 mL of distilled water was added to the container and let
stand for 10 min. By this procedure, the active chemicals found in
smoke dissolved in water. The solution was filtrated into a bottle to
obtain smoke in liquid form. Seeds of each species were incubated
in this solution (pH ¼ 5.94) for 24 h before sowing in the Petri
dishes (Moreira et al., 2010; Çatav et al., 2014). For further expla-
nation of the preparation and application of the smoke solutions,
see J€ager et al. (1996).

For each species, four replicates of seed lots sown directly in the
Petri dishes without subjecting any treatment to serve as the
control for the heat shock treatments (hereafter, dry control).
Additionally, for each species, four replicates of seed lots incubated
in distilled water (pH ¼ 7.74) for 24 h before sowing in the Petri
dishes to serve as the control for the smoke treatments (hereafter,
watered control).

After the treatments had been applied, seeds were sown in Petri
dishes containing agar (0.7%) as a substrate. Each treatment con-
sisted of four replicates of 25 seeds. We placed Petri dishes in a
germination cabinet set at 20.0 ± 1.0 �C in darkness. Seed germi-
nationwas checked every day during the first eight days, every two
days until the end of the second week, and then once a week until
the end of the experiment. Radicle emergence was the criterion to
keep an account of germination. After germination had recorded,
the seeds removed from Petri dishes and recorded in data tables.
We also remove empty (seeds without an embryo) and rotten seeds
and recorded. We finalized the experiment on the 63rd day of the
incubation period when no more germination occurred in any of
the treatments for oneweek. The viability of non-germinated seeds
was assessed by a cutting test, and we considered the seeds with
intact internal content as viable. To investigate the early seedling
growth of the species in the controls and after the treatments,
germinated seeds were transferred into Petri dishes covered with
two layers of filter paper moistened initially with 5 ml distilled
water. This procedurewas applied only during the first eight days of
the experiment when germinations checked daily to be sure of the
exact germination day of the seedlings. Only the seedlings
belonging to the same species were put into the same dish, and the
maximum number of seedlings within each dish was delimitated
by six (ten for species with very small seeds) to avoid the crowd
effect. Petri dishes containing newly germinated seedlings were
placed in the germination cabinet and incubated at 20.0 ± 1.0 �C in
darkness for seven days. We preferred dark conditions to perform
seedling growth experiment for practical reasons, and based on the
information that aqueous smoke solutions can improve seedling
growth under light (Moreira et al., 2010) or dark (Kulkarni et al.,
2006, 2007) conditions either. The filter papers were regularly
moistened with distilled water to protect seedlings to get water
stress. At the end of the incubation period, the total length of
seedlings (rootþ shoot length) was measured by a ruler with 1 mm
precision to determine their growth within seven days.

In the case of lack of seeds to perform all the treatments in a
species, we preferred to include smoke treatment first due to the
scarcity of studies on smoke-stimulated germination, especially in
the study region. Then, we preferred heat shock treatment of 100 �C
and the other treatments in turn. Through this procedure, we tested
germination response of 21 species to smoke, 17 species to 100 �C
heat shock, 15 species to 80 �C, 120 �C, and 140 �C heat shocks and
13 species to 60 �C heat shock treatment. As a consequence, the
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seedling length could not be measured for some species in the
treatments in which we did not perform germination experiment.
Moreover, in some treatment � species combinations mean seed-
ling length and seedling vigor index could not be estimated because
of a few number of germinations in the corresponding treatments.
2.3. Data analysis

Before the analysis, germination data of each species were cor-
rected by removing empty seeds from the data. Therefore, the total
number of seeds used in each Petri dish (each replicate) varied to
howmany empty seeds were found in each. Most of the species had
>20 seeds in each replicate in each treatment at the end, except
Salvia syriaca (~18 seeds per Petri dish), Phlomis pungens (~16 #),
Sanguisorba major (~15 #), Onobrychis tournefortii (~14 #), Fumana
aciphylla (~11 #), and Scabiosa argentea (~10 #). The germination
percentage was estimated as the mean of four replicates of each
treatment for each species. For each species, seeds were classified
as germinated or non-germinated, and then the final germination
of each treatment was compared with the corresponding control
using the analysis of deviance (GLM) and assuming a binomial error
distribution (Moreira et al., 2010).

Mean germination time (hereafter, MGT) was calculated using
the equation

P
(nD)/

P
n, where n is the number of seeds germi-

nated on day D and D is the number of days from the beginning of
the incubation period (Tompsett and Pritchard, 1998). Seedling
vigor was evaluated as the combination of early seedling growth
and germination traits, and calculated with equation (s þ r)G
(hereafter, seedling vigor index), where s and r are the shoot length
(in mm) and root length (in mm), respectively, at the end of the
incubation period for seedlings and G is the final percentage
germination (Kulkarni et al., 2007). Both indexes were calculated
for each replicate of the each treatment � species combination.
Therefore, MGT and seedling vigor index values were estimated as
the mean of four replicates of each treatment for each species.

The number of measured seedlings varied to species and
treatments since it depends heavily on the amount of seeds
germinated in each treatment � species combination. In the case of
fewer than four seedlings were obtained, we excluded this
treatment � species combination from the analysis. To increase the
power of the analysis, we tried to equalize the number of seedlings
measured in each treatment in the same species by excluding
surplus measures randomly. In summary, minimum and maximum
numbers of seedlings measured were four (in Carthamus dentatus)
and 19 (in Gypsophila pilosa), while each treatment included be-
tween 8 and 12 seedlings in the most of the species. For each
species, the difference of seedling length, seedling vigor index
values and germination time between the treatments and corre-
sponding controls were tested by one-way analysis of variance
(ANOVA). Multiple comparisons were held by Dunnett test, a post-
hoc test used when a set of comparisons are made to one group
designated as control (Zar, 1996). Data normality and homosce-
dasticity were tested using the Shapiro-Wilk and Bartlett's tests
before each analysis, respectively. If needed, logarithmic and square
root transformations were done. In the case of assumptions of
parametric tests were not met, the Kruskal-Wallis test and the non-
parametric version of the Dunnett test (Zar, 1996) were used.
Because of the large number of pairwise comparisons, the signifi-
cance level was assumed as P < 0.01 in all analyzes. This approach is
less conservative than the Bonferroni correction (Moran, 2003), and
has been effectively used in many researches in recent years (e.g.
Moreira et al., 2010; Tavşano�glu and Gürkan, 2014).
3. Results

Dormancy level was quite variable among the studied species.
Four species had very low dormancy with >90% germination in the
controls while six species had high-degree dormancy with <3%
germination. Dormancy degree or germination percentage in the
control of the remaining species ranged between these two ex-
tremes (Table 2).

All of the study species resisted to low (60 �C 50 and 80 �C 50)
heat shock treatments; while the moderate heat shock treatment
(100 �C 50) significantly decreased germination percentage in more
than half of the species studied. Intense heat shock treatments (120
and 140 �C 50) resulted in zero germination and total mortality of
seeds (Table 2). Germination percentage increased ca. two-fold
(from 19% to 36%) in Reseda lutea in the 60 �C 50 heat shock treat-
ment in comparison to the control, but this increase was not sig-
nificant (P > 0.01). Heat shock treatments did not affect early
seedling growth in most of the species studied (Fig. 1). However,
the moderate heat shock treatment lengthened the MGT in most of
the species tested (Table 3). Seedling vigor index values enhanced
in two species (R. lutea and Diplotaxis tenuifolia) in low heat shock
treatments, but decreased in four species (Daucus carota, Galium
floribundum, Rumex crispus and Tragopogon porrifolius ssp. long-
irostris) in low heat shock treatments, and decreased in most of the
species tested in the moderate heat shock treatment (Fig. 2).

In Stachys byzantina, germination was stimulated by the smoke
treatment (Table 2). Germination of Sanguisorba minor enhanced
after the smoke treatment but this improvement was not statisti-
cally significant (P > 0.01). Most of the remaining species were not
affected by the smoke application, except two species (C. dentatus
and R. lutea) in which inhibition of germination was observed.
Apart from the negative effect on D. carota, the smoke treatment
did not affect MGT (Table 3). Early seedling growth improved in two
species (Crepis foetida and D. carota) in the smoke treatment in
comparison to the control (Fig. 1). Moreover, four species (C. foetida,
Crupina crupinastrum, D. carota and S. minor) had significantly
higher values of the seedling vigor index in the smoke treatment in
comparison to the control (Fig. 2). Seedling growth and seedling
vigor index negatively affected from the smoke treatment only in G.
pilosa.

Fire-related cues significantly enhanced seedling vigor index
values in six species (D. tenuifolia and R. lutea in low heat shock
treatments; C. foetida, C. crupinastrum, D. carota and S. minor in the
smoke treatment) out of the 13 species that seedling vigor index
values could be obtained (P < 0.01; Fig. 2). On the other hand,
moderate and high heat shock treatments had no positive effect on
the seedling vigor index.

4. Discussion

The results show that the seeds of the studied species can
tolerate the heat effect of low-intensity fire, but that of moderate
and high-intensity fires have a negative impact on the germination
and seedling growth. This result suggests that the seeds of plant
species found in Central Anatolian steppes are resistant to low-
intensity surface fires, but not to high-intensity crown fires. The
results also indicate that low heat shocks and smoke enhance
seedling vigor in many species, suggesting that some of the species
in Central Anatolian steppes take advantage of the presence of low-
intensity fires over the others. These results are in accordance with
those of many studies conducted in grassland ecosystems
worldwide.

In temperate grasslands (Clarke and French, 2005; Gonzalez and
Ghermandi, 2012; Schwilk and Zavala, 2012) and tropical grass-
lands/savannas (Gashaw and Michelsen, 2002; Overbeck et al.,



Table 2
Mean (±SE) germination percentage in the heat shock treatments, after smoke treatment and in the corresponding controls. Taxa codes are given in Table 1. WC and DC are
watered control and dry control, respectively. Statistically significant values (P < 0.01) were given in bold. The probability of obtaining a result equal to the corresponding
control for each treatment is also given (ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

Taxon WC Smoke DC Heat-shock treatments

60 �C 80 �C 100 �C 120 �C 140 �C

BRA 0 ± 0 0 ± 0ns 1 ± 1 2 ± 1ns 0 ± 0ns 0 ± 0ns 0 ± 0ns 0 ± 0ns

DCA 61 ± 9 68 ± 3ns 69 ± 6 52 ± 3* 73 ± 5ns 55 ± 9* 0 ± 0**** 0 ± 0****
CDE 79 ± 2 58 ± 6** 43 ± 4 e e 10 ± 6**** e e

CFO 99 ± 1 96 ± 0ns 92 ± 3 e 94 ± 0ns 58 ± 7**** 0 ± 0**** 0 ± 0****
CCR 51 ± 14 62 ± 4ns 46 ± 12 e e 10 ± 4*** e e

TPO 99 ± 1 100 ± 0ns 98 ± 1 95 ± 2ns 98 ± 1ns 91 ± 3* 0 ± 0**** 0 ± 0****
ALE 15 ± 5 12 ± 3ns e e e e e e

DTE 74 ± 5 83 ± 5ns 28 ± 7 26 ± 3ns 42 ± 13ns 25 ± 4ns 0 ± 0**** 0 ± 0****
GPI 69 ± 8 52 ± 3* 76 ± 2 71 ± 5ns 80 ± 6ns 43 ± 15**** 0 ± 0**** 0 ± 0****
FAC 21 ± 2 15 ± 6ns e e e e e e

SAR 91 ± 4 81 ± 4ns 88 ± 6 82 ± 6ns 82 ± 9ns 49 ± 24** 0 ± 0**** 0 ± 0****
OTO 54 ± 14 57 ± 7ns e e e e e e

PPU 70 ± 8 77 ± 9ns e e e e e e

SSY 0 ± 0 0 ± 0ns 0 ± 0 0 ± 0ns 0 ± 0ns 0 ± 0ns 0 ± 0ns 0 ± 0ns

SAN 2 ± 1 5 ± 3ns 0 ± 0 0 ± 0ns 0 ± 0ns 0 ± 0ns 0 ± 0ns 0 ± 0ns

SBY 1 ± 1 28 ± 1**** 2 ± 1 e 0 ± 0ns 0 ± 0ns 0 ± 0ns 0 ± 0ns

LHI 1 ± 1 1 ± 1ns 2 ± 1 2 ± 1ns 2 ± 2ns 2 ± 1ns 0 ± 0ns 0 ± 0ns

RCR 1 ± 1 3 ± 2ns 13 ± 2 12 ± 4ns 2 ± 2* 2 ± 2* 0 ± 0**** 0 ± 0****
RLU 24 ± 4 3 ± 2**** 19 ± 5 36 ± 6* 24 ± 5ns 9 ± 4ns 0 ± 0**** 0 ± 0****
SMI 55 ± 5 79 ± 3* 70 ± 8 60 ± 3ns 68 ± 15ns 39 ± 11** 0 ± 0**** 0 ± 0****
GFL 95 ± 3 93 ± 4ns 97 ± 2 99 ± 1ns 95 ± 3ns 3 ± 3**** 0 ± 0**** 0 ± 0****

Fig. 1. Mean (±SE) seedling lengths (in cm) in heat shock treatments (A), in the smoke treatment (B), and in corresponding controls (Dry control in A, watered control in B) in each
species. Asterisk indicates statistically significant (P < 0.01) increase or decrease in treatment in comparison to the corresponding control. Taxa codes are given in Table 1.
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2006; Dayamba et al., 2008; Ribeiro and Borghetti, 2014; Le Stradic
et al., 2015), the seeds of plant species are not affected by low heat
shocks (60 �C and 80 �C for 50 in our study), but are negatively
affected by high heat shocks(120 �C and 140 �C for 50 in our study).
Our study confirms that this general pattern is also valid for the
plant species in Central Anatolian steppe. In the case of moderate
heat shocks (100 �C for 50 in our study), however, there is not a
consistent germination response pattern among grasslands/sa-
vannas of different biogeographic regions. For example, moderate
heat shocks are lethal for seeds in Northern American temperate
grasslands (Schwilk and Zavala, 2012), while the seeds of many
Poaceae species in Australian temperate grasslands can resist
moderate heat shocks (Clarke and French, 2005). Moreover, mod-
erate heat shocks do not affect the seeds of grassland species of
tropical zones. The seeds of many species in Afrotropical savannas
(Gashaw and Michelsen, 2002; Dayamba et al., 2008), Neotropical
grasslands (Overbeck et al., 2006; Le Stradic et al., 2015) and sa-
vannas (Ribeiro and Borghetti, 2014), and Australian savannas
(Williams et al., 2003) can also resist to moderate heat shocks. In
our study, the seeds of the most of the species were killed by
moderate heat shocks. Based on our results of heat shock treat-
ments, therefore, we conclude that post-fire germination response



Table 3
Mean (±SE) MGT (days) in the heat shock treatments, after smoke treatment and in the corresponding controls. Taxa codes are given in Table 1. WC and DC arewatered control
and dry control, respectively. Statistically significant values (P < 0.01) were given in bold. The probability of obtaining a result equal to the corresponding control for each
treatment is also given (ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

Taxon WC Smoke DC Heat-shock treatments

60 �C 80 �C 100 �C

DCA 5.5 ± 1.1 10.8 ± 1.6** 3.8 ± 0.3 8.0 ± 1.5ns 6.2 ± 2.1ns 26.6 ± 4.0****
TPOb 1.8 ± 0.1 2.2 ± 0.1* 1.1 ± 0.1 2.1 ± 0.0ns 2.3 ± 0.2ns 4.7 ± 0.4***
CDE 2.0 ± 0.0 2.1 ± 0.0ns 2.2 ± 0.1 e e e

CFOa 1.5 ± 0.0 3.0 ± 0.3* 1.8 ± 0.2 e 3.2 ± 0.6* 6.4 ± 0.2****
CCR 2.9 ± 0.1 4.1 ± 0.4* 3.2 ± 0.4 e e e

ALEa 2.2 ± 0.2 2.5 ± 0.5ns e e e e

DTEa 2.2 ± 0.1 2.3 ± 0.2ns 13.1 ± 5.0 18.4 ± 2.0ns 5.6 ± 0.6ns 16.9 ± 4.2ns

GPIa,b 3.2 ± 0.2 6.9 ± 1.0* 4.9 ± 0.2 3.8 ± 0.1ns 7.3 ± 2.8ns 14.1 ± 0.5**
FAC 34.8 ± 9.3 25.6 ± 8.0ns e e e e

SARb 4.2 ± 0.5 3.8 ± 0.3ns 6.0 ± 0.3 5.3 ± 0.2ns 5.5 ± 1.0ns 8.9 ± 0.5ns

OTO 5.9 ± 0.7 8.9 ± 1.2ns e e e e

PPU 5.6 ± 0.8 5.1 ± 0.2ns e e e e

SBY e 5.9 ± 0.5 e e e e

RCR e e 5.5 ± 0.3 5.5 ± 0.2ns e e

RLUb 4.8 ± 0.3 e 5.7 ± 0.3 6.0 ± 0.3ns 8.4 ± 2.6ns e

SMIb 3.2 ± 0.2 3.4 ± 0.3ns 4.0 ± 0.3 3.8 ± 0.1ns 6.7 ± 0.9ns 13.7 ± 1.4****
GFL 8.1 ± 1.5 7.8 ± 0.6ns 3.8 ± 0.1 3.0 ± 0.2ns 5.1 ± 0.4* e

a Non-parametric Kruskal-Wallis test was used to compare smoke treatment with WC.
b Non-parametric Kruskal-Wallis test was used to compare heat-shock treatments with DC.

Fig. 2. Mean (±SE) seedling vigor index values in heat shock treatments (A), in the smoke treatment (B), and in corresponding controls (Dry control in A, watered control in B) in
each species. Asterisk indicates statistically significant (P < 0.01) increase or decrease in treatment in comparison to the corresponding control. Taxa codes are given in Table 1.
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of plant species in Central Anatolian steppe is clearly different from
the ones in tropical grassland ecosystems, and follows the pattern
observed in temperate grassland ecosystems.

Evidence of smoke-stimulated germination is scarce among
plant species in grasslands of temperate (Tsuyuzaki and Miyoshi,
2009; Ghebrehiwot et al., 2012; Gonzalez and Ghermandi, 2012;
Schwilk and Zavala, 2012) and tropical zones (Razanamandranto
et al., 2005; Dayamba et al., 2010; Le Stradic et al., 2015). In our
study, only S. byzantina positively responded to the smoke treat-
ment, and this is the first record of smoke-stimulated germination
in Central Anatolian steppe. Although it is hard to mention any
trend about the smoke-enhanced germination in grassland
ecosystems worldwide, our study showed that seedling vigor
enhanced by the smoke treatment in some species we studied. In
grassland ecosystems, the seedling growth of plant species in
response to fire cues has been rarely studied (but see; Blank and
Young, 1998). Our results suggest that the use of seedling vigor
can be a useful tool to understand the plant regeneration responses
to various treatments (in our case, to heat shock and smoke) rather
the use of the germination percentage or seedling size alone. Many
studies have effectively used seedling vigor to determine the
establishment success of seedlings (e.g., Van Staden et al., 2006;
Abdelgadir et al., 2012). Moreover, seedling vigor is evaluated as a
component of vegetative performance or fitness of a plant species
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(Darmency et al., 2014). Therefore, the use of the seedling vigor as a
function of germination and seedling growth may be a better way
to explain the regeneration dynamics in plant communities. In
crown-fire ecosystems, as distinct from the post-fire germination
and seedling growth patterns in surface fire ecosystems such as
grasslands, most seeder species in the plant community have
positive response to fire-related germination cues, and seeds of
plant species can resist to higher heat-shock temperatures than
those can be tolerated by grassland species (Paula et al., 2009). For
instance, most of the plant species give positive germination
response to moderate- and high-intensity heat shocks and smoke
treatments in Mediterranean Turkey (Çatav et al., 2012; Moreira
et al., 2012; Çatav et al., 2014), just a few hundred kilometers
south of the Central Anatolian plain. This difference suggests that
the regional fire regime is responsible for the observed post-fire
germination and seedling growth properties of plant species in a
specific region. The distinction in fire response of plants found in
crown fire and surface fire ecosystems also supports the idea that
local or regional fire regimes shape regeneration traits in plant
species (Keeley et al., 2011; Moreira et al., 2012).

In conclusion, the seeds of most of the species considered in the
study were resistant to low intensity fires, and moreover we found
evidence of the presence of fire-stimulated germination or seedling
growth in some species. Since the species with seeds that can resist
to low-intensity fires would have an advantage over the ones in
surface fire ecosystems, the resistance can be evaluated as a ‘posi-
tive’ response to fire in such ecosystems. Our results contribute to
understanding the role of fire in temperate grassland ecosystems
and show the importance of fire regimes in shaping plant traits.

One limitation of our study is that our results are based on one
representative study site in Central Anatolian steppes. However, we
believe in that the results are still valuable since this is the first fire-
related germination study performed in Anatolian grassland eco-
systems. Further studies including more species and more study
sites are needed before generalization about the ecosystem-level
response to fire could be drawn for Central Anatolian steppes.
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