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Abstract Many plant traits show variability within species in response to ecological gradients. In this study, we
examined the variability in seed traits among ten populations of Helianthemum salicifolium (L.) Miller in Anatolia, Turkey. Since the Anatolian Peninsula has a geographic structure exhibiting longitudinal, elevational and
climatic gradients, we hypothesized that seed dormancy,
seed mass and germination show inter-population variability. We also postulated that seed traits are correlated
to climatic and geographic characteristics of the populations. Since H. salicifolium is a species with a hard seed
coat, we conducted germination experiments using heat
shock and mechanical scarification. The germination
percentage was improved significantly by mechanical
scarification but remained unaltered by heat shock treatments in all sampled populations. As expected, seed
traits exhibited substantial variation among the populations. We found no association between germination
traits (dormancy level and germination rate in different
treatments) and environmental variables. By contrast,
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seed mass showed an elevational/longitudinal/climatic
pattern: Populations in cooler and higher-elevation areas
had larger seed mass. However, when the influence of
climate was controlled, the geographic location became
an important factor affecting seed mass. We conclude
that seed mass variation among populations of
H. salicifolium in Anatolia is shaped by the climate at
the regional scale, but at the same time, geographically
closer populations exhibit more similarity in seed mass.
Keywords elevational gradient . Anatolia .
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Introduction
Many plant traits show variability within species in response to ecological gradients (Jung et al. 2010; Cochrane
et al. 2015). Using the data about plant traits at the species
level enables the testing of many ecological hypotheses
(Hanley et al. 2003; Moreira et al. 2010; Çatav et al. 2014)
and to identify ecological patterns in response to climatic
or geographic variables at higher taxonomic and geographic scales (Moles et al. 2007; Qi et al. 2014). On the
other hand, every trait of a species includes a variability
component (Violle et al. 2012). Studying the variability
among populations of a species is crucial to understand
the ecological and evolutionary drivers shaping a trait
(Karlsson and Milberg 2008; Moreira et al. 2012), to
analyse the biotic and abiotic filtering processes responsible for the community composition and structure (Violle
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et al. 2012; Marteinsdóttir and Eriksson 2014), and to
predict the ecological interactions within a community
(Bolnick et al. 2011).
Seed traits such as dormancy level, seed size and
germination vary among populations (Michaels et al.
1988; Giménez-Benavides et al. 2005; Karlsson and
Milberg 2008; Cochrane et al. 2015; Santo et al.
2015). Variability in seed traits among and within populations is of critical importance for the persistence of a
species under variable environmental conditions (Cruz
et al. 2003; Tavşanoğlu and Çatav 2012). Since many
seed traits are important for the regeneration of plant
populations (Leishman et al. 2000; Baskin and Baskin
2014), they are under selective pressure owing to various environmental factors such as predation (Martínez
et al. 2007), fire (Moreira et al. 2012) and climatic
conditions (Karlsson and Milberg 2008). Such environmental factors are therefore expected to shape the variation in seed traits among populations of a species. For
example, post-dispersal seed predation by animals (e.g.
ants, rodents) creates a selective pressure over larger
seeds, favouring smaller seeds in environments with
abundant seed predators (Martínez et al. 2007). The
alternative strategy to escape from predation can be mast
seeding that allows the satiation of predators in a single
pulse of seed production (Kelly 1994). In environments
with predictable fire regimes, many non-resprouter species tend to have dormant seeds (to form a persistent soil
seed bank) and fire-stimulated germination (for successful post-fire germination – Pausas and Keeley 2014).
The existence of these trait combinations allows seed
germination after fire in an environment with high resources and low competition (Tormo et al. 2014). Moreover, a low dormancy level and small seed size are
selected in temporally predictable (i.e. less temporal
variation in resources) and favourable (i.e. less competition with other plants due to high resources levels)
environments (Volis and Bohrer 2013). On the other
hand, larger seeds have an advantage in the seedling
establishment stage since they include more resources
than smaller ones and allow seedlings to grow more
independently of resources levels at the microsite
(Moles and Westoby 2004). In annual species, larger
seed size has an extra survival advantage from seedling
establishment to reproduction (Metz et al. 2010). Consequently, larger and dormant seeds are more advantageous under harsher environmental conditions (i.e. temporally variable environments with low resource levels
– Metz et al. 2010; Volis and Bohrer 2013).
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Cistaceae is one of the plant families characterized by
physical dormancy (Baskin and Baskin 2014). Heat
shock and mechanical scarification are known to break
dormancy in species from Cistaceae (Thanos et al.
1992). Heat shock-stimulated germination has been observed in several genera of Cistaceae including Cistus
(Trabaud and Oustric 1989; Thanos et al. 1992;
Tavsanoglu 2011; Moreira and Pausas 2012), Fumana
(Moreira et al. 2010), Halimium (Thanos et al. 1992;
Herranz et al. 1999) and Tuberaria (Thanos et al. 1992;
Luna et al. 2007; Gonçalves et al. 2009). Contrary to the
general trend in this family, however, seed germination
in Helianthemum is stimulated by mechanical scarification (Thanos et al. 1992; Pérez-García and GonzálezBenito 2003; Zaidi et al. 2010) but not by heat shock
(Thanos et al. 1992; Robles and Castro 2002; Luna et al.
2007; Paula et al. 2009; Moreira et al. 2010). Consequently, the germination behavior of Helianthemum
species differs from other genera in Cistaceae and
warrants more attention.
The effect of heat shock and mechanical scarification
on germination has often been tested in Cistaceae at the
species level. Corral et al. (1989) showed that seed size
exhibits significant variability among populations of
many Cistus species, and Thanos et al. (1992) revealed
considerable variation in germination and dormancy
properties among seed lots of species of Cistaceae
originating from various botanical gardens. Recently,
Moreira et al. (2012) showed that germination response
in Cistus species to heat shock treatments varies at the
population level, possibly as a result of local fire regimes. One unexplored question regarding the seed
traits in Cistaceae family is whether the populations of
Helianthemum species differ in seed traits such as seed
mass, dormancy level and germination. Since the members of Cistaceae family have impermeable (hard) seed
coats, germination experiments including pretreatments
(i.e. heat shock and mechanical scarification) should be
performed to understand whether the populations differ
in germination properties.
In this study we examined the variability in seed traits
among populations of Helianthemum salicifolium (L.)
Miller. H. salicifolium is a cosmopolitan annual herb
lacking any specific habitat requirements. It is distributed
in the Circum-Mediterranean region in various habitats
such as openings in Mediterranean woodlands and
shrublands, steppes and deserts (Yeşilyurt 2014). Similar
to all the members of the Cistaceae family, H. salicifolium
seeds have a hard seed coat impermeable to water and
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gasses, imposing physical dormancy (Thanos et al. 1992).
The widespread distribution of H. salicifolium in various
habitat types renders it an ideal model organism to study
inter-population variability of seed traits in the Cistaceae.
Since the geographic structure of the Anatolian Peninsula
exhibit longitudinal, elevational and climatic gradients, we
hypothesized that seed dormancy, seed mass and germination show substantial variability among populations of
H. salicifolium in Anatolia, Turkey. We also predicted that
climatic (temperature and precipitation) and geographic
(elevation, latitude and longitude) characteristics of the
study locations explain most of the variation in seed traits.
From the patterns reported in the literature mentioned
above, we hypothesized that populations growing in locations with lower temperature and precipitation (i.e. under
harsher environmental conditions) will have larger seed
mass and higher dormancy level. Finally, we also examined whether seed germination in populations of different
origin has differential response to heat shock and mechanical scarification treatments, and if these responses are
correlated to climate and geography.

Material and methods
Study areas, populations and seed collection
We selected ten populations of H. salicifolium naturally
growing on the Anatolian Peninsula, Turkey. Selected
populations represented both latitudinal and longitudinal

gradients from the north (40.4° N) to the south (37.2° N)
and from the western (27.0° E) to the central (34.7° E)
parts of Anatolia. The elevation varied among the populations, from ca. sea level to 1,450 m above sea level
(a.s.l; Table 1). The population locations had a dichotomous structure in respect to elevation and could be
classified into two elevation classes (< 200 m and
> 750 m), varying in climatic properties (higher temperatures at lower elevations and vice versa; Table 1). Moreover, coefficient of variation (CV) values of the monthly
mean temperatures at higher elevations were higher than
those at lower elevations (mean ± SE; 0.72 ± 0.04 and
0.46 ± 0.02, respectively). Dominant vegetation at the
study sites varied from open shrublands to grasslands,
depending on the elevation and geographic location.
Climatic data for the study sites were obtained from the
WorldClim database (Hijmans et al. 2005). The populations differed considerably in climatic variables such as
the mean (9.5–16.8°C), maximum (15.2–22.1°C) and
minimum (3.7–11.5°C) annual temperatures (hereafter
Tmean, Tmax, Tmin, respectively), and the total annual
precipitation (398–870 mm; Table 1).
Fruit capsules of H. salicifolium were collected from
at least 20 individuals from each of the selected populations between May and July 2011. Fruit collection
time in each population varied depending on the seed
maturation time in each population due to the difference
in elevation. Collected fruits from different individuals
in each population were pooled to serve as a seed source
for the population and stored in paper envelopes under

Table 1 Climatic properties and location of seed collection sites for each population included in the study.
Population

Location
Place

Climate
Lat

Long

Elev

Tmean

Tmax

Tmin

Prec

P1

Aşağıyurtçu (Ankara)

39.813

32.534

1,030

10.7

17.0

4.7

P2

Osmaneli (Bilecik)

40.312

30.068

174

13.9

19.0

8.8

398
542

P3

Erdek (Balıkesir)

40.387

27.800

140

13.8

18.1

9.4

676

P4

Foça (İzmir)

38.851

27.034

15

16.8

22.1

11.5

658

P5

Milas (Muğla)

37.303

27.900

17

15.1

20.9

9.4

870

P6

Dağbeli (Antalya)

37.195

30.498

800

13.1

19.6

7.0

543

P7

Keçiborlu (Isparta)

37.965

30.299

1,050

11.2

17.1

5.3

545

P8

Beynam (Ankara)

39.675

32.915

1,420

9.7

15.3

4.0

422

P9

Kalecik (Ankara)

40.094

33.399

770

11.3

17.3

5.2

413

P10

Gülek (Adana)

37.312

34.744

1,450

9.5

15.2

3.7

498

Lat and Long – latitude and longitude (decimal degrees) respectively; Elev – elevation (m a.s.l.); Prec – total annual precipitation (mm);
Tmean, Tmax and Tmin – mean, maximum and minimum annual temperatures (°C), respectively.
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room conditions for eight months until the germination
experiments in March 2012.
We measured the maximum height of individuals
in five of the populations studied (two located at
> 750 m a.s.l. and three located at < 200 m a.s.l.) in
the field and the mean seed number per fruit of those
populations was determined in the laboratory. The
populations at higher elevations (> 750 m a.s.l.) were
smaller in height and had fewer seeds per fruit than
did those at lower elevations (< 200 m a.s.l.; the
mean maximum height was 22.5 cm and 28.3 cm,
the mean seed number per fruit was 45.2 and 81.2,
respectively). These preliminary measurements suggested that the increase in elevation imposed harsher
growing conditions on H. salicifolium individuals.
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Helianthemum species (Thanos et al. 1992). The germination was monitored every two or three days during the
first two weeks of incubation, and once a week after this
period. Germination was confirmed by observations
under a stereomicroscope and scored in the presence
of a visible radicle protrusion 0.5–1.0 mm long. The
germinated, rotten, and empty seeds were counted and
removed from dishes at every check. At the end of the
experiment, the viability of non-imbibed and nongerminated seeds was determined by the cut test with
scalpel, and the seeds with an intact embryo were assumed viable and dormant (Kenny 2000; Baskin and
Baskin 2014; Çatav et al. 2014). The experiment commenced in March 2012 and was concluded after 38 days
of incubation when no germination was recorded for
one week.

The experiment
Although the germination experiment was conducted
eight months after the seeds were collected, we expected
no or very little loss in dormancy or viability due to the
laboratory storage period since hard-coated seeds of the
Cistaceae persist in soil seed banks and during laboratory storage for extended periods of time (Cerabolini
et al. 2003; Probert et al. 2009). Just before the start of
the germination experiment, the seeds were separated
from fruit parts by hand and placed in aluminum pockets
for subsequent treatment. For each population and treatment combination, four aluminum pockets, each containing 25 seeds were prepared. Before the treatments
were applied, five replicates of 10 seeds were weighed
using a digital scale to determine the mean seed mass for
each population.
For heat shock treatments, the aluminum pockets
were kept in a temperature-controlled oven preheated
to the desired temperature (60, 80, 100 and 120°C) for 5
min. For the mechanical scarification treatment, the
seeds were rubbed six times between two pieces of
sandpaper with grid size of 500 μm. Each treatment
had four replicates, and each replicate was subjected
independently to the treatments. Four replicates of aluminum pockets, each including 25 seeds not subjected
to any treatment, served as a control.
For each replicate per treatment and population, the
seeds were sown in Petri dishes containing agar (0.7 %)
as a substrate. Agar was selected for practical reasons
and to create a standard germination medium for seeds.
Sown Petri dishes were placed in an incubator at 20°C in
the dark, the favourable conditions for germination of

Data analysis
Before statistical analysis, the initial number of seeds in
each Petri dish was corrected by excluding the number
of empty seeds. Dormancy level was estimated only for
the control, as a percentage of non-germinated viable
seeds, and germination percentage was estimated for the
control and treatment groups as a percentage of germinated seeds in each group. For each population, the final
germination of each treatment was compared to that in
the control using an analysis of deviance (generalized
linear model, GLM) assuming a binomial error distribution and considering the treatment as the fixed factor.
Linear and generalized linear models were performed
to assess the differences in seed and germination characteristics among the populations, as well as among the
treatments in each population. For continuous data (seed
mass and dormancy level), we used general linear
models and the differences among the populations were
tested by the analysis of variance (ANOVA). Dormancy
level data were arcsine-transformed prior to the analysis
to meet the requirements of normality. For binary data
(germinated vs. non-germinated seeds in the control and
treatments), we used generalized linear models with
binomial error distribution and the differences were
tested by an analysis of deviance. In this analysis, we
considered the population and the treatment as fixed
factors and compared each treatment with the control
separately to elucidate which treatment affected germination and to determine the interaction between the
treatment and the population.

Inter-population variability in seed traits

The mean germination time (MGT) was determined
for treatments with sufficient number of germinated
seeds using the formula ∑(nD)/ ∑n, where n is the
number of seeds germinated on day D, and D is the
number of days from the beginning of the incubation
period. Differences in MGT among the populations
were examined using one-way ANOVA and Tukey’s
honestly significant difference post-hoc test. The MGT
values were log-transformed before the analysis.
Pearson correlation analysis was performed to explore
the associations between seed traits and environmental
variables as well as between the environmental variables.
Since all the variables, excluding germination data, had a
normal distribution, germination percentages in each
treatment were arcsine-transformed before the analysis.
When the correlation between any seed trait and an
environmental variable was significant (P < 0.05) or
critically significant (0.10 < P < 0.05), linear regression
analysis was conducted by fitting the linear model to
observed data to understand the nature of the relationship
between two variables. A one-way ANOVA was also
used to test whether seed mass significantly differed
among populations within different elevation groups.
Additionally, a principal component analysis (PCA)
was performed to create a composite ‘geography plus
climate’ variable from highly correlated variables (i.e.
elevation, longitude, and temperature), and its correlation
with seed traits was tested. All data were standardized
before PCA processing. The relationship between the
outcome variable of the PCA (the first principal component, PC1) and seed traits was investigated using Pearson
correlation and linear regression analyses.
A partial Mantel test (1,000 permutations) was performed to understand whether the germination and seed
traits of the populations were structured in the climatic or
geographic space. Three matrices were created for the
analysis: (1) pairwise geographic distance between populations, (2) climatic dissimilarity, and (3) seed trait dissimilarity. We preferred to use only Tmin data to create a
climatic dissimilarity matrix since the rest of climatic
variables (and the elevation) were highly correlated with
Tmin (Table S1 in the Electronic Supplementary Material).
Bray-Curtis dissimilarity index was used to create dissimilarity matrices for seed mass, Tmin (climate), and germination of mechanically scarified and heat-shock treated
seeds. For each seed and germination trait, we performed
two independent partial Mantel tests using Pearson’s correlation coefficient: one to assess the association between
a trait and the climate while controlling for difference in
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the geographic location, and the other to evaluate the
relationship between a trait and the geographic location
while controlling for the difference in the climate. Using
this approach, we could identify the effects of the climate
and geographic location on a particular trait. For this
analysis, statistical significance was estimated by permutation test (1,000 simulations).
The partial Mantel tests were performed using the
‘vegan’ (Oksanen et al. 2015) package. All analyses
were conducted in R version 3.2.2 (R Core Team 2015).

Results
Among the ten populations included in this study, five
exhibited less than 10 % germination and three less than
22 % germination in the control (Table 2). Mechanical
scarification significantly improved the germination
percentage in all populations, including two populations
(P3 and P7) with relatively high germination percentage
in the control (Table 2). In six populations, mechanical
scarification enhanced germination percentage more
than 90 %. However, heat shock treatments did not
improve germination in any of the populations studied.
The heat shock treatment at 80°C significantly reduced
germination percentage in two populations, and no germination occurred in the heat shock treatment at 100°C
in eight populations (Table 2). No difference in germination percentage was found between the heat shock
treatment at 60°C and that in the control in all populations, and no seed germination was recorded in the heat
shock treatments with 120°C.
Seed traits such as seed mass, dormancy level, and
germination percentages in the treatments significantly
varied among the populations (Table 3, Table S1 and
Table S2 in the Electronic Supplementary Material). A
significant effect of the treatment was present in mechanical scarification, 80°C, and 100°C heat shock treatments, and the interaction between the population and
the treatment was significant only in the mechanical
scarification treatment (Table 3, Table S2 in the
Electronic Supplementary Material).
Since only mechanical scarification treatment had a
sufficient number of germinations, we only tested the
difference among populations by MGT only for this
treatment. The MGT in most populations did not differ
although the overall analysis presented a significant
result (one-way ANOVA; F = 3.3, P < 0.05); the significant difference was observed only between the
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Table 2 Mean seed mass [mg] and mean germination percentage in the control and treatments. The results of the statistical analysis
(binomial generalized linear models) of the germination in treatments in comparison to that in the control are also given.
Heat-shock treatments
Pop
P1
P2

Smass

Cont

0.208 ± 0.007

SC

1.0

0.082 ± 0.007

14.1

60°C

80°C

100°C

120°C

93.0****

0 ns

0 ns

0 ns

0 ns

97.0****

16.2

ns

ns

0**

0**

65.9

ns

0****

10.2

P3

0.088 ± 0.005

63.0

97.5****

47.2*

7.3****

P4

0.148 ± 0.004

9.2

79.8****

6.2 ns

4.7 ns

0*

0*

P5

0.144 ± 0.005

0

94.0****

1.0 ns

2.0 ns

0 ns

0 ns

P6

0.180 ± 0.009

20.0

95.0****

23.4 ns

8.7*

0**

0**

P7

0.114 ± 0.002

47.6

82.6****

62.0 ns

38.6 ns

0****

0****

P8

0.208 ± 0.006

1.7

0 ns

1.7 ns

0 ns

0 ns

ns

ns

5.2*

0**

6.2 ns

0 ns

0 ns

28.3**

P9

0.288 ± 0.009

21.7

98.3****

P10

0.240 ± 0.006

8.3

85.0****

16.7

8.3 ns

10.0

ns – non-significant, * – P < 0.05, ** – P < 0.01, *** – P < 0.001, **** – P < 0.0001; Pop – population code as in Table 1; Smass – seed mass
expressed as mean ± SE; Cont – control; SC – mechanical scarification.

populations with fastest (3.23 days in population P10)
and slowest (8.14 days in population P8) germination
(Tukey HSD test, P < 0.05). Therefore, the variation
among the populations in germination rate was limited
(Table S3 in the Electronic Supplementary Material).
Climatic variables were correlated significantly with
longitude and elevation (Table S4 and Fig. S1 in
Electronic Supplementary Material), but no correlation
was found between latitude and climatic variables.
There was also a strong positive correlation between
Table 3 Probability values for the general or generalized linear
models testing the effect of population and treatment on seed
mass – Smass [mg], dormancy level – Dorm [%] and germination
stimulation by mechanical scarification (SC) or different heat
shock temperatures. Full model parameters are indicated in
Table S1 and Table S2.
Fixed effects
Population

Treatment

Population × Treatment

Smass*

< 0.0001

–

–

Dorm*♀

< 0.0001

–

–

SC †

< 0.0001

< 0.0001

< 0.0001

60°C †

< 0.0001

ns

ns

80°C †

< 0.0001

0.0017

ns

100°C †

< 0.0001

< 0.0001

ns

*The results are based on general linear models (see the text).
♀

Dorm data were arcsine transformed prior to the analysis.

† The results are based on generalized linear models (see the text).

longitude and elevation (Table S4 in the Electronic
Supplementary Material) because of the natural elevation gradient across the longitudinal transect in Anatolia
from the Aegean Sea coast in the west to the eastern
Anatolian plateau. The ‘geography plus climate’ variable (PC1) extracted by the PCA explained 94.7 % of
the total variance (eigenvalue = 2.84). All variables,
namely Tmin, elevation and longitude, were highly correlated with PC1 (with loadings −0.99, 0.96, and 0.95,
respectively). PC1 was positively correlated with seed
mass (P < 0.05), but not with other seed traits (P > 0.05;
Table S5 in the Electronic Supplementary Material). The
positive relationship between the seed mass and PC1
followed a linear model (R2 = 0.48, P = 0.026; Fig. 1).
Loadings of the PCA and the significant relationship
between the PC1 and seed mass indicated that seed mass
increased with increasing elevation, lowering temperatures and toward eastern longitudes.
No association between germination and environmental variables (geographic and climatic data) was found.
Moreover, the relationship between germination traits and
seed mass was not significant (P > 0.05; Table S5 in the
Electronic Supplementary Material). By contrast, significant associations were observed between seed mass and
longitude and seed mass and Tmin (P < 0.05; Table S5 in
the Electronic Supplementary Material). A positive relationship between seed mass and longitude (R2 = 0.59,
P = 0.009) and a negative relationship between seed mass
and Tmin (R2 = 0.42, P = 0.042) followed a linear model
(Fig. S2 in the Electronic Supplementary Material).
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Fig. 1 Correlation between
seed mass and principal
component 1 (PC1) comprising
longitude, elevation and annual
minimum temperature
(R2 = 0.48, P = 0.026). Each
point represents a population.
Note that the elevation is
inversely related to the
temperature. Altitude increases
toward the eastern end of the
longitudinal gradient of PC1,
while temperature is higher
towards the western end
of the gradient.

Furthermore, the correlation between seed mass and elevation (positive relationship) and Tmean (negative relationship) were critically significant (R2 = 0.37, P = 0.062 and
R2 = 0.33, P = 0.082, respectively; Fig. S2 in the
Electronic Supplementary Material). The relationship between precipitation and seed mass was also critically
significant (0.10 < P < 0.05, Table S5 in the Electronic
Supplementary Material). Further analysis of the relationship between seed mass and elevation showed that seeds
in the populations found at elevations < 200 m a.s.l. were
2-fold smaller than those of the populations found at
elevations > 750 m a.s.l. (0.108 and 0.207 mg, respectively; F = 11.1, P = 0.010).
The results of the partial Mantel tests showed that
climatic properties at the study sites affected significantly
the germination percentage after mechanical scarification
treatment regardless of the geographic proximity of the
populations (i.e. distance between the populations;
R = 0.31, P < 0.05; Table S6 in the Electronic
Supplementary Material). Moreover, the mean seed mass
in populations was significantly associated with the geographic location of the populations (R = 0.32, P < 0.05;
Table S6 in the Electronic Supplementary Material) if the

lower

Altitude

higher

western

Longitude

eastern

higher

Temperature

lower

effect of the climate was controlled. This result suggested
that the closer the populations in geographical space, the
more similar the seed mass. Other traits were not structured in geographical or climatic space (P > 0.05,
Table S6 in the Electronic Supplementary Material).

Discussion
Our study revealed that dormancy level, germination
properties, and seed mass show substantial interpopulation variation in H. salicifolium. Longitude, elevation and climate explained the variability in seed mass
of different populations, but not the germination traits.
Moreover, our results pertaining to the germination patterns showed that mechanical scarification, not heat
shock (fire temperature) stimulates germination in
H. salicifolium.
A potential drawback of our study was the use of
seeds that were stored under laboratory conditions for
eight months. The seeds of the Cistaceae family, which
are characterized by water-impermeable seed coats and
physical dormancy, can persist in soil seed banks or
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stored under laboratory conditions for long periods
(more than five years, in some cases more than twenty
years) without any loss of dormancy or viability
(Cerabolini et al. 2003; Probert et al. 2009). Therefore,
seeds of Cistaceae species do not show any viability or
dormancy loss during a lab storage period that is shorter
than the duration of potential seed persistence (e.g.
Pérez-García 1997; Moreira et al. 2010; Chamorro
et al. 2017). Hence, we do not think that our results
would be considerably different if we had conducted the
experiments within the first month after seed collection.
The climatic and geographic variables considered in
our study did not explain the observed variability in
dormancy and germination properties among the populations, and these traits in H. salicifolium did not show
climatic or geographic gradient within Anatolia. The
lack of such relationships can be explained by the predominant effect of local habitat properties (such as
maternal effects and edaphic factors) on dormancy and
germination traits (Schütz and Millberg 1997;
Vandelook et al. 2008; Huang et al. 2015; Chamorro
et al. 2017). On the other hand, the seed mass in
H. salicifolium showed a significant elevational/longitudinal/climatic pattern throughout Anatolia. The triple
relationship among the longitude, elevation and Tmin is
due to the three-dimensional topographic structure of
the Anatolian Peninsula – the Anatolian plateau rises in
the west-to-east direction (Miliaresis 2006), and this
gradient is accompanied by a decrease in the mean
temperature. Therefore, the suitable period is shorter
and the environmental conditions are harsher for plant
growth towards the central and eastern parts of Anatolia
(Türkeş 1996; Atalay and Efe 2010). Germination after
heat shock treatments was found positively related to
seed mass in Cistus ladanifer (Delgado et al. 2001) and
Cistus salviifolius (Tavşanoğlu and Çatav 2012). Positive seed mass-germination relationship is not restricted
to the Cistaceae family; for example, Skarpaas et al.
(2011) found a strong correlation between these two
traits in two Carduus species (Asteraceae). Seed mass
has a positive effect on the survival of seedlings and
saplings. Moles and Westoby (2006) in their metaanalysis showed that seed mass is positively related to
the percentage of seedlings surviving through the first
week of establishment in 113 species and sapling
survival in the first three years in 76 species from
around the world. A similar conclusion was reached
by Metz et al. (2010) for 49 annual plant species from
semi-arid and Mediterranean habitats in Israel. In many
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plant species, larger seed mass affects the overall success of seedlings by increasing germination, survival
and growth. These general trends can be observed in
many species because more resources stored in larger
seeds allow seedlings to cope with unfavourable conditions better (Moles and Westoby 2004). However, the
relationship among seed traits can be more complex.
Although the climate is one of the main drivers in the
evolution of seed traits (Cochrane et al. 2015), specific
combinations of dormancy and seed size are favoured
by natural selection in areas that have different environmental conditions (Volis and Bohrer 2013). The short
growing season in northern populations of Amaranthus
retroflexus (McWilliams et al. 1968) and Reynoutria
japonica (Mariko et al. 1993) resulted in the selection
of larger seeds in comparison to southern populations.
Larger seed size is also advantageous in shady and
stable plant associations with high competition for resources in a Peruvian forest (Foster and Janson 1985).
Therefore, considering the positive effects of larger seed
mass to seedling survival, it can be expected that environments harsh for plant growth favour larger seed size
(Leishman et al. 2000). In several cases, however, this
relationship can be inverse (since dispersal ability is
important in shaping seed size – Harel et al. 2011) or
absent (due to gene flow – Pluess et al. 2005). Our
results on dormancy level and seed mass in Anatolian
H. salicifolium populations fit a model proposed by
Volis and Bohrer (2013), which predicts for which seed
dormancy is selected in harsh and temporally variable
environments, but at the same time, larger seeds have an
advantage over smaller ones. Our study also supports
that among-population variation in seed traits are common and should be studied for the better conservation,
restoration and management of plant species (Cochrane
et al. 2015).
Although climate shapes the seed mass variation
among populations of H. salicifolium at the regional
scale, when controlling for the influence of the climate,
the geographic location becomes an important factor
affecting seed mass. This difference between regional
and local patterns of seed mass variation may be because
the role of climate in shaping seed traits is overridden
by higher gene flow between closer populations
(Lenormand 2002; Pluess et al. 2005). However, more
studies are warranted to elucidate whether such a pattern
exists in Anatolian populations of H. salicifolium. Seed
size variation in plants is a result of complex interactions
of several ecological and genetic factors (Wolfe 1995;
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Alonso-Blanco et al. 1999). In conclusion, our results
suggest that seed mass variation among populations of
H. salicifolium in Anatolia is shaped by climate at the
regional scale, but at the same time, geographically
closer populations exhibit more similarity in seed mass.
Acknowledgements We thank D. Deniz Kazancı for her help
during the germination experiment and S. Bülent Alten for his
logistic support. We also thank two anonymous referees and the
associate editor Petr Dostál for providing useful and constructive
comments to improve the manuscript. E. Burcu Yeşilyurt is supported by a grant from The Scientific and Technological Research
Council of Turkey (BIDEB-2211, Scholarship for the Ph.D. program). The seeds used in the study were collected through a
scientific research project supported by the Hacettepe University
Scientific Research Unit (project No. 01.001.601.006). The germination experiments were conducted in the Ecological Sciences
Research Lab (Hacettepe University), and consumable materials
needed for the experiment were provided by the Fire Ecology and
Seed Research Lab (Hacettepe University). We declare that the
experiments in this study were conducted according to the current
laws of Turkey.

References
Alonso-Blanco C, Blankestijn-de Vries H, Hanhart CJ, Koornneef
M (1999) Natural allelic variation at seed size loci in relation
to other life history traits of Arabidopsis thaliana. Proc Natl
Acad Sci USA 96:4710–4717
Atalay I, Efe R (2010) Structural and distributional evaluation of
forest ecosystems in Turkey. J Environm Biol 31:61–70
Baskin CC, Baskin JM (2014) Seeds: ecology, biogeography,
and evolution of dormancy and germination. Ed. 2,
Elsevier, New York
Bolnick DI, Amarasekare P, Araújo MS, Bürger R, Levine JM.,
Novak M, Rudolf VHW, Schreiber SJ, Urban MC, Vasseur
DA (2011) Why intraspecific trait variation matters in community ecology. Trends Ecol Evol 26:183–192
Cerabolini B, Ceriani RM, Caccianiga M, de Andreis R, Raimondi
B (2003) Seed size, shape and persistence in soil: a test on
Italian flora from Alps to Mediterranean coasts. Seed Sci Res
13:75–85
Chamorro D, Luna B, Ourcival J-M, Kavgaci A, Sirca C, Mouillot
F, Arianoutsou M, Moreno JM (2017) Germination sensitivity to water stress in four shrubby species across the
Mediterranean Basin. Pl Biol 19:23–31
Cochrane A, Yates CJ, Hoyle GL, Nicotra AB (2015) Will amongpopulation variation in seed traits improve the chance of
species persistence under climate change? Global Ecol
Biogeogr 24:12–24
Corral R, Pérez-García F, Pita JM (1989) Seed morphology and
histology in four species of Cistus L. (Cistaceae).
Phytomorphology 39:75–80
Cruz A, Pérez B, Velasco A, Moreno JM (2003) Variability in seed
germination at the interpopulation, intrapopulation and
intraindividual levels of the shrub Erica australis in response
to fire-related cues. Pl Ecol 169:93–103

261
Çatav ŞS, Küçükakyüz K, Akbaş K, Tavşanoğlu Ç (2014) Smokeenhanced seed germination in Mediterranean Lamiaceae.
Seed Sci Res 24:257–264
Delgado JA, Serrano JM, López F, Acosta FJ (2001) Heat shock,
mass-dependent germination, and seed yield as related components of fitness in Cistus ladanifer. Environm Exp Bot 46:
11–20
Foster S, Janson CH (1985) The relationship between seed size
and establishment conditions in tropical woody plants.
Ecology 66:773–780
Giménez-Benavides L, Escudero A, Pérez-García F (2005) Seed
germination of high mountain Mediterranean species: altitudinal, interpopulation and interannual variability. Ecol Res
20:433–444
Gonçalves S, Fernandes L, Pérez-García F, González-Benito ME,
Romano A (2009) Germination requirements and cryopreservation tolerance of seeds of the endangered species
Tuberaria major. Seed Sci Technol 37:480–484
Hanley ME, Unna JE, Darvill B (2003) Seed size and germination
response: a relationship for fire-following plant species exposed to thermal shock. Oecologia 134:18–22
Harel D, Holzapfel C, Sternberg M (2011) Seed mass and dormancy of annual plant populations and communities decreases with aridity and rainfall predictability. Basic Appl
Ecol 12:674–684
Herranz JM, Ferrandis P, Martínez-Sánchez JJ (1999) Influence of
heat on seed germination of nine woody Cistaceae species.
Int J Wildland Fire 9:173–182
Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005)
Very high resolution interpolated climate surfaces for global
land areas. Int J Climatol 25:1965–1978
Huang Z, Ölçer-Footitt H, Footitt S, Finch-Savage WE (2015)
Seed dormancy is a dynamic state: variable responses to preand post-shedding environmental signals in seeds of contrasting Arabidopsis ecotypes. Seed Sci Res 25:159–169
Jung V, Violle C, Mondy C, Hoffmann L, Muller S (2010)
Intraspecific variability and trait-based community assembly.
J Ecol 98:1134–1140
Karlsson LM, Milberg P (2008) Variation within species and interspecies comparison of seed dormancy and germination of
four annual Lamium species. Flora 203:409–420
Kelly D (1994) The evolutionary ecology of mast seeding. Trends
Ecol Evol 9:465–470
Kenny BJ (2000) Influence of multiple fire-related germination
cues on three Sydney Grevillea (Proteaceae) species. Austral
Ecol 25:664–669
Leishman MR, Wright IJ, Moles AT, Westoby M (2000) The
evolutionary ecology of seed size. In Fenner M (ed) Seeds:
the ecology of regeneration in plant communities. Ed. 2,
CABI Publishing, Wallingford, pp 31–57
Lenormand T (2002) Gene flow and the limits to natural selection.
Trends Ecol Evol 17:183–189
Liu J, Bai Y, Lamb EG, Simpson D, Liu G, Wei Y, Wang D,
McKenney DW, Papadopol P (2013) Patterns of crosscontinental variation in tree seed mass in the Canadian boreal
forest. PLoS ONE 8:e61060
Luna B, Moreno JM, Cruz A, Fernández-González F (2007) Heatshock and seed germination of a group of Mediterranean
plant species growing in a burned area: an approach based
on plant functional types. Environm Exp Bot 60:324–333

262
Mariko S, Koizumi H, Suzuki J, Furukawa A (1993) Altitudinal
variations in germination and growth responses of
Reynoutria japonica populations on Mt Fuji to a controlled
thermal environment. Ecol Res 8:27–34
Marteinsdóttir B, Eriksson O (2014) Trait-based filtering from the
regional species pool into local grassland communities. J Pl
Ecol 7:347–355
Martínez I, García D, Obeso JR (2007) Allometric allocation in
fruit and seed packaging conditions the conflict among selective pressures on seed size. Evol Ecol 21:517–533
Martínez-Sánchez JJ, Ferrandis P, de las Heras J, Herranz JM
(2000) Functioning and dynamics of plant communities in
central and southern Spain. In Trabaud L (ed) Life and
environment in the Mediterranean. WIT Press,
Southampton; Boston, pp 87–127
McWilliams EL, Landers RQ, Mahlstede JP (1968) Variation in
seed weight and germination in populations of Amaranthus
retroflexus L. Ecology 49:290–296
Metz J, Liancourt P, Kigel J, Harel D, Sternberg M, Tielbörger K
(2010) Plant survival in relation to seed size along environmental gradients: a long-term study from semi-arid and
Mediterranean annual plant communities. J Ecol 98:697–704
Michaels HJ, Benner B, Hartgerink AP, Lee TD, Rice S, Willson
MF, Bertin RI (1988) Seed size variation: magnitude, distribution, and ecological correlates. Evol Ecol 2:157–166
Miliaresis GC (2006) Geomorphometric mapping of Asia Minor
from GLOBE digital elevation model. Geogr Ann, A Phys
Geogr 88:209–221
Moles AT, Westoby M (2004) Seedling survival and seed size: a
synthesis of the literature. J Ecol 92:372–383
Moles AT, Westoby M (2006) Seed size and plant strategy across
the whole life cycle. Oikos 113:91–105
Moles AT, Ackerly D, Tweddle J, Dickie J, Smith R,
Leishman M, Mayfield MM, Pitman A, Wood JT,
Westoby M (2007) Global patterns in seed size. Global
Ecol Biogeogr 16:109–116
Moreira B, Pausas JG (2012) Tanned or burned: The role of fire in
shaping physical seed dormancy. PLoS ONE 7:e51523
Moreira B, Tormo J, Estrelles E, Pausas JG (2010) Disentangling
the role of heat and smoke as germination cues in
Mediterranean Basin flora. Ann Bot Oxford 105:627–635
Moreira B, Tavsanoglu Ç, Pausas JG (2012) Local versus regional
intraspecific variability in regeneration traits. Oecologia 168:
671–677
Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR,
O'Hara RB, Simpson GL, Solymos P, Stevens MHH,
Wagner H (2015) vegan: community ecology package.
Available at http://CRAN.R-project.org/package=vegan
Paula S, Arianoutsou M, Kazanis D, Tavsanoglu Ç, Lloret F, Buhk
C, Ojeda F, Luna B, Moreno JM, Rodrigo A, Espelta JM,
Palacio S, Fernández-Santos B, Fernandes PM, Pausas JG
(2009) Fire-related traits for plant species of the
Mediterranean Basin. Ecology 90:1420
Pausas JG, Keeley JE (2014) Evolutionary ecology of resprouting
and seeding in fire-prone ecosystems. New Phytol 204:55–65
Pérez-García F (1997) Germination of Cistus ladanifer seeds in
relation to parent material. Pl Ecol 133:57–62
Pérez-García F, González-Benito ME (2003) Seed germination of
Halimium and Helianthemum species. In Procházková Z,
Gosling PG, Sutherland JR (eds) Proceedings of the ISTA

E.B.Yeşilyurt et al.
Forest Tree and Shrub Seed Committee Workshop, October
20–22, Prague, Czech Republic, pp 63–71
Pluess AR, Schütz W, Stöcklin J (2005) Seed weight increases
with altitude in the Swiss Alps between related species but
not among populations of individual species. Oecologia 144:
55–61
Probert RJ, Daws MI, Hay FR (2009) Ecological correlates of ex
situ seed longevity: a comparative study on 195 species. Ann
Bot Oxford 104:57–69
Qi W, Guo S, Chen X, Cornelissen JHC, Bu H, Du G, Cui X, Li W,
Liu K (2014) Disentangling ecological, allometric and evolutionary determinants of the relationship between seed mass
and elevation: insights from multiple analyses of 1355 angiosperm species on the eastern Tibetan Plateau. Oikos 123:
23–32
Robles AB, Castro J (2002) Effect of thermal shock and ruminal
incubation on seed germination in Helianthemum apenninum
(L.) Mill. (Cistaceae). Acta Bot Malacit 27:41–47
R Core Team (2015) R version 3.2.2. R Foundation for
Statistical Computing, Vienna, Austria. Available at
www.R-project.org
Santo A, Mattana E, Bacchetta G (2015) Inter- and intra-specific
variability in seed dormancy loss and germination requirements in the Lavatera triloba aggregate (Malvaceae). Pl Ecol
Evol 148:100–110
Schütz W, Milberg P (1997) Seed dormancy in Carex canescens:
regional differences and ecological consequences. Oikos 78:
420–428
Skarpaas O, Silverman EJ, Jongejans E, Shea K (2011) Are
the best dispersers the best colonizers? Seed mass, dispersal and establishment in Carduus thistles. Evol Ecol
25:155–169
Tavsanoglu C (2011) Fire-related cues (heat shock and smoke) and
seed germination in a Cistus creticus population in southwestern Turkey. Ekoloji 20:99–104
Tavşanoğlu Ç, Çatav ŞS (2012) Seed size explains withinpopulation variability in post-fire germination of Cistus
salviifolius. Ann Bot Fenn 49:331–340
Thanos CA, Georghiou K, Kadis C, Pantazi C (1992) Cistaceae: A
plant family with hard seeds. Israel J Bot 41:251–263
Tormo J, Moreira B, Pausas JG (2014) Field evidence of smokestimulated seedling emergence and establishment in
Mediterranean Basin flora. J Veg Sci 25:771–777
Trabaud L, Oustric J (1989) Heat requirements for seed germination of three Cistus species in the garrigue of southern France.
Flora 183:321–325
Türkeş M (1996) Spatial and temporal analysis of annual rainfall
regimes in Turkey. Int J Climatol 16:1057–1076
Vandelook F, Van de Moer D, Van Assche JA (2008)
Environmental signals for seed germination reflect habitat
adaptations in four temperate Caryophyllaceae. Funct Ecol
22:470–478
Violle C, Enquist BJ, McGill BJ, Jiang L, Albert CH, Hulshof C,
Jung V, Messier J (2012) The return of the variance: intraspecific variability in community ecology. Trends Ecol Evol
27:244–252
Volis S, Bohrer G (2013) Joint evolution of seed traits along an
aridity gradient: Seed size and dormancy are not two substitutable evolutionary traits in temporally heterogeneous environment. New Phytol 197:655–667

Inter-population variability in seed traits
Wolfe LM (1995) The genetics and ecology of seed size variation
in a biennial plant, Hydrophyllum appendiculatum
(Hydrophyllaceae). Oecologia 101:343–352
Yeşilyurt EB (2014) Taxonomical studies on the genus
Helianthemum Mill. (Cistaceae) in Turkey. Ph.D. Thesis,
Hacettepe University

263
Zaidi CA, González-Benito ME, Pérez -García F (2010)
Morphological and physiological seed heterogeneity in the
Mediterranean annual plant Tuberaria macrosepala
(Cistaceae). Pl Spec Biol 25:149–157

