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Abstract. Maladaptation of populations can lead to a failed restoration when seeds are transferred to 

non-local target sites. Seed transfer zones (STZs) can guide transfer for restoration practices. In a previous 

study, we delineated STZs for Hungary based on biogeographic maps and potential natural vegetation 

models. The present aims were to compare the STZ with the pattern of seed trait variability of sand 

grasslands species (Festuca vaginata, Stipa borysthenica, Dianthus serotinus and Centaurea arenaria) 

from 34 localities. We assessed the effect of location as well as geographical, ecological, and environmental 

distances between locations on seed mass, germination, and emergence in a common garden. We detected 

that seed trait differentiation between the populations is a signal of local adaptation or phenotypic plasticity. 

Geographical distance did not affect the variability of seed traits, except on the emergence of C. arenaria. 

Ecological distance reflected in STZ delineation also did not explain seed trait variability except for the 

seed mass of C. arenaria. Aridity had a significant effect on the germination or emergence of the two forbs, 

but not on the grasses. In conclusion, we do not suggest restricting seed transfer among the populations 

over the sampled area. Further studies might complement these findings and lead to more general 

conclusions. 

Keywords: aridity, germination, ecological distance, local provenance, thousand seed weight 

Introduction 

Grasslands are an important target of restoration due to their biodiversity and 

ecosystem services (Török and Dengler, 2018). In Europe, grasslands are jeopardized 

primarily by habitat fragmentation and degradation, climate change, invasive species, 

intensification of land use, and the abandonment of management at secondary grasslands 

(EC, 2008). Grassland restoration is used to mitigate the impact of degradation and 

fragmentation, restoring the structure, function and dynamics of the communities (Kiehl 

et al., 2014). Sowing seeds is a widely used method regarding species introduction for 

grassland restoration (Kiehl et al., 2010; Török et al., 2011; Kövendi-Jakó et al., 2019). 

Large seed quantities are needed for large-scale restoration projects (Merritt and Dixon, 

2011; Lengyel et al., 2012) to respond to the spatial extent of degradation. 

The use of seeds from local provenance is frequently suggested to avoid maladaptation 

(Broadhurst et al., 2008; Breed et al., 2018). A meta-analysis revealed that local species 
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with large distributions and population sizes perform better than foreign plants in 71% of 

studies (Leimu and Fischer, 2008). The concept of ”local” is rarely defined in papers; the 

best approach for the definition would be to rely on genetic information (McKay et al., 

2005; Breed et al., 2018). However, genetic data is available only for very few species 

used in restoration (Bucharova et al., 2017). Therefore, the main constraint in selecting 

the most suitable provenance is the missing evidence of genetic differentiation for most 

native species. 

In case of limited genetic information, the guidance of seed movement for restoration 

is suggested to be based on general seed transfer zones (STZs) that are geographically 

distinct areas within which seeds can be moved with little or no negative fitness 

consequences (Mijnsbrugge et al., 2010; Bower et al., 2014; Bucharova et al., 2019). 

STZs delimit areas with a particular set of environmental variables within which plant 

species are probably similarly adapted to the abiotic conditions (Bower et al., 2014). 

General STZs are usually recommended for multiple species (Durka et al., 2017). Studies 

that detect and test STZs usually select widespread generalist species that are not limited 

to a particular community (Bucharova et al., 2017; Durka et al., 2017). However, these 

species might demonstrate limited local adaptation (Reiker et al., 2015), and their use can 

miss the detection of zones. 

The probability of gene flow among populations is assumed to decrease with 

geographical distance (Leimu and Fischer, 2008; Bucharova et al., 2019), as a result, 

genetic differentiation can occur with increasing distance (Baruch et al., 2004). However, 

it was also found that ecological distance (ecological differences between habitats) can 

better predict local adaptation than geographical distance (Herrera et al., 2002; Raabová 

et al., 2007). Phenotypic fitness traits (e.g. plant height, leaf length, inflorescence length) 

are significantly influenced by altitude, growing season, latitude, temperature and other 

environmental parameters and drivers of genetic differentiation (Miller et al., 2011; St. 

Clair et al., 2013). 

Several studies have shown the relevance of eco-regions or biogeographical zones 

mirror species adaptive trait variabilities (Bower et al., 2014; Gibson and Nelson, 2017). 

Understanding the scale of local adaptation will help to define regions from which plants 

can be transported without detrimental effects on population fitness (Hufford and Mazer, 

2003). 

Experiments that compare species performance from different locations can substitute 

genetic analyses by sampling fitness traits, but these are also missing for most of the 

herbaceous species (Bucharova et al., 2017). The comparison of performance is generally 

done in common garden experiments, where different provenances are grown in a 

standard environment (Leger and Rice, 2007; Gibson et al., 2016; Germino et al., 2019). 

The climate of sites of population origin is generally a strong predictor of common garden 

performance of populations (Macel et al., 2007; Bischoff and Müller‐Schärer, 2010). 

The study of traits of early life stages at the seed and germination stages, may indicate 

adaptive differentiation (Postma and Ågren, 2016). Moreover, Raabová and colleagues 

(2007) found more evidence for local adaptation in seedlings than adults. Breen and 

Richards (2008) found that seed size was the most important factor in determining 

germination, survival and growth of a shrub. This connection was valid for a grass 

species, as well (Elgabra et al., 2019). Although seed mass is shown to demonstrate low 

plasticity (Hernández et al., 2019), some differences were observed in seed mass as a 

result of irrigation in experimental settings (Drenovsky and Richards, 2005; Breen and 

Richards, 2008). Germination is the earliest trait expressed by plants under strong natural 



Cevallos et al.: Seed traits and seed transfer zones 

- 4131 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(5):4129-4149. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1905_41294149 

© 2021, ALÖKI Kft., Budapest, Hungary 

selection before they can express other adaptive traits in later life stages, so it greatly 

contributes to local adaptation (Donohue et al., 2010; Cochrane et al., 2015). 

Early life traits are also influenced by the parent environment during seed 

development, with aridity as an important driver (Elgabra et al., 2019). Drought tolerance 

can be locally adapted, therefore, non-adapted propagule introduction may induce 

reduced assimilation and resistance to pathogens, resulting in increased mortality 

(McDowell et al., 2008). Communities and species with higher drought tolerance might 

also gain importance in restoration in the future (Fry et al., 2018). Soil properties also 

have a great influence on the local adaptation of plants (Gibson et al., 2019). Especially 

the water holding capacity of soils and organic matter are related to trait variation 

(Johnson et al., 2010). Seed traits could thus be good indicators to identify provenances 

for seed transfer during restoration, but there are not enough published studies to conclude 

the differentiation of seed traits along abiotic gradients (Cochrane et al., 2015). 

Pannonian sand grasslands are endangered habitat types of European Union 

conservation importance listed in the Habitats Directive (EC, 2013). Sand grasslands are 

edaphic communities adapted to drought that might gain further importance in restoration 

due to predicted future climate change with more frequent drought events. If the 

abandonment of cultivation occurs in sandy areas due to low profitability and frequent 

droughts, there is a high potential to turn these areas into native sand grasslands (Biró et 

al., 2013). 

In our previous work, we analyzed the current situation in Hungary regarding seed 

transfer and delineated STZs based on the best available knowledge, combining 

biogeographic maps and potential natural vegetation models (Cevallos et al., 2020). In 

the present study, we assessed how the seed trait variability of two grass and two forb 

species from Pannonian sandy grasslands matches the delineated STZs, and geographical 

and environmental distance (based on site aridity) of their source location. For this reason, 

we collected seeds of the four species from altogether 34 locations in six STZ zones in 

Hungary and measured seed mass, germination in growth chamber and emergence in a 

common garden. 

We conducted the research to respond to the following questions: a) Do seed traits 

differ according to provenance (location)? b) Do geographical and ecological (STZ) 

distances explain seed trait differences between locations? c) Do the site conditions 

defined as aridity, explain seed trait differences between locations? 

Materials and Methods 

Study region 

The study was carried out within the Pannonian biogeographic region, in the extended 

sandy areas of Hungary (Figure 1). The annual mean temperature varies from 10.5 to 

11.0 °C, the annual precipitation ranges from 500 to 600 mm (Bihari et al., 2018). The 

soil type of the largest sandy regions, e.g. Danube-Tisza Interfluve region and Nyírség, is 

characterized by mainly blown sand skeletal soil (arenosol) with low humus content 

(below 1%). Sandy soils in the Transdanubian region and the Northern foothills are 

composed of sandy loam with up to 2% of organic matter content (Pásztor et al., 2018). 

Pannonic sand steppes are protected at the EU level (code 6260; EC, 2013). Most 

extensive sand steppes are distributed in the Danube-Tisza Interfluve and Nyírség 

regions, and in smaller patches of other parts of the Great Hungarian Plain, the foothills 
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of the North Hungarian Mountains and the Transdanubian region (Figure 1; Bölöni et al., 

2011). 

 

Figure 1. Map of locations of seed collection of the four species and main sandy regions in 

Hungary (Pásztor et al. 2018) with the seed transfer zone borders (Cevallos et al. 2020). 

Location codes and coordinates can be found in Table S1. The Pilis-Visegrád-Börzsöny region 

is abbreviated as Pil-Vis-Bör. 

 

 

Field sampling 

The selection of species of the open sand steppe community was based on sampling 

the main constituent grasses and subordinate forbs. The selected species are sufficiently 

frequent to provide the necessary number of populations. Four native species were 

selected for the study. Two dominant grasses: Festuca vaginata, Stipa borysthenica, and 

two dominant forbs: Centaurea arenaria, and Dianthus serotinus. The seeds of the 

studied species (Figure 2) were collected in the growing season of 2019 from a total of 

34 different locations within the Pannonian biogeographic region (Figure 1; Table S1), 

with different timing according to the ripening season of the given species, as follows: 

S. borysthenica in May-July; F. vaginata in June-July; C. arenaria in July; D. serotinus 

in August-September. The 34 sampled locations can be found in six STZs, which are: 

Transdanubia, Pilis-Visegrád-Börzsöny Mountains, Danube-Tisza  Interfluve, North 

Hungarian Mountains, Great Hungarian Plain, and Nyírség (Cevallos et al., 2020). Seeds 

were harvested by hand at each location to collect approximately 50 seeds from 15 

individuals. Seed families were treated as one sample. In the case of S. borysthenica that 

has a lower average seed yield per individual, we considered the seeds collected from 

neighboring individuals as one family and worked with fewer seeds in all the analyses. 

The seeds were stored at dry room conditions (temperature: 25±3 °C, humidity: 38±4%) 

until further processing. 
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A) B) 

  
C) D) 

  

Figure 2. Seed photographs of A) Centaurea arenaria, B) Dianthus serotinus, C) Festuca 

vaginata, D) Stipa borysthenica. 

 

 

Seed mass and germination 

The dry weight of 50 seeds or 25 seeds (for S. borysthenica) from all locations (15 

replicates each) was measured by an analytical balance with 0.0001 g accuracy. Seed 

mass was expressed as thousand seed weight in grams. 

Two germination experiments were conducted: 1) under regulated conditions in a plant 

growth chamber and 2) in a common garden under outdoor conditions (irrigation was 

provided if necessary). Chamber germination tests were based on seed germination 

methods of Peti et al. (2017) and RBGK (2020). Thirty-five seeds (C. arenaria, 

D. serotinus, and F. vaginata) and ten seeds (S. borysthenica) of six samples per location 

per species were placed on wet filter paper in sterile Petri dishes and placed into an Aralab 

climatic chamber (FITOCLIMA D1200 PHL) with regulated temperature (20 °C), light 

(8 h light and 16 h dark) and humidity (50%) conditions for all the species. Experiments 

were carried out between October 2019 and March 2020. Seed coats were not sterilized. 

The seed samples of S. borysthenica were treated by mechanical scarification to break 

seed dormancy. Germination was defined as the emergence of a 2 mm long radicle. The 

germinated seeds were counted and removed from the Petri dishes weekly for three weeks 

for C. arenaria, D. serotinus, and F. vaginata, and for nine weeks for S. borysthenica. 

The viability of non-germinated seeds was not further tested. 
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A common garden experiment was established at a roof garden at the National 

Botanical Garden, Vácrátót (47.708° N, 19.237° E). Average temperature: 10.75 °C, 

average relative humidity: 73.37% (data obtained by wireless weather station data loggers 

between 31 01 2020 and 30 03 2021 on site). Fifteen seeds from each sample were 

manually sown in a regular layout: 5 x 3 seeds within a pot of 13 x 13 x 13 cm. The seeds 

in a pot originated from one seed family (neighboring plants for S. borysthenica). Fifteen 

pots were seeded per location per species, resulting in 285 pots for C. arenaria, 240 for 

D. serotinus, 435 for F. vaginata, and 210 for S. borysthenica. Seeding was carried out 

in September 2019 for all species, emergence of the four studied species was monitored 

three times, in October 2019 and in March and April 2020. The cumulative emergence 

was used for the analyses. 

Data analysis 

The following three seed traits were selected for the analyses: seed mass expressed as 

thousand seed weight (TSW), the fraction of germinated seeds in a plant-growth chamber, 

and the cumulative seedling emergence in the outdoor common garden experiment. 

Average values of seed mass, germination and emergence, including standard errors are 

presented in Table S2. 

The effect of the provenance (sampling location) on the three seed traits for each 

species was evaluated by applying linear models (LM) and conducting Tukey HSD post 

hoc tests between pairs of locations to reveal significant differences (multcomp package; 

Hothorn et al. 2020) with p values adjusted by the method of Holm-Bonferroni (Holm, 

1979). We calculated the rate of significant differences between locations (SDL) for each 

species by dividing the number of significant pairs by the total number of location pairs. 

To assess the impact of geographical distance, the absolute difference of the mean 

values for each seed trait (seed mass, germination, and emergence) was calculated for 

each location pair. The Euclidean distance between the sampling locations was calculated 

based on their GPS coordinates. LM was used to determine the relationship between the 

difference of three seed trait values and geographical distance. In these models, the three 

seed traits were treated as response variables and Euclidean distance as an explanatory 

variable. The effect of ecological distance (STZs) on the three seed traits was assessed 

using separate LME models where mean values of each trait for each location were used 

as a response variable, whereas STZ zone identity served as a fixed effect, and locations 

were treated as a random factor. For post-hoc pairwise comparisons, Tukey HSD post hoc 

tests were applied using the multicomp package (Hothorn et al., 2020) with p values 

adjusted by the method of Holm-Bonferroni (Holm, 1979). 

Aridity effects on the three seed traits were tested using LME models. In these 

analyses, aridity was treated as a fixed effect, the seed traits as response variables and the 

sampling location as a random factor. We used the Global Aridity Index to characterize 

the aridity of collection locations (Trabucco and Zomer, 2019). This index is represented 

by the ratio between mean annual precipitation and potential evapotranspiration with a 

resolution of 30 arc seconds, therefore lower values indicate higher aridity. 

Square, cube root and squaring transformations of the response variables were used to 

approximate assumptions of normality and homoscedasticity when it was necessary. All 

statistical analyses were performed using the R version 3.6.2 (R Core Team 2019). 

ArcGIS 10.2 was used to calculate the geographic distance. 
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Results 

The effect of provenance 

The location of origin of the sampled populations significantly affected all seed traits 

(seed mass, germination, and emergence) for all studied species, except for the 

germination of S. borysthenica (Table 1). The rate of significant differences between 

locations (SDL) was variable among the species and the seed traits. S. borysthenica 

showed the highest rate of SDL for seed mass and emergence, while C. arenaria 

demonstrated the highest variability in germination. In the case of D. serotinus, the rate 

of significant differences was quite low (under 0.2) for all three traits. For F. vaginata, 

we found a low rate of SDL for seed mass and germination but a high rate for emergence. 

 
Table 1. Effect of locations on the response variables for the study species. Linear models 

were used. Used transformations are shown.  The number of significant differences of response 

variables between location pairs (SDL) versus total number of location pairs and their % is 

given. Significant results are in bold. 

Species Traits Best conversion F-value df p-value SDL 

C. arenaria 

seed mass no 9.999 18 <0.05 52/171 (0.3%) 

germination cube root 35.140 18 <0.05 102/171 (0.63%) 

emergence square root 12.819 18 <0.05 58/171 (0.34%) 

D. serotinus 

seed mass no 7.175 15 <0.05 22/120 (0.18%) 

germination squaring 2.985 15 <0.05 3/120 (0.03%) 

emergence squaring 5.989 15 <0.05 21/120 (0.17%) 

F. vaginata 

seed mass square root 6.793 28 <0.05 37/406 (0.09%) 

germination no 7.088 27 <0.05 43/378 (0.11%) 

emergence no 15.375 28 <0.05 146/406 (0.35%) 

S. borysthenica 

seed mass squaring 15.373 13 <0.05 41/91 (0.45%) 

germination square root 1.9036 13 0.192 0/91 (0%) 

emergence squaring 15.069 13 <0.05 37/91 (0.4%) 

 

 

The effect of geographical and ecological distance 

There was no significant effect of the geographical distance on the measured seed traits 

(seed mass, germination, emergence) between populations from different locations, 

except for a significant effect for the emergence of C. arenaria (Table 2, Figure 3). The 

STZs had no effect on the response variables (seed mass, germination, emergence) for 

the studied species, except for the seed mass of C. arenaria (χ²=8.47, df=3, p <0.05). In 

this case, the seed mass was significantly higher in the Great Hungarian Plain than in 

Transdanubia (z=-2.78, p=0.033; Figure S1). 

The effect of aridity of the site 

The emergence of C. arenaria was negatively influenced by site aridity (higher aridity 

index, better emergence; χ²=5.244, df=1, p<0.05, Figure 4a). Site aridity had a positive 

effect (aridity index lower with higher trait values) both on germination and emergence 

of D. serotinus (germination: χ²=5.159, df=1, p<0.05; emergence: χ²=6.375, df=1, 

p<0.05; Figure 4b,c), when all sites considered (Figure 4b,c, line A). However, when 

sites with outlier high aridity index were skipped, no effect of aridity was found on 

D. serotinus seed traits (Figure 4b,c, line B). Site aridity had no effect on other species. 
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Table 2. Effect of ecological distance (STZ), geographical distance and aridity on the response 

variables for the study species. Used transformations and models are shown. For linear 

models (LM) results are shown with F values whereas in linear mixed models (LME) with chi-

square (χ2) values. Significant results are in bold. 

Species Trait Parameter model 
Best 

conversion 
χ² F df p 

C. arenaria 

Seed mass 

STZ LME no 8.470  3 0.037 

distance LM square root  3.208 1 0.075 

aridity LME no 0.023  1 0.879 

germination 

STZ LME square root 3.555  3 0.314 

distance LM square root  0.185 1 0.668 

aridity LME square root 1.483  1 0.223 

emergence 

STZ LME square root 4.084  3 0.253 

distance LM square root  7.160 1 0.008 

aridity LME square root 5.244  1 0.022 

D. serotinus 

Seed mass 

STZ LME no 0.711  3 0.871 

distance LM square root  0.209 1 0.649 

aridity LME no 2.437  1 0.119 

germination 

STZ LME squaring 4.014  3 0.260 

distance LM cube root  1.243 1 0.267 

aridity LME squaring 5.159  1 0.023 

aridity 

(nohigh) 
LME squaring 0.006  1 0.939 

emergence 

STZ LME squaring 2.724  3 0.428 

distance LM cube root  2.798 1 0.097 

aridity LME squaring 6.215  1 0.013 

aridity 

(nohigh) 
LME squaring 0.791  1 0.374 

F. vaginata 

Seed mass 

STZ LME square root 3.049  4 0.550 

distance LM square root  0.074 1 0.787 

aridity LME square root 0.725  1 0.395 

germination 

STZ LME no 2.466  4 0.651 

distance LM square root  0.216 1 0.643 

aridity LME no 1.206  1 0.272 

emergence 

STZ LME no 2.392  4 0.664 

distance LM square root  0.0005 1 0.982 

aridity LME no 0.001  1 0.974 

S. borysthenica 

Seed mass 

STZ LME squaring 1.864  4 0.761 

distance LM square root  2.292 1 0.134 

aridity LME squaring 0.316  1 0.574 

germination 

STZ LME square root 6.086  4 0.193 

distance LM square root  0.177 1 0.675 

aridity LME square root 1.736  1 0.188 

emergence 

STZ LME squaring 1.748  4 0.782 

distance LM cube root  1.310 1 0.256 

aridity LME squaring 0.057  1 0.811 
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Figure 3. Relationship between C. arenaria emergence rate difference and geographical 

distance for locality pairs. 

 

 
A) B) 

  
C) 

 

Figure 4. Significant effect of aridity of collection locations on A) the emergence of C. arenaria 

(CA); B) the germination of D. serotinus (DS) and C) the emergence of D. serotinus (DS). For 

Figs B and C, line A represents all the values including locations with low aridity (high aridity 

index >0.6), whereas line B refers to the values excluding high aridity index locations. Note that 

higher value of the index refers to lower aridity. Locations coloured according to their seed 

transfer zones (STZ). Seed zones are represented with abbreviations: Great Hungarian Plain 

(AL, Alföld); Danube-Tisza Interfluve (KK, Kiskunság); Nyírség (NY); Pilis-Visegrád-Börzsöny 

region (DK); and the Transdanubia (DT, Dunántúl). 
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Discussion 

Our main aim was to shed light on the pattern of the variability of species traits among 

populations that can reflect local adaptation to avoid failure during reintroductions due to 

maladaptation. We tested multiple locations distributed in six of the seven STZs 

developed for Hungary (Cevallos et al., 2020) over a large area (approx. 40.000 km2); 

this level of sampling intensity is rather rare in studies, usually species from a few sites 

are investigated (Gibson et al., 2016; Bhatt et al., 2019). 

We detected significant differences between provenance pairs, and the effect of 

location was significant for all four species characteristic to Pannonian sand grasslands 

considering every assessed seed trait. Seed mass is an important fitness trait (Cordazzo et 

al., 1995; Cochrane et al., 2015). The higher amount of resources in larger seeds provides 

an advantage for germination and emergence. It is however not clear, to what extent this 

advantage remains during emergence and development, and in later stages to support 

survival after introduction during restoration. In annual plants, the advantage of larger 

seeds can be detected even at the reproduction phase (Metz et al., 2010). Seed mass had 

high within-species variability in the present study among populations, as was reported 

in other studies as well (Cochrane et al., 2015; Bhatt et al., 2019; Elgabra et al., 2019). 

We found differences in the germination rate under laboratory conditions and the outdoor 

emergence for three species (C. arenaria, D. serotinus, and F. vaginata), similar to other 

research results (Clarke and Davidson, 2004; Kövendi-Jakó et al., 2017). The lack of this 

result for S. borysthenica can be explained by the fact that only very few seeds germinated 

under laboratory conditions, but emergence was variable among sites of origin, as for the 

other species. The mechanical scarification applied for breaking seed dormancy was 

ineffective, but the outdoor seeding with a prolonged incubation in the soil during the 

winter resulted in nearly 80% germination of S. borysthenica by spring. Seed dormancy 

breaking methods have to be further tested for this species, as it was done for 

S. tenacissima (Gasque and García-Fayos, 2003). 

This within-species variability of seed traits is a signal of local adaptation of the 

different provenances, as it has been shown in numerous published common garden 

experiments for native species (Dorman et al., 2009; Bischoff et al., 2010), also aiming 

to test seed transfer zones (Bucharova et al., 2017; Durka et al., 2017; Gibson and Nelson, 

2017). C. arenaria had the highest rate of significant differences between pairs of 

locations. This output could be the result of the high variability within this species as there 

are three subspecies in Hungary (Király, 2009). 

The differences between locations in seed mass, germination and cumulative seedling 

emergence values were not explained by the geographical distance between populations 

unlike some other studies (Herrera et al., 2002; Baruch et al., 2004). However, it was also 

demonstrated in several cases that ecological distance (also expressed in STZs) is more 

important than geographical distance (Raabová et al., 2007; Bradburd et al., 2013; Durka 

et al., 2017). In our study, site aridity is represented by the precipitation-

evapotranspiration ratio, thus, lower values represent higher aridity. This value had a 

significant effect on the seed traits of the two forbs (C. arenaria and D. serotinus), but 

not on the two grass species (F. vaginata and S. borysthenica). We found a significant 

negative effect of aridity on the emergence of C. arenaria. For D. serotinus, the effect of 

site aridity on the germination in the growth chamber was positive. However, in the latter 

case, if the three localities with aridity values above 0.6 were not considered, the positive 

effect diminished. Therefore, more studies on samples from locations with lower aridity 

would be needed in the future to confirm the reliability of this effect. The effect of aridity 
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on the studied forbs suggests a higher sensitivity in early life traits regarding water 

availability compared to grasses. In contrast, Guo et al. (2017) found that both grasses 

and forbs, which were exposed to different aridity gradients showed an increase in leaf 

thickness with higher aridity. Aridity did not explain differences in seed mass in our 

studied species. Similar to our results, a study on seed traits also found the lack of 

environmental effect on the seed mass of Helianthus annuus (Hernández et al., 2019). 

The differences in seed traits found do not correspond to the STZ delineation 

developed by using biogeographic maps and potential natural vegetation models 

(Cevallos et al., 2020). Raabová et al. (2007) found similarly no pattern in the local 

adaptation of a rare herb species, despite estimating genetic variation parallel to trait 

measurements. Only in the case of  C. arenaria, we found a significant difference between 

two STZs (Great Hungarian Plain and Transdanubia) in seed weight. The most 

fragmented and remote populations in the Nyírség (Eastern part of the Great Hungarian 

Plain; Fig. 1) did not differ from the other zones for C. arenaria traits despite having the 

lowest aridity, among its sampled populations; however, the emergence of the same 

species was significantly affected by aridity. 

The unfolding of the complex influences of the environment on the studied traits, and 

the importance of local adaptation compared to phenotypic plasticity needs other 

measurements and approaches. Further studies testing STZs can either focus on species 

at the genetic level (Jørgensen et al., 2016; Durka et al., 2017; Listl et al., 2018) or cover 

other traits and habitat types. 

Conclusions 

We found significant differences for all seed traits for the four species among the 

sampled locations. However, these differences did not correspond to STZ zones 

delineated based on biogeographic maps and potential natural vegetation models. We also 

found a limited effect of site aridity on the traits. Potentially the drivers of seed trait 

variability function at a finer scale. However, we can state that  geographical, ecological 

(STZ), and environmental distance (aridity) had a stronger effect on the seed traits of the 

studied forbs than grasses. Based on our results, we suggest allowing seed transfer among 

the populations of the studied species over the sampled area. However, further studies are 

suggested to shed light on the relationship between other plant traits and seed transfer 

zones. Later life-history stages of the studied populations, the involvement of more 

populations, the implementation of reciprocal transplant experiments, the observation of 

phenotypic differences among populations in the further offspring to identify maternal 

effect are possible directions of research.  
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APPENDIX 

The R scripts and the basic data are available upon request: david.cevallos@ecolres.hu. 

 
Table S1. Locations with coordinates, STZ, aridity and fertility values of the seed collection from the studies species. STZ Codes: AL: Great Hungarian 

plain (Hungarian: Alföld), DK: Pilis-Visegrád-Börzsöny region, DT: Transdanubia (Dunántúl), EH: North Hungarian mountains (Északi-

középhegység), KK: Danube-Tisza Interfluve (Kiskunság), NY: Nyírség. Aridity represents the ratio of mean annual temperature and 

evapotranspiration based on the (Global-ET0) Version 2 global dataset, with high resolution (30 arc-seconds). The timeframe of the weather data was 

from 1970 to 2000 (Trabucco and Zomer, 2019), and soil fertility values were obtained from the soil productivity map of Hungary in an ordinal scale 

(Pásztor et al., 2013). 

  Coordinates  Studied species 

Code Location name Latitude Longitude STZ Code 
Centaurea 

arenaria 

Dianthus 

serotinus 

Festuca 

vaginata 

Stipa 

borysthenica 

AS Ásotthalom N46° 12' 50,63" E19° 47' 18,77" KK ✓ ✓ ✓ ✓ 

BA Bársonyos N47° 31' 25,20" E18° 08' 02,31" DT  ✓ ✓  

BI Billegpuszta N47° 41' 01,96" E18° 14' 00,98" DT  ✓   

BU Bugac N46° 39' 54,05" E19° 35' 47,07" KK ✓  ✓ ✓ 

BK Bugac külső N46° 43' 04,80" E19° 35' 27,88" KK   ✓ ✓ 

CS Csévharaszt N47° 17' 12,27" E19° 23' 44,89" DT ✓ ✓ ✓ ✓ 

DE Dejtár N48° 03' 06,00" E19° 12' 32,35" EH    ✓ 

ER Erdőkertes N47° 39' 46,79" E19° 20' 26,11" DT ✓ ✓ ✓ ✓ 

ES Erdőszőlő N47° 22' 18,35" E19° 45' 55,33" AL    ✓ 

FE Fenyőfő N47° 20' 42,06" E17° 45' 36,96" DT   ✓  

FU Fülöpháza N46° 52' 14,59" E19° 25' 24,31" KK ✓ ✓ ✓ ✓ 

GE Geszteréd N47° 48' 27,21" E21° 47' 09,34" NY ✓    

GI Gicei-hegy N47° 25' 32,27" E19° 40' 14,72" AL ✓ ✓ ✓  

GO Göbölyjárás N47° 21' 38,73" E19° 47' 59,19" AL ✓ ✓ ✓  

GD Gödöllő N47° 34' 33,59" E19° 19' 55,19" DT ✓  ✓  

HO Horány N47° 40' 45,54" E19° 06' 36,78" DT ✓ ✓ ✓ ✓ 

KE Kéleshalom N46° 22' 20,09" E19° 19' 26,95" KK ✓ ✓ ✓ ✓ 

KI Kisoroszi N47° 47' 31,55" E19° 04' 41,66" DT ✓  ✓ ✓ 

LP Látránypuszta N46° 43' 52,73" E17° 46' 06,89" DT   ✓  
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  Coordinates  Studied species 

Code Location name Latitude Longitude STZ Code 
Centaurea 

arenaria 

Dianthus 

serotinus 

Festuca 

vaginata 

Stipa 

borysthenica 

MA Magy N47° 56' 25,90" E21° 59' 40,95" NY   ✓  

MR Martinka N47° 34' 47,24" E21° 46' 12,42" NY ✓  ✓  

MO Mocsa N47° 41' 01,88" E18° 13' 59,35" DT   ✓ ✓ 

NA Nagybajom N46° 23' 04,38" E17° 29' 00,02" DT  ✓ ✓  

NE Németkér N46° 41' 00,58" E18° 45' 46,33" DT ✓ ✓ ✓  

NY Nyíregyházi lőtér N47° 55' 01,71" E21° 41' 58,68" NY   ✓  

OF Ófehértó N47° 55' 15,81" E22° 00' 59,11" NY ✓    

OR Oroszlány N47° 29' 18,94" E18° 17' 05,89 DT  ✓ ✓  

PA Paks N46° 36' 45,96" E18° 49' 05,06" DT ✓ ✓ ✓  

PI Pilisvörösvár N47° 37' 27,61" E18° 53' 35,13" DK  ✓ ✓ ✓ 

SZ Székesfehérvár N47° 09' 40,55" E18° 24' 54,22" DT   ✓  

TA Táborfalva N47° 05' 30,31" E19° 25' 48,54" KK ✓ ✓ ✓  

TZ Tázlár N46° 31' 41,46" E19° 30' 25,90" KK ✓  ✓  

TE Tece (Vácrátót) N47° 42' 07,74" E19° 13' 32,13" DT ✓  ✓ ✓ 

ZS Zsigárdmajor N46° 29' 26,30" E16° 55' 55,49" DT   ✓  

   Total locations  19 16 29 14 
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Table S2. Average values ± standard error of seed traits for each species organized by location. (*** not enough seeds for  germination). Seed mass 

is expressed in grams, gemination and emergence in ratio. The sample size is in italics and it is represented for the seed mass by the number of 

measurements per location, and for the germination and emergence by the total number of seeds used in the measurements. Location codes are in 

Table S1. 

Location Centaurea arenaria Dianthus serotinus Festuca vaginata Stipa borysthenica 

 seed mass germination emergence seed mass germination emergence seed mass germination emergence seed mass germination emergence 

AS 

1.792  

±0.076 

15 

0.181  

±0.079 

210 

0.262 

±0.043 

225 

0.498 ±0.030 

15 

0.780  

±0.090 

210 

0.573 

±0.055 

225 

0.395 

±0.025 

15 

0.286  ±0.134 

210 

0.404 

±0.070 

225 

12.442  

±0.345 

14 

0.166  

±0.071 

60 

0.848 

±0.026 

210 

BA - - - 
0.635 ±0.019 

15 

0.970  

±0.023 

210 

0.608 

±0.064 

225 

0.490 

±0.017 

15 

0.532  ±0.070 

210 

0.591 

±0.076 

225 

- - - 

BI - - - 
0.482 ±0.034 

15 

0.719  

±0.098 

210 

0.742  

±0.054 

225 

- - - - - - 

BU 

2.239  

±0.110 

15 

0.530  

±0.064 

210 

0.386  

±0.057 

225 

- - - 

0.436  

±0.017 

15 

0.759  ±0.044 

210 

0.586  

±0.043 

225 

13.528  

±0.281 

14 

0.116 

±0.040 

60 

0.909  

±0.021 

210 

BK - - - - - - 

0.490  

±0.022 

15 

0.493  ±0.094 

210 

0.577  

±0.058 

225 

13.132  

±0.315 

15 

0.033  

±0.021 

60 

0.924  

±0.020 

225 

CS 

2.113  

±0.126 

15 

0.233  

±0.092 

210 

0.244  

±0.065 

225 

0.269   

±0.046 

15 

0.500  

±0.155 

210 

0.383  

±0.073 

225 

0.390  

±0.024 

15 

0.057  ±0.025 

210 

0.128   

±0.043 

225 

14.442   

±0.330 

15 

0.120  

±0.066 

60 

0.906   

±0.026 

225 

DE - - - - - - - - - 

12.406  

±0.146 

15 

0.016  

±0.016 

60 

0.893  

±0.022 

225 

ER 

2.221  

±0.087 

15 

0.553  

±0.087 

210 

0.275  

±0.041 

225 

0.502  ±0.012 

15 

0.856  

±0.078 

210 

0.760  

±0.038 

225 

0.534  

±0.030 

15 

0.564  ±0.109 

210 

0.715  

±0.043 

225 

15.462  

±0.216 

15 

0.100  

±0.044 

60 

0.937  

±0.016 

225 

ES - - - - - - - - - 

10.919  

±0.429 

14 

0.016  

±0.016 

60 

0.764  

±0.043 

210 
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Location Centaurea arenaria Dianthus serotinus Festuca vaginata Stipa borysthenica 

 seed mass germination emergence seed mass germination emergence seed mass germination emergence seed mass germination emergence 

FE - - - - - - 

0.493  

±0.020 

15 

0.776  ±0.049 

210 

0.675  

±0.055 

225 

- - - 

FU 

1.667  

±0.074 

15 

0.398  

±0.029 

210 

0.013  

±0.007 

225 

0.576  ±0.038 

15 

0.907  

±0.039 

210 

0.680  

±0.047 

225 

0.481  

±0.018 

15 

0.658  ±0.076 

210 

0.644  

±0.051 

225 

15.113  

±0.345 

15 

0.117  

±0.099 

60 

0.933  

±0.017 

225 

GE 

1.904  

±0.077 

15 

0.400  

±0.118 

35 

0.373  

±0.048 

225 

- - - - - - - - - 

GI 

2.184  

±0.099 

15 

0.419  

±0.126 

210 

0.156  

±0.035 

225 

0.565  ±0.019 

15 

0.952  

±0.019 

210 

0.760  

±0.022 

225 

0.479  

±0.022 

15 

0.649  ±0.095 

210 

0.601  

±0.069 

225 

- - - 

GO 

2.374  

±0.104 

15 

0.628  

±0.066 

210 

0.342  

±0.047 

225 

0.479  ±0.031 

15 

0.900  

±0.078 

210 

0.764   

±0.042 

225 

0.286  

±0.013 

15 

0.814  ±0.056 

210 

0.707  

±0.039 

225 

- - - 

GD 

1.608  

±0.082 

15 

0.265  

±0.086 

210 

0.204  

±0.041 

225 

- - - 

0.514  

±0.023 

15 

0.029  ±0.011 

210 

0.049  

±0.020 

225 

- - - 

HO 

1.561  

±0.057 

15 

0.274  

±0.044 

210 

0.191  

±0.034 

225 

0.644  ±0.018 

15 

0.766  

±0.059 

210 

0.627  

±0.038 

225 

0.456  

±0.022 

15 

0.483  ±0.052 

210 

0.529  

±0.053 

225 

8.450  

±0.965 

14 

0.067  

±0.067 

60 

0.400  

±0.090 

210 

KE 

1.948  

±0.102 

15 

0.521  

±0.117 

210 

0.427  

±0.067 

225 

0.464  ±0.038 

15 

0.825  

±0.061 

210 

0.524  

±0.069 

225 

0.538  

±0.020 

15 

0.747  ±0.035 

210 

0.751  

±0.032 

225 

10.759  

±0.627 

14 

0.017  

±0.017 

60 

0.640  

±0.065 

210 

KI 

1.766  

±0.085 

15 

0.584  

±0.024 

210 

0.551  

±0.048 

225 

- - - 

0.472  

±0.036 

15 

0.433    

±0.121 

210 

0.462  

±0.054 

225 

9.478  

±1.016 

15 

0.017  

±0.096 

60 

0.516  

±0.096 

225 

LP - - - - - - 

0.356  

±0.028 

15 

*** 

0 

0.120  

±0.043 

225 

- - - 

MA - - - - - - 

0.518 

±0.029 

15 

0.795 ±0.095 

210 

0.724 

±0.048 

225 

- - - 
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Location Centaurea arenaria Dianthus serotinus Festuca vaginata Stipa borysthenica 

 seed mass germination emergence seed mass germination emergence seed mass germination emergence seed mass germination emergence 

MO - - - - - - 

0.483 

±0.016 

15 

0.781 ±0.063 

210 

0.693 

±0.037 

225 

12.589 

±0.257 

15 

0.033 

±0.021 

60 

0.848 

±0.023 

225 

MR 

2.102 

±1.936 

15 

0.624  

±0.045 

210 

0.56 ±0.062 

225 
- - - 

0.567 

±0.015 

15 

0.838 ±0.037 

210 

0.867 

±0.040 

225 

- - - 

NA - - - 
0.342  ±0.040 

10 

0.495  

±0.113 

210 

0.347 

±0.055 

150 

- - - - - - 

NE 

1.439 

±0.071 

15 

0.059 

±0.071 

210 

0.120  

±0.038 

225 

0.458 ±0.047 

15 

0.808 

±0.090 

210 

0.716 

±0.037 

225 

- - - - - - 

NY - - - - - - 

0.445  

±0.027 

15 

0.238  

±0.1145 

210 

0.244  

±0.071 

225 

- - - 

OF 

1.839  

±0.098 

15 

0.405  

±0.084 

210 

0.489  

±0.057 

225 

- - - - - - - - - 

OR - - - 
0.471  ±0.018 

15 

0.898  

±0.076 

210 

0.764  

±0.035 

225 

0.455  

±0.028 

15 

0.703  ±0.132 

210 

0.711  

±0.080 

225 

- - - 

PA 

1.610  

±0.088 

15 

0.110  

±0.075 

210 

0.156  

±0.055 

225 

0.604  ±0.047 

15 

0.87  ±0.058 

210 

0.707  

±0.059 

225 

0.359  

±0.017 

15 

0.210  ±0.109 

210 

0.244  

±0.060 

225 

- - - 

PI - - - 
0.440  ±0.071 

15 

0.680  

±0.104 

210 

0.431  

±0.084 

225 

0.459  

±0.027 

15 

0.702  ±0.053 

210 

0.356  

±0.077 

225 

14.642  

±0.833 

14 

0 

 

60 

0.636  

±0.055 

210 

SZ - - - - - - 

0.491  

±0.038 

15 

0.269  ±0.064 

210 

0.204  

±0.059 

225 

- - - 

TA 

1.719  

±0.052 

15 

0.211  

±0.070 

210 

0.124  

±0.036 

225 

0.585  ±0.022 

15 

0.914   

±0.028 

210 

0.813  

±0.042 

225 

0.442  

±0.020 

15 

0.500  ±0.101 

210 

0.307  

±0.059 

225 

- - - 
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Location Centaurea arenaria Dianthus serotinus Festuca vaginata Stipa borysthenica 

 seed mass germination emergence seed mass germination emergence seed mass germination emergence seed mass germination emergence 

TZ 

2.0771  

±0.090 

15 

0.562  

±0.071 

210 

0.471  

±0.038 

225 

- - - 

0.503  

±0.018 

15 

0.600  ±0.121 

210 

0.573  

±0.049 

225 

- - - 

TE 

1.642  

±0.070 

15 

0.123  

±0.022 

210 

0.169  

±0.022 

225 

- - - 

0.483  

±0.017 

15 

0.685  ±0.098 

210 

0.649  

±0.050 

225 

14.655  

±0.337 

15 

0.183  

±0.060 

60 

0.986  

±0.007 

225 

ZS - - - - - - 

0.426  

±0.023 

15 

0.731  ±0.079 

210 

0.489  

±0.028 

225 

- - - 

 

 

 

 

 

 

 


