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Abstract: Plant communities can undergo drastic changes in their composition if the ecosystem is 

severely altered by human actions or climate change. These changes endanger any vulnerable spe-

cies, mainly if it lives in a small area, as is the case of Picris willkommii (Schultz Bip.) Nyman. There-

fore, it is essential to know how an ecosystem alteration could affect the seasonal pattern of the life 

cycle, seed production, germination time, as well as both plant emergence and development. During 

three consecutive years, the growth phenology and seed morpho-physiological traits of Picris 

willkommii were assessed, as well as the environmental factors that affect them (light, temperature, 

substrate). Under natural conditions, germination is in early autumn (15–25 °C air temperature), 

flowering is in spring, and seed maturation in late spring. The species produces two types of seeds 

differentiated in the degree of dormancy and other morpho–physiological traits, which contributes 

to the dispersal and spreading capacity; it prefers fine-textured limestone substrates with high N 

and P availability; it does not tolerate frosts below −5 °C; and it is able to acclimatize to changing 

environmental conditions, but there is a risk of being replaced by other more aggressive species. All 

of this is useful for species conservation programs. 

Keywords: seed germination; plant emergence; seed heteromorphism; dormancy release;  

threatened species; temperature; light; substrate; plant ecophysiology 

 

1. Introduction 

The seed is the higher plant perpetuation unit. It results from sexual reproduction 

and contains a developed plant embryo, which must remain alive during the period be-

tween seed maturation and seed germination, thus ensuring the next generation of the 

species [1]. After seed dispersal, germination and seedling emergence and establishment 

will determine the ecological amplitude and the geographical distribution of the species, 

because seedlings are much more vulnerable to biotic and abiotic unfavorable factors in 

the new location than the mother plant [2,3]. Compared to perennial species, annual spe-

cies are even more vulnerable, since an extreme unfavorable factor between seed dispersal 

and plant establishment could wipe out all offspring. For all of the above, many species 

produce large quantities of seeds before plant death, capable of staying alive in the soil 

for more than a year (i.e., soil seed bank), combining survival strategies, such as the 

amount and the existence of diversity in the morpho–physiological characteristics of the 

seeds (size and shape of seeds, presence of dispersal structures, delayed seed dispersion, 

as well as seed dormancy) [4,5]. Therefore, the success of the next generation is largely 

determined by aspects such as the correct germination time in a favorable environment, 

seed size, and growth rate, which facilitates not only germination, but also plant estab-

lishment in the medium term [4,6,7]. 
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The species can regulate the germination time by producing heterogeneous seeds as 

regards dormancy, either during maturation or after dispersal. Dormancy can be defined 

as a blocked state in which the seed does not germinate, even though there are favorable 

environmental conditions for it, and it can be determined by the seed coat or by the em-

bryo itself [1,4,8]. It has been estimated that 50–95% of species have seeds with some type 

of dormancy at maturity (physical, physiological, morphological, morpho–physiological 

or combinational dormancy), and among these species, 50–75% have physiological dor-

mancy [9,10] induced by the accumulation of water-soluble germination inhibitors or ab-

scisic acid [4]. This means that seeds have inhibition mechanisms that must be broken 

before germination, to release the dormant state, which will depend on the dormancy 

type. Depending on the dormancy class, some techniques that simulate natural environ-

mental stimuli, such as cold and warm stratification, dry storage, seed coat scarification, 

application of salinity or gibberellins, can cause the seeds to be released from dormancy 

[9,11]. 

Heterogeneity can affect not only physiological properties related to germination but 

also morphological characteristics, such as size, shape and color, as well as dispersal-re-

lated structures, such as wings, hooks, spines, pappus, etc. Imbert’s study [12] considered 

seed heteromorphism as the production of different kinds of seeds in a single individual 

and concluded that although it only affects less than 0.3% of Angiosperm species, it may 

have ecological implications for seed dispersal and soil seed bank maintenance. There are 

at least 218 species with that characteristic, of which 63% belong to Asteraceae [12]. Dif-

ferentiation in this family mainly occurs because the central and peripheral achenes of a 

single capitulum (i.e., a flower head) show differences in their external appearance (size, 

shape, color and the presence of dispersal structures such as pappus or trichomes). Within 

the large Asteraceae family, the Picris genus encompasses just over 50 taxa distributed 

throughout Eurasia, Africa and Australia [13] that, apart from their ecological role, can be 

part of pastures for livestock, and even have medicinal use [14]. Picris species are mor-

phologically variable herbs that produce mostly flowers with yellow ligules and achenes 

accompanied by a plumose pappus [13]. The achenes of the homocarpic species are mor-

phologically and functionally identical and are accompanied by the plumose pappus for 

wind dispersal. By contrast, heterocarpic species have two types of achenes (seed dimor-

phism): the central ones, with the plumose pappus; and the peripheral ones, lacking pap-

pus and enclosed by phyllaries that do not disperse but are fixed to the receptaculum and 

will fall in the proximity of the mother plant [6,12,13]. The natural evolution of the genus 

Picris has led to the appearance of taxa ecologically adapted to very different habitats, 

from coastal areas to high mountains. Those taxa adapted to the unpredictable arid envi-

ronments of the Mediterranean region have usually undergone an evolutionary strategy 

that combines herbs with a semelparous life cycle and seed heteromorphism [13]. 

Picris willkommii (Schultz Bip.) Nyman (Asteraceae) is an endemic and stenochoric 

species that lives in grasslands and agricultural systems near the coast in the southwest of 

the Iberian Peninsula and grows under particular conditions of climate and soil [13,15,16]. 

It is threatened due to the fragmentation and reduction of its habitat by anthropogenic 

actions, such as the change in land use due to urban expansion and the transformation of 

traditional agricultural systems [15,16]. The plant produces a basal rosette of lobed leaves 

appressed to the soil during autumn–winter, developing orthotropic and plagiotropic flo-

riferous stems 10–80 cm tall during spring, whose flowers produce two types of seeds [15] 

(Figures S1 and S2). In order to study management measures that help the Picris willkommii 

population recover, as well as the species conservation and its extrapolation to other 

threatened species, it is necessary to deepen our knowledge of aspects related to seed dor-

mancy and environmental factors that affect seed germination and seedling establish-

ment. The biology of seed dormancy cannot be understood without knowing the phenol-

ogy and development of the plants and the environmental conditions of the germination 

time, and vice versa. Therefore, the present study aims to investigate the differences be-
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tween the two seed types of P. willkommii with regard to dormancy and germination char-

acteristics, as well as seedling development under different environmental conditions. To 

this end, the following aspects were addressed: (i) a brief approach to the growth cycle of 

plants and seed production in their natural environment; (ii) the morphology of achenes 

within a capitulum; (iii) the seed germination properties under different temperature and 

light conditions; (iv) the effect of pre-germination treatments that release seeds from their 

dormancy; and (v) the response of plants (growth, morphology, survival) to different 

growth conditions (substrate, nutrient and water supply, nursery cultivation and out-

planting, and competition with other herbs). 

2. Results 

2.1. Brief Characteristics of the Natural Population and Its Ability to Produce Seeds 

2.1.1. Seasonal Variation of Natural Population Density and Seed Production 

Taking into account all soil types as a whole, the seedlings emerged after the first 

autumn rains (Figures 1 and S3, Table S1), when the average temperature was of 18–22 °C 

(from 15.5 °C minimum and 26.5 °C maximum). The maximum plant recruitment was 

reached at the end of October. From that moment on, the emergence of new individuals 

was sharply reduced. Consequently, the population density remained more or less con-

stant during the second part of autumn and the first half of winter, presenting slow vege-

tative growth, giving rise to plants with only basal leaves of about 5–15 cm in length. After 

the rise in temperatures from the second half of winter (beginning of February), vegetative 

growth accelerated, and reproductive growth began (development of flower stems). In 

the three years of study, no emergence of new plants was observed at the end of winter 

or in spring, except for some very sporadic individual ones in the gaps of the grassland, 

although spring temperatures and soil moisture allowed it. Plant density revealed signif-

icant differences between dates (p < 0.001) and between soil types (p = 0.001), but not for 

the Date × Soil interaction (p = 0.086). Soils on argillaceous blue marls (ABM) and from 

farmland (FL1) differed significantly from red sandy clay soils (RSC), with the ranking 

being ABM, FL1 ≥ FL2 ≥ RSC (see section 4.1.1 for soil characteristics). 

In some sampling points on ABM and FL1, up to 545 plants m−2 were recorded, but 

their number progressively decreased until it was less than 40 plants m−2 in May. How-

ever, on the opposite side, less than 5 plants m−2 came to be counted in plots over RSC. In 

any case, despite the great variation in the number of individuals between soil types and 

years, at the end of their reproductive cycle (first half of June) the average density con-

verged to 5–10 plants m−2 (in a range of 1 to 50 plants m−2). This plant density was main-

tained until the plants’ senescence, which took place in mid-June. 

Average daily temperatures of 15 °C (10–20 °C, minimum and maximum) at the end 

of winter favored the start of flowering, usually between February and early March. This 

stage had its peak in April and continued until the end of May. Likewise, the dissemina-

tion of the first seeds (the central ones), starting in mid-spring, coincided with 12–15 °C 

minimum daily temperatures and maximum temperatures of 25–30 °C, and lasted until 

the end of June, while the peripheral seeds remained attached to the mother plant. 

Although an exhaustive study of plant distribution within the study area was not 

carried out, this distribution was not uniform, but rather followed a clumped pattern [17], 

concentrating the individuals in those areas with a more favorable microenvironment (soil 

fertility, moisture, etc.). In those places where the soil was covered by some plant species, 

mainly Oxalis pes-caprae L. and Amaranthus blitoides S. Wats., but also Chrysanthemum cor-

onarium L., Malva sylvestris L., Cynodon dactylon (L.) Pers., Scorpiurus sulcatus L. y Hordeum 

murinum L., the presence of Picris willkommii was considerably reduced, even being nulli-

fied in the most severe cases (Figure S4). However, within a small area with homogeneous 

micro-environmental characteristics, the distribution of this species could be random. 
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Figure 1. Average population density throughout the three studied periods. Asterisks indicate those 

dates in which significant differences between years were obtained (p < 0.05). Bars are standard 

errors. The periods of beginning of flowering and seed dispersal are also indicated. 

The number of flowers per square meter depended both on the number of plants and 

their size. On the sampling date (end of April 2008), the average number of flowers was 

67.2 ± 22.7 m−2 for ABM and FL1 soils, 17.3 ± 4.2 m−2 for FL2, and 7.0 ± 1.1 m−2 for RSC, with 

significant differences among soil types (p < 0.001). In the points with the highest plant 

density, up to 280 flowers m−2 were recorded. Under optimal growth conditions, a single 

individual reached up to 1.3 m in height, occupied 0.25 m2 of soil surface, and produced 

more than 400 flowers. In areas with more unfavorable environmental conditions, how-

ever, the average plant height did not reach 20 cm. On average, each flower usually pro-

duced 35–55 central seeds and 13 peripheral seeds. In extreme unfavorable conditions, 

plants of 3.5 cm in height, less than 1 mm in main root diameter and 1 cm2 of leaf area, 

which developed a single flower with only 5 peripheral ligules, were observed. It should 

be added that the number of flowers per plant was strongly correlated with the plant bi-

omass and plant size (Figure 2). 

 

Figure 2. Relationship between root diameter (RD), measured 0.5 cm below the root collar, and the 

number of flowers produced per plant (PF). PF = 0.312 RD3 − 3.181 RD2 + 15.342 RD − 19.825 (R2 = 

0.986; p < 0.001). 

2.1.2. Physiological Activity (Gas Exchange) 

Picris wilkommii showed high net photosynthetic rates (A) from autumn to mid-

spring (A = 14 − 19 μmol m−2 s−1 of CO2), within the average range of the other species (A 
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= 10 − 33 μmol m−2 s−1 of CO2) (Figure S5). Thereafter, as temperatures increased and rain-

fall decreased, net photosynthetic rates sharply decreased until the plants withered in 

mid-June. Malva, Chrysanthemum and Diplotaxis stood out for their higher spring photo-

synthetic rates. Regarding transpiration (E), the seasonal pattern was similar to that de-

scribed for photosynthesis. Picris wilkommii behaved as a great water consumer, compared 

to the other species studied (E = 2.5 − 3.6 mmol m−2 s−1 of H2O), only surpassed by Malva 

in spring (Figure S5). Combining net photosynthesis and transpiration rates into water 

use efficiency (WUE = A/E) Picris willkommii showed one of the lowest efficiencies, at least 

during fall, winter, and early spring (Figure 3), only higher than Hordeum murinum. The 

values shown in Figures 3 and S5 correspond to the instantaneous gas exchange rates (just 

at the time of measurement) on sunny days with typical temperatures of those periods of 

the year. Variations in gas exchange rates would be expected on cloudy days or with ex-

treme temperatures, especially for cold winter days. 

 

Figure 3. Seasonal pattern of instantaneous water-use efficiency (WUE) for nine plant species on 

sunny days. The numbers above indicate the ambient temperature at the measurement time (°C). 

The differences among species were significant in all the measurement dates (p < 0.001), except in 

June due to plant senescence. Species: Picris willkommii (Schultz Bip.) Nyman, Malva sylvestris L., 

Chrysanthemum coronarium L., Diplotaxis virgata (Cav.) DC., Sonchus asper (L.) Hill, Anthyllis cytisoides 

L., Oxalis pes-caprae L., Scorpiurus sulcatus L. y Hordeum murinum L. In order to clarify the figure, 

only the error bars corresponding to Picris willkommii are represented. 

2.2. Seed Analysis 

2.2.1. Seed Viability 

The four collected seed batches showed high viability (Table 1) for both types of seeds 

(central and peripheral). Significant differences between seed types were obtained (p < 

0.001), but not among collection years (p = 0.085) nor for the Seed type × Year interaction (p 

= 0.420). All central seeds whose external color (Munsell®) was between yellowish (5 Y 

7/10) to light brown (5 YR 4/6 to 5 YR 3/4) were empty, while those showing a dark brown 

color (5 YR 3/2 or darker) were viable. Likewise, light brown peripheral seeds (7.5 YR 5/6 

or lighter) were empty, while dark-colored ones (7.5 YR 4/4 or darker) were viable. It is 

worth noting the lower viability of the central seeds collected in 2007 compared to the 

other years studied, although not statistically significant. 

Table 1. Viability percentage of seeds (mean ± SE) according to the tetrazolium test. 

Collected Year 
Seed Type 

Central Peripheral 

2005 97.2 ± 1.1 77.0 ± 2.8 

2006 96.2 ± 1.5 70.7 ± 3.0 

2007 85.5 ± 2.3 72.3 ± 2.2 

2008 98.7 ± 1.0 80.1 ± 3.1 
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2.2.2. Effect of Environmental Conditions and Pre-Germination Treatments on Seed Ger-

mination 

As can be seen in Tables 2 and 3, the optimal germination temperature was close to 

20 °C for both types of seeds (centrals and peripherals). The germination percentage (GP), 

germination energy (GE), and germination values (GVCz, GVDP) were highly correlated 

with each other, but less so with the mean time to reach 50% of germinated seeds (MGT50). 

The mean germination time (MGT) could be determined for those treatments in which GP 

> 50%, that is, only for central seeds subjected to 15, 20 or 25 °C, for which MGT was 29.4 

± 13.0, 4.2 ± 1.2 and 27.3 ± 12.0 days, respectively. Regarding the comparison between seed 

types at temperatures close to the optimum (15–25 °C), the central ones showed a signifi-

cantly higher germination capacity and shorter germination time than the peripheral ones. 

Table 2. Mean values (± SE) and statistical significance of the germination parameters assessed at 

different temperatures, in the lab under white light. Averages for seeds collected in June 2005 and 

June 2006 are shown as a whole. 

Seed Type 
Temperature 

(°C) 

GP 

(%) 

GE 

(%) 
GVCz 

MGT50 

(Days) 

 10 13.3 ± 3.2 c 7.8 ± 1.9 c 0.6 ± 0.3 c 10.0 ± 4.0 a 

 15 51.0 ± 7.7 b 41.0 ± 7.2 a 13.6 ± 4.3 b 3.5 ± 0.3 a 

Central 20 80.0 ± 6.3 a 50.0 ± 6.2 a 42.2 ± 7.3 a 2.5 ± 0.3 a 

 25 56.0 ± 12.6 b 27.0 ± 5.3 b 19.9 ± 9.4 b 7.7 ± 3.5 a 

 30 13.0 ± 5.6 c 9.5 ± 4.9 c 0.3 ± 0.2 c 12.7 ± 5.3 a 

 10 3.3 ± 2.0 c 3.3 ± 2.0 c 0.1 ± 0.1 c 8.9 ± 4.0 a 

 15 17.0 ± 2.1 ab 9.0 ± 1.2 a 0.8 ± 0.2 b 9.0 ± 2.0 a 

Peripheral 20 19.5 ± 2.6 a 10.0 ± 2.2 a 2.1 ± 0.6 a 6.1 ± 2.0 a 

 25 7.5 ± 2.9 bc 6.0 ± 1.7 b 0.4 ± 0.2 bc 6.6 ± 3.0 a 

 30 8.8 ± 7.2 bc 8.8 ± 7.2 ab 0.3 ± 0.2 bc 15.4 ± 5.3 a 

 Temperature <0.001 <0.001 <0.001 0.061 

 Seed type <0.001 <0.001 <0.001 0.003 

Significance Year 0.100 0.090 0.101 0.457 

level (p) T × S <0.001 <0.001 <0.001 0.349 

 T × Y 0.004 0.170 <0.001 0.370 

 S × Y <0.001 0.003 <0.001 0.563 

 T × S × A 0.151 0.245 0.101 0.269 

Germination percentage (GP), germination energy (GE), germination value after Czabator (GVCz), 

and mean time to reach 50% of germinated seeds (MGT50). Different letters in the same column 

indicate significant differences among temperature treatments for the same type of seeds. Germina-

tion conditions: white light (500 μmol m−2 s−1 of photons 400–700 nm) and moistened with distilled 

water. 

The germination and pre-germination treatments tested to the central seeds (Table 4) 

revealed that only gibberellins (GA treatment) increased germination (up to almost 100% 

GP), and germination in the dark did not differ from that obtained under white light, both 

at 20 °C. However, the response of the peripheral seeds was different from the previous 

ones, due to their photosensitivity: germination under red light (GP = 18.7 ± 8.1%) and 

white light (GP = 19.5 ± 2.6%), differed significantly (p < 0.001) from those germinated in 

the dark (GP = 3.0 ± 1.0%) or under far-red light (GP = 2.7 ± 2.1%). The proportion of 

dormant peripheral seeds was around 80%. In no case did the fluctuating temperature 

(20/14 °C, day/night), nor did the previous warm or cold stratification improve the germi-

nation capacity of the seeds. MGT could only be determined for the central seeds subjected 

to 20 °C, GA and darkness treatments (4.2 ± 1.2, 1.8 ± 0.1 and 3.6 ± 0.8 days, respectively), 

and for the peripheral ones subjected to GA and KNO3 (23.1 ± 8.5 and 27.1 ± 10.0 days, 

respectively). 
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Table 3. Linear correlation coefficient (r, Pearson) between the germination parameters. Sample 

size: N = 62. 

 GP GE GVCz GVDP MGT50 

GP 1.000     

GE 0.908 ** 1.000    

GVCz 0.914 ** 0.828 ** 1.000   

GVDP 0.927 ** 0.812 ** 0.991 ** 1.000  

MGT50 −0.399 * −0.400 * −0.233 −0.233 1.000 

Germination percentage (GP), germination energy (GE), germination values after Czabator (GVCz) 

and Djavanshir and Pourbeik (VGDP), and mean time to reach 50% of germinated seeds (MGT50). **, 

*: correlations are significant at the 0.001 and 0.01 level, respectively. 

Table 4. Mean values (± SE) and statistical significance of the germination parameters assessed at 

different germination and pre-germination treatments, in the lab and under white light, except for 

the treatment of darkness. Averages for seeds collected in June 2005 and June 2006 are shown as a 

whole. 

Seed Type Treatment 
GP 

(%) 

GE 

(%) 
GVCz 

MGT50 

(Days) 

 20 °C 80.0 ± 6.3 b 50.0 ± 6.2 b 42.2 ± 7.3 b 2.5 ± 0.3 a 

 20/14 °C 37.0 ± 6.1 c 18.5 ± 7.9 cd 11.7 ± 7.9 c 9.0 ± 4.4 a 

 GA 97.0 ± 1.9 a 81.9 ± 4.7 a 83.0 ± 6.2 a 1.8 ± 0.1 a 

Central KNO3 45.1 ± 11.5 c 26.0 ± 9.0 c 16.7 ± 8.7 c 2.4 ± 0.5 a 

 Pre3°C 5.6 ± 2.0 e 12.5 ± 6.0 de 0.4 ± 0.3 d 5.5 ± 3.5 a 

 Pre30°C 22.6 ± 4.0 d 14.0 ± 1.5 d 1.8 ± 0.5 d 2.8 ± 0.7 a 

 Pre30/3°C 14.1 ± 3.0 e 6.0 ± 1.5 e 1.5 ± 0.1 d 1.6 ± 0.5 a 

 Darkness 75.2 ± 7.8 b 50.0 ± 7.0 b 46.7 ± 10.5 b 1.8 ± 0.5 a 

 20 °C 19.5 ± 2.6 b 10.0 ± 2.2 b 2.1 ± 0.6 c 6.1 ± 2.0 a 

 20/14 °C 16.0 ± 2.7 bc 9.8 ± 1.6 bc 1.1 ± 0.5 c 6.1 ± 1.6 a 

 GA 65.0 ± 6.6 a 30.0 ± 4.2 a 12.3 ± 2.6 a 6.5 ± 1.5 a 

Peripheral KNO3 54.7 ± 10.9 a 25.0 ± 8.5 a 5.6 ± 1.5 b 8.6 ± 2.9 a 

 Pre3°C 10.8 ± 1.4 c 8.5 ± 3.0 c 1.8 ± 0.8 c 2.3 ± 0.4 a 

 Pre30°C 19.6 ± 7.0 bc 11.0 ± 3.0 b 1.7 ± 0.7 c 4.6 ± 0.2 a 

 Pre30/3°C 10.8 ± 1.4 c 5.8 ± 1.2 c 1.2 ± 0.3 c 4.0 ± 1.5 a 

 Darkness 3.0 ± 1.0 d 2.8 ± 0.9 d 0.1 ± 0.1 d 4.9 ± 2.0 a 

 Treatment <0.001 <0.001 <0.001 0.054 

 Seed type <0.001 <0.001 <0.001 0.153 

Significance Year 0.062 0.053 0.098 0.645 

level (p) T × S <0.001 0.008 <0.001 0.219 

 T × Y 0.069 0.159 0.830 0.612 

 S × Y <0.001 0.004 0.011 0.475 

 T × S × Y 0.806 0.765 0.745 0.823 

Germination percentage (GP), germination energy (GE), germination value after Czabator (GVCz), 

and mean time to reach 50% of germinated seeds (MGT50). Different letters in the same column 

indicate significant differences among treatments for the same type of seeds. Germination condi-

tions: GA, gibberellic acid 500 mg L−1 in H2Od; KNO3, 0.2% of KNO3 in H2Od; Darkness, under dark 

conditions; 20/14 °C, fluctuating temperature day/night. Pre-germination treatments (i.e., before the 

beginning of the germination test): Pre3°C, moist cold stratification at 3 °C for 20 days; Pre30°C, dry 

warm stratification at 30 °C for 20 days; Pre30/3°C, warm stratification at 30 °C for 20 days followed 

by cold stratification at 3 °C for 20 days. 

Finally, regarding the germination of seeds from the temporary aerial bank collected 

in autumn 2006, in Petri dishes under laboratory conditions, the germination (GP = 5.3 ± 

3.0%) was significantly reduced (p < 0.001) with respect to the ones collected four months 
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ago (GP = 19.5%) and stored at 2–3 °C in the dark. However, the application of gibberellins 

(GA) increased germination (GP = 50.0 ± 4.8%), without differing significantly from the 

KNO3 treatment, and very close to the germination percentages obtained for the gibberel-

lin treatment applied to seeds collected in June (GP = 65%). 

2.2.3. Effect of the Substrate, the Time since the Seed Collection and the Seed Size on 

Germination 

Regarding the substrate effect (natural soil) on seed germination, significant differ-

ences among substrates for germination percentage (GP) and germination values (Table 

5) were obtained, although not very pronounced. In general terms, ABM, followed by FL1, 

stood out with higher values than the sandier soils (WSD, RSC and FL2). 

Table 5. Mean values (±SE) and significance level (p) of the germination parameters assessed on 

different substrates (soil types), in the greenhouse and under natural light, using peripheral seeds 

collected in June 2005. 

Seed Type 
Substrate 

(Soil Type) 

GP 

(%) 

GE 

(%) 
GVCz 

MGT50 

(Days) 

 Perlite 29.5 ± 3.2 ab 16.5 ± 4.6 a 2.6 ± 1.0 ab 8.4 ± 2.9 a 

 FL1 31.5 ± 2.2 ab 18.0 ± 2.9 a 3.0 ± 0.7 ab 6.8 ± 1.7 a 

Peripheral FL2 24.5 ± 2.2 ab 12.5 ± 3.6 a 2.1 ± 0.5 a 4.9 ± 0.2 a 

 SLT 30.0 ± 2.2 ab 14.5 ± 2.2 a 2.6 ± 0.2 ab 6.5 ± 0.7 a 

 ABM 35.5 ± 2.1 b 27.0 ± 2.5 a 5.1 ± 0.7 b 5.8 ± 0.7 a 

 RSC 18.5 ± 2.8 a 12.5 ± 3.4 a 1.4 ± 0.4 a 6.3 ± 1.4 a 

 WSD 28.5 ± 4.5 ab 16.0 ± 7.8 a 2.1 ± 0.6 a 7.8 ± 2.6 a 

p substrate 0.012 0.090 0.013 0.717 

Germination percentage (GP), germination energy (GE), germination value after Czabator (GVCz), 

and mean time to reach 50% of germinated seeds (MGT50). Different letters in the same column 

indicate significant differences among substrates. FL1 and FL2, soils from farmlands; SLT, soil from 

slates; ABM, soil from argillaceous blue marls; RSC, red sandy clay soil; WSD, forest soil on white 

sandy dunes. 

The germination capacity (Table 6) was significantly lower for the seeds collected less 

than a month ago (2008), compared to those collected in previous years and stored in a 

dry and cool environment (2–3 °C) for a long time. In addition, the application of gibber-

ellins to recently collected seeds (Table 7) significantly increased their germination poten-

tial. 

Table 6. Mean values (±SE) and significance level (p) of the germination parameters assessed in the 

greenhouse and under natural light, after different storage periods from collection, using seeds col-

lected in June of each year. The test was carried out in July 2008. 

Seed Type 
Collection 

Year 

GP 

(%) 

GE 

(%) 
VGCz 

MGT50 

(days) 

 2008 16.0 ± 2.8 c 16.5 ± 2.4 b 0.5 ± 0.2 c 8.5 ± 0.5 a 

Central 2007 33.8 ± 7.3 b 25.0 ± 7.9 b 4.2 ± 0.8 b 9.4 ± 1.2 a 

 2006 62.8 ± 4.4 a 45.0 ± 6.2 a 22.3 ± 6.3 a 8.5 ± 0.3 a 

 2005 71.1 ± 4.3 a 50.0 ± 6.2 a 24.7 ± 1.2 a 7.2 ± 0.2 a 

 2008 16.0 ± 4.0 b 14.0 ± 4.7 b 0.5 ± 0.3 b 11.9 ± 2.7 a 

Peripheral 2007 29.3 ± 4.5 a 23.0 ± 7.5 a 1.5 ± 0.6 ab 10.8 ± 0.8 a 

 2006 26.3 ± 3.8 a 18.0 ± 2.2 ab 2.1 ± 0.6 a 6.1 ± 2.1 a 

 2005 30.0 ± 4.2 a 19.0 ± 1.9 a 2.2 ± 0.5 a 6.3 ± 0.7 a 

Significance Year <0.001 0.009 <0.001 0.747 

level (p) Seed type 0.005 0.016 <0.001 0.742 

 Y × S 0.006 0.024 <0.001 0.007 
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Germination percentage (GP), germination energy (GE), germination value after Czabator (GVCz), 

and mean time to reach 50% of germinated seeds (MGT50). Different letters in the same column 

indicate significant differences among collection year. 

Table 7. Mean values (±SE) and significance level (p) of the germination parameters assessed in the 

greenhouse and under natural light, one month after collection and using seeds collected in June 

2008. 

Seed Type Treatment 
GP 

(%) 

GE 

(%) 
VGCz 

MGT50 

(Days) 

Central H2Od 16.0 ± 2.8 16.5 ± 2.4 0.5 ± 0.2 8.5 ± 0.5 

 GA 94.0 ± 2.6 82 ± 4.7 14.7 ± 1.3 12.2 ± 0.2 

Peripheral H2Od 16.0 ± 4.0 14.0 ± 4.7 0.5 ± 0.3 11.9 ± 2.7 

 GA 77.0 ± 7.7 69 ± 5.9 10.3 ± 1.7 11.4 ± 0.3 

Significance Treatment <0.001 <0.001 <0.001 0.280 

level (p) Seed type 0.099 0.122 0.062 0.385 

 T × S 0.099 0.281 0.060 0.183 

Germination percentage (GP), germination energy (GE), germination value after Czabator (GVCz), 

and mean time to reach 50% of germinated seeds (MGT50). Different letters in the same column 

indicate significant differences between treatments. Germination conditions: H2Od, distilled water; 

GA, gibberellic acid at 500 mg L−1 in H2Od. 

Finally, the comparative analysis between seeds collected in 2005 and 2006 for seed 

mass did not reveal significant differences between collection years (p = 0.232), nor for the 

interaction Seed type × Year (p = 0.381). Significant differences, however, did exist between 

seed types (p < 0.001), with the mass of peripheral seeds being more than 4.5 times higher 

than that of central ones (Table 8). As a result, the 8-day-old seedlings developed from 

peripheral seeds were significantly larger than those from central ones (Table 9), 81% and 

34% higher dry biomass and leaf area, respectively. In addition, the plants from central 

seeds developed thinner leaves, with a specific leaf area (SLA) 37% higher than those from 

peripheral seeds. 

Table 8. Mean values (±SE) of seed fresh mass (mg) by seed type and collection year. The central 

seeds without the pappus but the peripheral ones with the attached phyllaries. 

Seed Type 
Collection Year 

Total Average 
2005 2006 

Central 0.62 ± 0.01 0.58 ± 0.02 0.60 ± 0.01 

Peripheral 2.84 ± 0.08 2.60 ± 0.19 2.72 ± 0.11 

Table 9. Mean values (±SE) and significance level (p) of the morphological properties of 8-day-old 

plants. 

Seed Type 
FMp 

(mg) 

LAp 

(mm2) 

DMp 

(mg) 

SLA 

(m2 kg−1) 

Central 13.2 ± 1.4 39.7 ± 3.6 0.65 ± 0.07 61.5 ± 1.1 

Peripheral 21.8 ± 1.6 53.3 ± 4.5 1.18 ± 0.09 44.9 ± 1.3 

Significance level (p) 0.003 0.040 0.001 < 0.001 

Plant fresh mass (PMp). Plant leaf area (LAp). Plant dry mass (DMp). Specific leaf area (SLA). 

2.3. Effect of Environmental Variables on Plant Development 

2.3.1. Effect of Air Temperature and Light Radiation on Morpho–Physiological Traits 

The maximum ranges of gas exchange rates corresponded to 20–25 °C for net photo-

synthesis (A) but 25–30 °C for transpiration (E). A direct proportional relationship was 

observed between temperature and water consumption (E) in the range 11–22 °C, while 
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above or below this range E did not depend on temperature. This different behavior of A 

and E with respect to temperature led to water-use efficiency (WUE = A/E), showing its 

optimum value around 10 °C, while at temperatures close to the photosynthetic optimum 

(20–25 °C) or higher, this species had its minimum efficiency (Figure 4a). Chlorophyll a 

(Chla) and b (Chlb) contents are shown in Table 10, with the ratio Chla/Chlb = 4.1 ± 0.2 and 

SLA = 36.1 ± 4.4 m2 kg−1.  

 

Figure 4. (a) Net photosynthetic rate (A, μmol m−2 s−1 of CO2), transpiration rate (E, mmol m−2 s−1 of 

H2O) and water use efficiency (EUA, mmol of CO2/mol of H2O) of Picris willkommii as a function of 

ambient temperature, measured under saturating light. A = −0.035 T2 + 1.601 T + 1.543 (R2 = 0.754). 

E = −0.0005 T3 + 0.024 T2 − 0.219 T – 1.607 (R2 = 0.947). WUE = −0.0001 T4 + 0.009 T3 – 0.285 T2 + 3.308 

T – 2.154 (R2 = 0.892). (b) Relationship between specific leaf area (SLA) and light radiation (PAR, 

μmol m−2 s−1 of photons in the range 400−700 nm wavelength). The bars indicate the standard error. 

Sample size = 22 plants per light treatment. (c) Net photosynthetic rate (A) and transpiration rate 

(E), as well as (d) water use efficiency (WUE) and internal CO2 concentration of the leaf mesophyll 

(Ci), of Picris willkommii measured at 22 °C and different light intensities. A = 2 × 10−8 x3 − 5 × 10−5 x2 

+ 0.058 x − 0.155 (R2 = 0.999) ; E = −6×10−7 x2 + 0.002 x + 2.571 (R2 = 0.991); WUE = −4 × 10−12 x4 + 2 × 

10−8 x3 – 3 × 10−5 x2 + 0.022 x – 0.130 (R2 = 0.999); Ci = −1 × 10−7 x3 + 4 × 10−4 x2 − 0.375 x + 405 (R2 = 

0.995). 

Table 10. Mean values (±SE) of chlorophyll content on fresh mass, dry mass and leaf area basis of 

Picris willkommii leaves. Sample size = 4. Leaves of 15–22 cm2 were used. 

Trait Chla Chlb 

Fresh mass basis (mg g−1) 1.47 ± 0.30 0.36 ± 0.07 

Dry mass basis (mg g−1) 16.98 ± 0.51 4.12 ± 0.33 

Leaf area basis (mg m2) 490.4 ± 110.8 118.6 ± 24.6 

In regards to cold tolerance, temperatures down to −2 °C did not cause any visible 

damage to the plants. At −3 °C, the youngest tissues and floriferous stems were damaged, 

but not the leaves of the basal rosette. Finally, at −5 °C, the damage extended to the basal 

rosette, although they did not completely die, in such a way that 50% of the plants recov-

ered later. 

Regarding now light radiation, the stems could adopt a horizontal or vertical growth 

habit depending on the light conditions in which they developed. A plant growing in a 
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sunny, open space kept the basal leaves spread over the soil surface and developed almost 

horizontally growing stems (diageotropic) emerging from the center of the rosette, which 

contained very small leaves. Once they reached 20–40 cm in length, these stems turned 

upwards (orthotropic) to emit the flowers. However, a plant growing in high plant density 

or in a shaded area elongated the internodes at the base of the stem in such a way that 

there were no basal leaves, giving rise to a vertical main stem. The leaves at the base of 

the stem grew vertically and the leaves of the floriferous stems were larger than under 

sunny conditions (Figure 5). 

This phenotypic plasticity was also shown in terms of leaf morphology, with leaves 

grown under high light intensity being more robust (lower SLA) than those grown under 

low light intensity (Figure 4b). Plants grown at light levels close to 50% of natural solar 

radiation (that is, about 850 μmol m−2 s−1 of photons) did not significantly change their leaf 

morphology, compared to those grown under full sunlight. Below 600 μmol m−2 s−1 of 

photons, SLA increased significantly. In no case were significant differences in SLA of the 

leaves developed on floriferous stems or on the basal rosette found (p = 0.357). 

The maximum net photosynthetic rates (Amax), 21−25 μmol m−2 s−1 of CO2, were 

reached from 800 μmol m−2 s−1 of photons onwards. Half of the maximum net photosyn-

thetic rate (½ of Amax) was obtained for 250 μmol m−2 s−1 of photons, the light compensa-

tion point around 5–10 μmol m−2 s−1 and an almost linear relationship between light in-

tensity and transpiration was observed (Figure 4c). The maximum water use efficiency 

(WUE) was reached from 550 μmol m−2 s−1 of photons onwards, while the stabilization of 

the internal CO2 concentration (Ci) at light intensities above 500 μmol m−2 s−1 (Figure 4d). 

In addition, the plants only emitted by respiration between 0.25–0.65 μmol m–2 s–1 of CO2 

at the measurement temperature (22 °C).  

 

Figure 5. Phenotype of plants grown in high competition (Left) or in open space (Right), both in 

juvenile (Top) and mature (Bottom) stages. 

2.3.2. Effect of Substrate and Mineral Nutrients on Plant Growth 

The plants size at the end of the trial (main stem diameter and dry mass) as well as 

the number of flowers and the biomass distribution are shown in Figure 6 and Table 11. 

It should be noted that, for the trial without additional fertilization, the treatments defi-

cient in N and P, as well as those of natural soils, only reached 6–13% of the total dry mass 

obtained by the complete treatment, while treatments deficient in K, Mg, S, Ca, and Fe 

averaged 83–94%. In the case of P deficiency, some of the plants died without completing 

their fruiting process. Fertilizing natural substrates significantly increased plant growth 

compared to unfertilized ones. The form of nitrogen supplied, nitric or ammoniacal, did 

not induce differences in plant growth, but the amount supplied did, with the plants that 
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received the greatest amount of fertilizer growing significantly more (250 ppm versus 126 

ppm).  

 

Figure 6. Total dry biomass (TDM) per treatment at the end of the mineral nutrition and substrate 

trials (mean ± SE), both without and with additional fertilization. Different letters on each bar indi-

cate significant differences between treatments within each trial (p < 0.001). 

Table 11. Mean values at the end of the mineral nutrition and substrate trials, both without and with 

additional fertilization. 

Treatment 
RD 

(mm) 

Flowers 

(Number) 

DMap 

(g) 

DMr 

(g) 
DMap/DMr 

Without additional fertilization    

Complete 4.50 b 16.8 b 1.84 b 0.93 b 2.02 ab 

–N 1.50 a 2.5 a 0.08 a 0.11 a 0.93 ab 

1/10N 1.50 a 3.5 a 1.18 a 0.13 a 1.38 ab 

–P 1.33 a 1.5 a 0.11 a 0.06 a 2.67 b 

–K 4.67 b 20.3 b 1.72 b 0.98 b 1.97 ab 

–Mg 4.17 b 17.5 b 1.66 b 0.87 b 2.10 ab 

–S 5.17 b 18.7 b 1.69 b 1.12 b 1.70 ab 

–Ca 3.83 b 18.5 b 1.75 b 0.89 b 2.12 ab 

–Fe 4.50 b 16.7 b 1.51 b 0.88 b 1.87 ab 

FL1 1.00 a 1.8 a 0.08 a 0.26 ab 0.47 a 

FL2 1.50 a 2.0 a 0.12 a 0.13 a 1.28 ab 

SLT 1.50 a 2.5 a 0.11 a 0.09 a 1.42 ab 

ABM 1.75 a 3.3 a 0.18 a 0.10 a 1.96 ab 

RSC 1.75 a 2.8 a 0.16 a 0.21 ab 0.76 a 

WSD 1.00 a 2.5 a 0.10 a 0.10 a 1.22 ab 

p <0.001 <0.001 <0.001 <0.001 0.006 

With additional fertilization     

CompleteF 5.50 b 37.5 ab * 3.14 b * 1.02 ab 3.11 ab * 

FL1F 5.50 b * 34.0 ab * 3.79 bc * 1.24 ab * 4.01 b * 

FL2F 5.50 b * 56.0 b * 4.69 c * 3.09 b * 1.57 a 

SLTF 3.50 a * 19.0 a * 1.70 a * 0.51 a * 3.36 ab * 

ABMF 4.50 ab * 30.0 ab * 3.27 b * 1.42 ab * 2.29 a * 

RSCF 5.00 ab * 27.5 ab * 2.49 ab * 1.06 ab * 2.37 a 

WSDF 5.00 ab * 31.5 ab * 3.35 bc * 1.20 ab * 2.81 ab * 
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p <0.001 <0.001 <0.001 <0.001 <0.001 

RD, root diameter 0.5 cm below the root collar; DM: dry mass of aerial part (DMap) and root (DMr); 

p, significance level (one-way ANOVA). Different letters in the same column indicate significant 

differences among treatments within the same trial. Asterisks (*) indicate significant differences be-

tween the additional fertilization treatment and the one without additional fertilization (fertilized 

vs. unfertilized; p < 0.001 in all cases). 

2.3.3. Effect of Planting Time under Field Conditions on Plant Development 

This species satisfactorily withstood cultivation in the nursery and subsequent field 

planting (Figure S6). The planting date that required the fewest cultivation tasks was 

March, as the plot only had to be lightly weeded, without the need to apply irrigation. For 

this planting date, survival was 98%, with more than 50 flowers per plant on average. The 

April planting, however, needed periodic irrigation to promote rooting and growth, sur-

vival was 92% and an average of 40 flowers per plant was produced. Considering the 

plants planted in March and April as a whole, some few individuals produced more than 

150 flowers. Finally, for the May planting, irrigation became absolutely essential, the sur-

vival did not exceed 80%, and the plant growth was much lower than that of the previous 

dates, since from a very early age, they developed stems and flowers. They did not reach 

10 flowers per plant on average, and the percentage of fertile seeds was less than 50%.  

The plants flowered, bearing fruit with viable seeds that dispersed and germinated 

spontaneously the following fall, giving rise to a new generation. At the beginning of au-

tumn, the density of the new population exceeded 10 plants of Picris willkommii per square 

meter. Even so, although Picris willkommii spontaneously regenerated quite well and man-

aged to generate adult individuals and flowers, the new generation was seriously affected 

by competition from other plant species, mainly Oxalis pes-caprae, Amaranthus blitoides, 

Malva sp. and Chrysanthemum sp. (Figure S4). 

3. Discussion 

3.1. Brief Ecological Characteristics of the Natural Population and Seed Production 

Considering the mosaic of existing soils in the natural range of this species, the high-

est abundance was found on limestone soils, with a loamy to clayey texture and the fertil-

ity degree as high as possible, such as ABM and FL1. The higher water retention and cat-

ion exchange capacity of fine-textured soils could be the reason that justifies it because 

they increase, respectively, the availability of water and mineral nutrients [18] and, con-

sequently, plant abundance, growth, and the production of flowers and seeds [19–21]. The 

low water-use efficiency of Picris willkommii compared to the other grassland species could 

justify the preference for fine-textured substrates, with a higher water retention capacity. 

In addition, the low water-use efficiency would hamper its spread into the surrounding 

sandy soils, as well as its ability to withstand increasingly frequent prolonged drought 

periods. The practically null emergence of plants during summer, even though some rainy 

episodes were recorded every studied year, would indicate that high temperatures (daily 

mean  24 °C) do not promote germination of this species [22–25], and/or that the seeds 

undergo some type of dormancy when they mature from which they are not released until 

late summer [10,26–29]. Similarly, once the mild temperatures of early autumn had passed 

(daily mean around 20 °C), the low temperatures (daily mean < 15 °C) of late autumn and 

winter considerably reduced germination, as occurs with many other species of the Aster-

aceae family [6,30–32]. As the aforesaid drop in temperature coincides with the shortening 

of the photoperiod, it was not possible to differentiate which of these environmental stim-

uli could have the greatest effect on germination under natural field conditions. Likewise, 

it was not possible to differentiate whether the emerged plants came from central or pe-

ripheral seeds. The greater emergence recorded in the first year (autumn 2006) could be 

explained in part, either by the greater autumn rainfall (295 mm), compared to 192 mm in 

2007 and 167 mm in 2008, and/or by a higher average temperature during September–

October (21.9 °C), versus 20.8 and 19.2 °C, for 2007 and 2008, respectively. The mature 
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plant density observed in the three years of study suggests a stability of population abun-

dance. 

Germination in early autumn and vegetative growth during the cold season can 

mean a strategy for the development of the basal rosette and the accumulation of energy 

reserves, taking advantage of the mild winter in the area, which will allow a more vigor-

ous growth when spring arrives [26,27,31]. During none of the three years assessed was 

the emergence of new plants observed in late winter or early spring, except for some spo-

radic individual, and even though the temperatures and soil moisture levels allowed it, 

the competition between plants or the shading generated by the plants already installed, 

of the same or different species, could be the cause [19,33–35]. This competition not only 

affected the emergence of new plants, but also those that had previously emerged, since 

only 10–25% of the individuals that emerged in early autumn developed and produced 

seeds. In addition, it demonstrates once again that the next generation does not depend 

only on the number of seeds generated and the germination potential, but also on other 

biotic and abiotic factors interacting with each other [21,23,34]. 

Under natural conditions, flowering is eminently spring, as soon as the plants reach 

an adequate size, and the average maximum daily temperatures reach 20 °C. Subse-

quently, the seed maturation and dissemination takes place at the end of spring and early 

summer, coinciding with average maximum daily temperatures above 25 °C, which can 

be advanced or delayed depending on soil moisture. However, at this time, only the cen-

tral seeds are dispersed (anemochory) since the peripheral seeds remain attached to the 

senescent plant and their dispersal will take place well into late summer or early autumn 

mainly by gravity (barochory), but also by animals (epizoochory) thanks to the small 

spines they have. In some cases, they can even be wind-dispersed along with portions of 

dead plants (unreleased) like a tumbleweed. The latter demonstrates a double dispersal 

strategy, as occurs with other Asteraceae species that present seed dimorphism [6,32,36]. 

Vegetative growth and flowering were earlier in the second study season (2007/08), which 

began around January 20, 2008, and could be due to a warmer January than usual (12.9 °C 

mean monthly temperature), compared to 11.3 °C and 10.2 °C for 2007 and 2009, respec-

tively. In any case, although the dispersal of central seeds is promoted by rising tempera-

tures in the second half of spring, the development of the reproductive organs is extended 

in time. The flowers appear and mature on the stems as they elongate, being able to coexist 

on the same stem flower buds; flowers with all their fully developed yellow ligules, dry 

flower heads still retaining the central achenes displaying their pappus and the peripheral 

achenes, and dry flower heads in which the central achenes have dispersed and only the 

peripheral ones remain (Figure S2). This extends the dispersal period and the new gener-

ation´s chances of success [37,38]. The results indicate that the regulation of flowering and 

seed maturation in this species depend more on temperature and soil moisture than on 

other factors, such as the photoperiod, but this would be an aspect to be studied in greater 

depth in future studies. Likewise, since this study did not delve into the processes related 

to seed development, from flower fertilization to seed maturation and dispersal, as well 

as the internal (genetic, physiological) and environmental factors that regulate each stage 

of the process until producing seeds with such differentiated characteristics in the same 

flower head, it would be interesting to undertake an investigation on the matter. 

During the autumn and winter season, the photosynthetic rates of Picris willkommii 

were within the average range of the species belonging to the grassland, which demon-

strates the good adaptation of Picris willkommii to this habitat. The relationship of temper-

ature with photosynthesis and optimization of water use efficiency at low temperatures 

also support the hypothesis that species fitness increases when germination occurs in au-

tumn. However, the higher photosynthetic rates and water use efficiency shown in spring 

by Malva, Chrysanthemum and Diplotaxis could indicate advantages in growth and compe-

tition for resources in the season of more vigorous growth (spring). This could be a disad-

vantage for Picris willkommii when the natural state of the ecosystem is altered. For its part, 

Oxalis pes-caprae did not justify its competitiveness by high net photosynthetic rates, but 
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rather by the extraordinary density of shoots that it develops and the occupation of the 

soil surface since early autumn, which can lead to the replacement of other species in their 

first stages, including Picris willkommii. However, despite the fact that Oxalis pes-caprae 

begins to decrease its physiological activity from the beginning of spring in order to end 

its annual cycle in early May, there is not enough time for plants of the replaced species 

to emerge at that time and complete their reproductive cycle before the arrival of summer. 

Consequently, any alteration of the natural balance of the ecosystem, such as anthropo-

genic pressure, can lead to changes in the composition and abundance of the species of 

the new cohort [20,35,39] and, therefore, to the replacement of Picris willkommii by other 

plant species historically present in the area (e.g., some Malva, Chrysanthemum and Diplo-

taxis species) or by other more recent invaders (e.g., Oxalis pes-caprae and Amaranthus blito-

ides). The mere fact of plowing the soil, carried out during the outplanting trial, caused 

the appearance of abundant individuals of other opportunistic and/or invasive species of 

the plant community, such as those just mentioned, which surely benefited from soil dis-

turbance. 

3.2. Seed Viability and Germination 

The number of seeds produced after the maturation period and their high viability 

(>85%) is indicative of the excellent adaptation of the species to the habitat, while provid-

ing enough propagules to guarantee its persistence in future years [19,40,41]. Visually, 

dark-colored seeds (dark brown to almost black) are usually viable. 

According to behavior observed in its natural habitat, the optimum germination tem-

perature in the laboratory was close to 20 °C for both seed types (central and peripheral). 

However, the optimum range for the central ones (15–25 °C) was slightly higher than for 

the peripheral ones (15–20 °C), with the central seeds germinating faster (MGT50 = 2.5 

days) than the peripheral ones (MGT50 = 6.1 days). These optimal germination tempera-

tures are within the temperature ranges shown by other herbaceous plants of the Aster-

aceae family (15–30 °C), depending on the climatic conditions of the habitat and the ger-

mination season of each species [6,24,25,30,32,36]. The statistical significance of the Tem-

perature × Seed type interaction revealed that the central seeds were much more sensitive 

to temperature than the peripheral ones, germinating in 80% when the temperature was 

close to the optimum. However, up to 20% of central seeds still remained dormant, whose 

germination control could be internally regulated [10,27]. This leads us to think that most 

of the central seeds are released from dormancy at the end of summer and go into a qui-

escent state, being able to activate germination as soon as the environmental conditions 

are favorable for it. Similarly, the lower germination capacity of peripheral seeds would 

indicate a higher degree of innate or spontaneous dormancy [6,28,32,42], which would 

allow them to remain for longer in the soil seed bank, as well as germinate at slightly 

lower temperatures than the central seeds as fall progresses [42–45]. 

Likewise, the response of seeds to pre-germination treatments (cold and warm strat-

ification), as well as to different germination conditions (fluctuating temperature 20/14 °C 

day/night, darkness, gibberellins or KNO3) confirms the double strategy of the species of 

producing two types of seeds that can increase the probability of success: on the one hand, 

high dispersal and colonization capacity by wind-dispersed seeds (centrals) without too 

many requirements for germination (not photosensitive, low dormancy percentage, high 

germination value); on the other hand, the conservation of a temporary aerial and edaphic 

bank of seeds (mainly peripherals), with slower germination as they overcome dormancy, 

preferring open gaps in the grassland [6,32,33]. These differentiated characteristics of both 

types of seeds can be included within the classic r/K selection theory [46], which tries to 

explain the relationship between the different reproductive strategies of species, or popu-

lations within a species, and the environment in which they live. According to this theory, 

central seeds tend to present an r-type strategy, while peripheral seeds a K-type strategy. 

In this case, seed dimorphism within the same population makes it possible to overcome 

different environmental conditions and resource availability. 
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The positive response of germination of both types of seeds to gibberellins reveals 

physiological endogenous dormancy at the time of maturation [10,23,29,32]. Additionally, 

the favorable response to potassium nitrate (KNO3) of peripheral seeds would indicate, 

apart from the release of physiological dormancy, a possible preference of the species for 

more fertile substrates for seed germination (at least with nitrates), and/or the presence of 

germination inhibitors that are eliminated by chemical oxidation by KNO3 [22,23]. The 

preference for ABM and FL1 substrates for germination, although not excessively differ-

ent from the other soil types assessed, would justify this tendency to prefer slightly fertile 

substrates for germination. In both seed types, cold stratification (as it happens in winter 

under natural conditions), far from promoting germination, seems to induce secondary 

dormancy. This can be advantageous in avoiding or reducing spring germination (as field 

recruitment data showed) in which plant competition can cause high mortality. The same 

happens when the central seeds are subjected to warm stratification [22,44,45,47,48]. 

The low germination percentage of newly collected seeds in early summer (tested in 

July), and the activation of germination after the supply of gibberellins would indicate, as 

mentioned above, that most of the seeds mature in June under a non-deep innate dor-

mancy state. This dormancy can be released by means of a physiological stimulant. How-

ever, the significant increase in germination parameters, repeating the test 3–4 months 

later (October), suggests that a certain percentage of seeds naturally achieves dormancy 

alleviation at the end of summer, perhaps induced by the high temperatures of the warm 

season or by the washing of water-soluble inhibitors, thanks to the rains of early autumn 

[10,27–29]. The seeds that remain in the temporary aerial bank (fixed to the dry mother 

plant) possibly extend the dormancy for a longer time because they suffer less washing of 

germination inhibitors than the seeds that fall to the ground. Nevertheless, despite the fact 

that many seeds are released from dormancy at the end of summer and are able to germi-

nate just after the first autumn rains, a high percentage of dormant seeds still remains in 

the soil (soil seed bank), which may involve around a maximum of 70% of the dispersed 

peripheral seeds and 20% of the central ones. Seed losses due to predation and natural 

senescence must be deducted from this amount. 

The larger size of the peripheral seeds compared to the central ones implies a greater 

storage of energy reserves, which makes it possible to stay longer in the soil seed bank 

than the central ones [19,25,49]. In turn, the larger initial size of seedlings produced from 

the peripheral seeds makes them more competitive against other species in the coloniza-

tion of both, gaps and (undisturbed) grassland with high competition, than the central 

ones due to their greater initial growth and their smaller specific leaf area (SLA) [50]. A 

fast initial growth allows the development of the basal rosette in competitive grasslands 

and the accumulation of reserves for spring flowering. Additionally, the larger root sys-

tems that would develop are advantageous in gaps, as well as the smaller SLA due to the 

greater optimization of the loss of water (higher water use efficiency) and the respiration 

rates on a mass basis. These differences in size between the two types of seeds, and in size 

and SLA of seedlings, the lack of differences between collection years, together with the 

different degree of dormancy, the ability to remain in the soil seed bank and to compete 

in the first stages of life, as well as the preferred substrate types, can be taken into account 

for the in situ conservation plans through the collection and conservation of seeds for later 

sowing (for example, it can be collected mainly peripheral seeds at early summer, despite 

the fact that a large part of the central ones have dispersed), the management of the gaps 

size in the grassland, the control of competition from other species, etc. 

Although the largest seeds (peripheral) are the most advantageous in recovering both 

scenarios, they require a greater energy investment in their production and have a shorter 

dispersal distance than the central one. The greater number of the latter allows locating 

and colonizing gaps despite the fact of suffering greater mortality. The existence of the 

two types of seeds gives the species a great adaptive capacity but implies having an inter-

nal control of resource allocation. Taking into account that there are 2.7–4.2 times more 

central than peripheral seeds in a flower head, and that the mass of a peripheral seed is 
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4.5 times greater than that of a central one, the plants allocate almost the same amount of 

energy and resources to produce both types of seeds, or favor the peripheral ones. For this 

reason, a certain energetic effort can lead to either a multitude of central seeds that will be 

scattered randomly in search of new niches and whose success is mainly based on the 

high number of seeds, or to a few peripheral seeds, more selective with respect to the 

conditions and the time of germination that provide a greater guarantee of success and a 

greater ability to stay in the soil seed bank. This reinforces the hypothesis of the double 

reproductive strategy of this species mentioned above (r and K strategies). 

The maintenance of both types of seeds allows the species to survive in variable and 

unpredictable ecosystems. The different sizes and degrees of dormancy of the seeds also 

contribute to overcoming dry years, delays in the first autumn rains or long intervals be-

tween rains that cause high mortality in the cohorts. These events are increasingly fre-

quent in the current climate change scenario. Seed dimorphism is not exclusive to this 

species within the Picris genus or the Asteraceae family [12,13], and not excessively fre-

quent in the Asteraceae family since only 0.6% of the species present it [12], but it is very 

useful for annual species that live in unpredictable environments such as the Mediterra-

nean climate, where they must explore all possible options to ensure a new cohort. 

The causes of the differences in the degree of dormancy and the distribution of re-

sources between the two types of seeds must be studied in depth at different levels, among 

others at the genetic level, to explain why the genes related to dormancy are expressed 

with greater intensity in the peripheral seeds. The greater allocation of resources per seed 

could be one of the reasons, but it is beyond the scope of this study. 

3.3. Effect of Environmental Variables on Plant Development 

Although the optimum temperature range for net photosynthetic rate (20–25 °C) oc-

curs mainly in spring, the species also shows positive rates at temperatures of 10–15 °C 

and even lower. Therefore, it is not surprising that the basal rosette can grow and accu-

mulate energy reserves during autumn and winter, on the many days with favorable tem-

peratures at this time of year in the area where Picris willkommii lives. The drop in net 

photosynthesis begins at 25 °C, possibly due to an increase in respiration [51–53], while 

increasing transpiration and decreasing water use efficiency. This demonstrates its adap-

tation to the temperature regime of its natural range [52,54] and is related to the beginning 

of the senescence process in late spring. Temperatures below zero (specifically below –3 

°C) seriously harm plants, so its potential expansion area is limited to frost-free areas, 

preferably coastal areas, but hardly inland. 

Likewise, the leaf chlorophyll contents (Chla and Chlb), as well as the Chla/Chlb ratio, 

are within the normal range for a wide spectrum of species [55]. This demonstrates that 

this species properly regulates chlorophyll synthesis for adapting to growth conditions in 

such a way that it allows Picris willkommii plants to reach high net photosynthetic rates, 

up to 25 μmol m–2 s–1 of CO2 under optimal conditions. If to all this we add its phenotypic 

plasticity with respect to light intensity, revealed in the growth habit of stems and leaves 

(orthotropism, and diageotropism) and in the leaf structure (SLA), Picris willkommii has 

sufficient capacity to adapt to the growing conditions to be competitive, provided that 

some of the vital resources are not in short supply. The reduction in SLA under high light 

conditions implies a greater investment of biomass per unit of leaf area, which provides a 

high capacity for the conservation of the water status [50], thus increasing the water use 

efficiency at the time of optimizing assimilation by photosynthesis. 

This species can survive and grow in non-excessively sunny environments, since its 

light compensation point is at 5–10 μmol m–2 s–1 of photons, and at 275 μmol m–2 s–1 half 

of the maximum photosynthetic rate is reached. However, in order to be able to compete 

successfully against other species, it may need higher light intensities. In addition, the fact 

that more than 800 μmol m–2 s–1 of photons are needed to reach maximum photosynthetic 

rates, the optimal WUE is achieved from 550 μmol m–2 s–1 of photons, and the stabilization 

of Ci occurs from 500 μmol m–2 s–1, it would indicate that above 500 μmol m–2 s–1 there are 
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no limitations in the carboxylic function in chloroplasts, but between 500 and 800 μmol 

m–2 s–1, there could still be some stomatal limitation for photosynthesis [53]. 

Regarding the effect of the substrate on growth, the availability of water, N and P are 

the most limiting factors [20,21]. The scarce plants development on the unfertilized natu-

ral soil substrates (that is, the same order of magnitude as the treatments lacking N or P) 

shows the poverty in nutrients of the soils where Picris willkommii inhabits, and its ten-

dency to present a clumped distribution, concentrating individuals on microsites with 

greater resources availability.  

3.4. Field Development after Outplanting 

In order to restore or extend the species, late winter or early spring planting would 

be preferable to late spring, for survival reasons and because of the time needed for plant 

development, since high temperatures accelerate plant maturation and shorten the vege-

tative growth period, as mentioned above. It was also observed that the presence of polli-

nating insects was scarcer at the later planting date, which could affect the fertilization of 

the flowers [56]. All this could be the reason why, naturally, any seed that germinates in 

spring does not usually prosper or compete successfully in the grassland. Although data 

on winter or late fall plantings are not available, there is no reason to assume that they 

will not be successful. 

However, although Picris willkommii reseeded itself spontaneously after outplanting 

and produced a new generation of adult individuals, the perpetuity of the species is seri-

ously affected by the competition exerted by other plant species (mainly Oxalis pes-caprae, 

Amaranthus blitoides, Malva sp. and Chrysanthemum sp.). For this reason, the recovery of a 

species such as Picris willkommii in an altered environment will only be achieved if com-

petition from other herbaceous plants is reduced by opening gaps in the grassland, until 

full establishment and the increase in the soil seed bank are reached, and, if necessary, 

implementing the availability of water and mineral nutrients [20,21]. 

4. Materials and Methods 

4.1. Brief Ecological Characteristics of the Natural Population 

4.1.1. Seasonal Variation in Natural Population Density and Seed Production 

The study area occupies about 600 ha in the southwest of the Iberian Peninsula, lo-

cated between the following coordinates (UTM zone 29S; X1: 640480, Y1: 4122370; X2: 

643703, Y2: 4122531; X3: 643621, Y3: 4120448; X4: 641106, Y4: 4120061) at an altitude from 4 

to 60 m above sea level. The area has a Mediterranean climate, with dry and hot summers 

but mild winters, an average annual rainfall of 523 mm and an average annual tempera-

ture of 17.4 °C (Table S1). This is the area with the greatest natural presence of the species, 

although some scattered individuals or groups can be found nearby [15,16]. Several types 

of soil outcrop in this area, such as soils on argillaceous blue marls (ABM), red sandy clay 

soils (RSC), and farmlands (FL). Five areas of 1200 m2 were randomly selected for sam-

pling, with the condition of having unaltered or very little altered natural vegetation, 

mainly therophyte grasslands, except for those on farmlands: two of them on ABM, one 

on RSC and the other two on two types of farmland (FL1 and FL2). The physical–chemical 

properties of these soils are shown in Table 12. It should be noted that Picris wilkommii 

(Schultz Bip.) Nyman frequently inhabits ABM-type substrates, on some farmland such 

as FL1, less frequently on red sandy clay soil (RSC) and FL2, and very occasionally in 

forest clearings on white sandy dunes (WSD) and soils on slates (SLT).  
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Table 12. Mean values of the physical–chemical properties of the upper soil layer in the study area. 

FL1 and FL2, soils from farmlands; SLT, soil on slates; ABM, soil on argillaceous blue marls; RSC, 

red sandy clay soil; WSD, forest soil on white sandy dunes. 

   Soil Type    

 FL1 FL2 SLT ABM RSC WSD 

pH 8.95 8.66 8.32 8.6 6.07 8.74 

EC (dS/m) 0.26 0.29 0.13 0.21 0.27 0.22 

OM (% w/w) 1.2 1.6 1.1 1.3 1.3 1.4 

C/N 23.5 45.0 12.9 7.7 37.2 29.2 

CO3 (%) 20.1 20.3 0.2 21.2 0.5 0.1 

ESP (meq/100 g) 23.5 10.2 19.1 14.7 10.9 2.1 

Active limestone (%) 10.0 3.84 0.10 6.32 0.11 0.0 

N (mg kg–1) 304 202 493 962 209 278 

P (mg kg−1) 28.2 19.6 33.6 39.4 40.8 31.3 

K (meq/100 g) 0.7 0.1 0.1 0.2 0.2 0.05 

Ca (meq/100 g) 33.0 38.3 7.1 40.3 3.8 7.9 

Mg (meq/100 g) 4.7 6.2 6.1 5.7 2.6 0.8 

Na (meq/100 g) 1.10 0.59 0.92 0.45 0.43 0.5 

B (mg kg–1) 3.01 2.99 2.10 2.58 2.20 2.29 

Fe (mg kg–1) 105.5 198.4 155.6 114.4 88.1 65.6 

Cu (mg kg–1) 2.94 5.51 1.81 27.2 0.67 1.16 

Zn (mg kg–1) 1.32 0.98 1.22 1.66 1.91 3.46 

Mn mg kg–1) 64.5 67.9 115.2 60.5 2.70 8.18 

Clay (%) 49.8 18.9 40.2 29.9 21.3 1.4 

Silt (%) 31.8 3.4 13.2 15.8 7.7 0.4 

Sand (%) 18.4 77.6 46.6 54.3 71.0 98.2 

Texture (USDA) Clay Loamy sand Sandy clay 
Sandy clay 

loam 
Sandy clay loam Sand 

Comments 

Soil with active 

limestone. Low 

content of OM, 

N and P, but 

high of K, Ca 

and Mg. 

Soil with active 

limestone. Low 

content of OM, 

N, P and K, but 

high of Ca and 

Mg. 

Alkaline soil. 

Low content of 

OM and min-

eral nutrients, 

except for Mg. 

Soil with active 

limestone. Low 

content of OM, 

N, P and K, but 

high of Ca and 

Mg. 

Red sandy clay 

gravelly soil. 

Low content of 

OM and mineral 

nutrients. 

Sand poor 

in mineral 

nutrients 

and OM. 

Low ESP. 

EC, electric conductivity; OM, organic matter; ESP, exchangeable sodium percentage. 

From December 2006 to June 2009, the number of Picris wilkommii plants was rec-

orded on 13 different dates with periods of less than a month, as well as their phenological 

stage (i.e., basal rosette, presence of floriferous stems, presence of flowers, seed dispersal, 

and senescent plant). The measurements were concentrated during the vegetative period 

of each year, that is, from the beginning of autumn to the end of spring (see Figure 1), 

since in the summer the plants die, and the species remains in the form of seeds. Nine 

sampling points were randomly established within each study area (9 points × 5 areas = 

45 points). Once established, they were marked with a stake in the NE corner, so that it 

was possible to measure the plots just in the same place during the rest of the study (Figure 

S7). At each sampling point, a square plot (0.5 m x 0.5 m) was established, with divisions 

every 10 cm to facilitate counting both the number of plants and the number of flowers. 

The air temperature and precipitation during the studied period were also recorded (Fig-

ure S3). 

The relationship between plant size and the number of flowers was determined 

through a sample of 20 adult plants collected in the full flowering period (second week of 
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April). Healthy plants of different sizes were selected. The total height, the main root di-

ameter (measured at 0.5 cm depth) and the total and foliar dry biomass were measured. 

4.1.2. Physiological Activity (Gas Exchange) 

The physiological activity of plants, through measurements of gas exchange (photo-

synthesis, transpiration), was carried out under field conditions during the third study 

season. Measurements were taken on seven different dates, from 8 November to 9 June 

(see Figures 3 and S5), on sunny days and at mid-morning (between 10:30 and 12:30 local 

time), using a portable infrared gas analyzer (LCi, ADC®, UK) to which a broadleaf camera 

(PLC3, ADC®, UK) was attached. At all times, the photosynthetic solar radiation (400–700 

nm) was between 1300 and 1600 μmol m–2 s–1 of photons. On each measurement date, four 

healthy plants per species belonging to nine plant species were measured. The selected 

species were Picris willkommii and another eight species of different genera abundant in 

the area that coexist with Picris willkommi in the grassland: Malva sylvestris L., Chrysanthe-

mum coronarium L., Diplotaxis virgata (Cav.) DC., Sonchus asper (L.) Hill, Anthyllis cytisoides 

L., Oxalis pes-caprae L., Scorpiurus sulcatus L. and Hordeum murinum L. 

4.1.3. Data Analysis of Eco–Physiological Characteristics 

Since the plant density (Pd, number of plants per m2) was evaluated in the same plots for 

several dates (Date) during three years in four soil types (Soil), our data structure resulted in 

repeated measurements for each plot. Therefore, a repeated measures ANOVA was applied 

[57], but each study season was analyzed separately. Hence, as the within-plot observations 

were autocorrelated, a model in which the plot (within-soil type) was considered, a random 

effect was used. Soil type (ABM, FL1, FL2, RSC) was included as a fixed effect. The model also 

included the pairwise interaction between the main effects as a fixed effect. It was tested in 

advance that the data met the assumptions of normality and sphericity. To evaluate the among 

soil comparisons, the Bonferroni test was used in order to differentiate the homogeneous 

groups. Significant differences were established at p < 0.05. Thus, the full model had the fol-

lowing structure for each study season: Pdijk = Datei + Soilj + (Date × Soil)ij + εijk. The SPSS 19.0 

software (IBM® SPSS Statistics®) was used for data analysis. 

4.2. Seed Analysis 

Four seed batches were collected in the months of June of four consecutive years 

(2005, 2006, 2007 and 2008) inside the natural range of the species (more than 600 central 

seeds and more than 5000 peripheral seeds per year), and a smaller batch in October 2006 

(about 400 peripheral seeds still persistent on the dry plants that remained standing). All 

of them were stored in hermetically sealed glass jars, in a dry and cold environment (2–3 

°C) in the dark. During 2007 and 2008, seed viability and germination tests were per-

formed. The experimental design differentiated between central and peripheral seeds 

(Figure S2), as well as between years of collection, as described later. After the germination 

tests, the germination parameters were determined, such as germination percentage at the 

end of the test (GP), germination energy (GE), mean germination time (MGT), germina-

tion value according to Czabator (GVCz) and to Djavanshir and Pourbeik (GVDP), and mean 

time to reach 50% of germinated seeds (MGT50) [58]. 

4.2.1. Seed Viability 

The tetrazolium test was used to estimate seed viability [58]. For this, the seeds were 

previously hydrated in distilled water for 16 h (4 groups of 30 seeds per type and year of 

collection). Subsequently, two transverse cuts with a scalpel were given to each seed, one 

in the middle and another near the end where the radicle emerges in order to section the 

embryo. Once sectioned, they were immersed in a 0.5% 2,3,5-triphenyl tetrazolium chlo-

ride solution and kept in the dark for 6 h. After that, changes in color were observed in 

the cross-sections. Additionally, the color of the outer cover of 100 randomly selected 
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seeds of each type (central and peripheral) was determined (Munsell Color Chart) while 

they were sectioned in half to analyze whether the inner content had a seed or not. 

4.2.2. Effect of Environmental Conditions and Pre-Germination Treatments on Germina-

tion 

From March to June 2007, three germination tests were carried out (5 weeks per test) 

using the seeds collected in June 2005 and 2006. For this, after separating the central seeds from 

the peripheral ones, they were disinfected with a mixture of fungicides (captan 1.5 g L–1 (Kar-

nak 85, 85% w/w) + benomyl 1 g L–1 (Afromyl 50% w/w)) for 20 min and placed in Petri 

dishes containing sterilized filter paper moistened with distilled water (four sheets of paper 

per dish, previously disinfected with 0.5% sodium hypochlorite). The germination treatments 

(Table 13) were the following: 

• First, a germination test at different temperatures under white light, at 10, 15, 20, 25 

and 30 °C, in order to determine the optimal germination temperature. 

• Second, germination and pre-germination treatments: once the optimal germination 

temperature was established in the previous test (close to 20 °C), germination tests 

were carried out at that temperature applying various germination and pre-germi-

nation treatments. The germination treatments were gibberellic acid (GA3) at 500 mg 

L–1, KNO3 at 0.2%, and type of light radiation, as well as variable temperature (20/14 

°C, day/night). The pre-germination treatments were warm and cold stratification. 

• Third, a germination test using peripheral seeds collected in October 2006, directly 

from the dry plant (the temporary air seed bank). 

In all these germination tests, 25 seeds per Petri dish and 4 dishes were used per 

treatment, collection date and seed type (Figure S8). The photoperiod was set at 11 h, as 

this is the approximate value of early autumn, when the seeds supposedly begin to ger-

minate in their natural habitat. The counts began on the second day after the beginning of 

the test and were repeated every 2–3 days until the end, on day 33. 

Table 13. List of the different germination tests carried out according to the germination conditions, 

pre-germination treatments, type of seed and collection date; 11 h photoperiod. 

Germination Conditions 
Collection Date and Seed Type 

June 2005 June 2006 October 2006 

Temperature Other Conditions Central Peripheral Central Peripheral Peripheral 

10 °C WL + H2Od X X X X  

15 °C WL + H2Od X X X X  

20 °C WL + H2Od X X X X X 

25 °C WL + H2Od X X X X  

30 °C WL + H2Od X X X X  

 WL + GA3 (500 mg L–1) X X X X X 

 WL + KNO3 (0.2%) X X X X X 

 Darkness + H2Od X X X X  

20 °C Red + H2Od  X  X  

 Far-Red + H2Od  X  X  

 WL + 20/14 °C + H2Od X X X X  

 Pre3°C + WL + H2Od X X X X  

 Pre30°C + WL + H2Od X X X X  

 Pre30/3°C + WL + H2Od X X X X  

Germination conditions: WL, white light (500 μmol m–2 s–1 of photons 400–700 nm); H2Od, distilled 

water; GA3, gibberellic acid 500 mg L–1 in H2Od; KNO3, 0.2% of KNO3 in H2Od; Darkness, under dark 

conditions; Red, under red light conditions (peak at wavelength 650 nm); Far-Red, under far-red 

light conditions (peak at wavelength 740 nm); 20/14 °C, fluctuating temperature day/night. Pre-ger-

mination treatments (i.e., before the beginning of the germination test): Pre3°C, moist cold stratifi-

cation at 3 °C for 20 days; Pre30°C, dry warm stratification at 30 °C for 20 days; Pre30/3°C, warm 

stratification at 30 °C for 20 days followed by cold stratification at 3 °C for 20 days. 
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4.2.3. Effect of the Substrate, the Time since the Seed Collection and the Seed Size on 

Germination 

From February to July 2008, new germination tests were carried out:  

(a) Effect of substrate: On the one hand, in February 2008, the effect on seed germination 

of the six most abundant soil types in the natural range of the species (Table 12) was 

tested, and an inert substrate was added as a control (commercial white perlite). This 

test was carried out at 20 °C, and only peripheral seeds collected in June 2005 were 

used (Figure S8): 200 seeds per treatment (4 pots of 50 seeds per treatment), mois-

tened with distilled water, randomly distributed in the greenhouse (average temper-

ature 20–22 °C and 10.5–11.5 h photoperiod during the test).  

(b) Effect of time since seed collection: On the other hand, in July 2008, the germination 

potential of the seeds collected and stored at 2–3 °C in the dark for different periods 

of time was evaluated. Therefore, the storage time of each seed batch was 3, 2, 1 years 

or 1 month, depending on whether they were collected in 2005, 2006, 2007 or 2008, 

respectively. Germination conditions were the same as those described above for the 

soil type test, but central and peripheral seeds were assessed (200 seeds per treatment 

and seed type).  

(c) Effect of seed size: Finally, on July 2008, the effect of the seed size (central and pe-

ripheral seeds) on the seedling size was tested. The fresh mass of the seeds (FMs), as 

well as the fresh mass (FMp), the dry mass (DMp) and the leaf area (LAp) of seedlings 

at 8 days after germination were assessed. Additionally, the dry mass of leaves (DMl) 

and the specific leaf area (SLA = LAp/DMl) were determined. This test was performed 

under laboratory conditions (20 °C, 11 h photoperiod, 4 Petri dishes per seed type). 

4.2.4. Data Analysis of Seed Viability and Germination 

Seed viability and seed germination were analyzed by a three-way (4.2.2 first and 

second tests), two-way (4.2.1 and 4.2.3b tests) or one-way ANOVA (4.2.2 third, 4.2.3a, and 

4.2.3c tests) by considering the fixed effects of seed type (ST—central or peripheral), ger-

mination/pre-germination treatments (TR—each of the treatment assessed) or seed collec-

tion date (Y–year), depending on the test. The model also included the pairwise and triple 

interactions between main effects as fixed effects. The models for three-, two- and one-

way ANOVA were, respectively, as follows:  

• Xijkl = μ + STi + TRj + Yk + (ST × TR)ij + (ST × Y)ik + (TR × Y)jk + (ST × TR × Y)ijk + εijkl 

• Xijk = μ + STi + Yj + (ST × Y)ij + εijk 

• Xij = μ + STi + εij ; or Xij = μ + TRi + εij 

Normality and homoscedasticity were previously verified. Significant differences 

were established at p < 0.05. To evaluate the among-seed type/treatment and year com-

parisons, the Tukey HSD test was used. The SPSS 19.0 software (IBM® SPSS Statistics®) 

was used for data analysis. 

4.3. Effect of Environmental Variables on Plant Development 

4.3.1. Air Temperature and Light Radiation 

The effect of temperature was assessed on plants grown in a greenhouse under 10–

20 °C of daily temperatures (minimum–maximum) and a 11 h photoperiod, similar con-

ditions to those that occur in its natural range during February and March (Table S1), a 

time of high vegetative growth rates. In a sample of four plants, randomly chosen from 

50, gas exchange (photosynthesis and transpiration) was measured with an infrared gas 

analyzer (LCi, ADC, UK), under saturating light (PAR = 1200 μmol m–2 s–1 of photons, 

400–700 nm) and at temperatures between 4 °C and 31 °C (range of daytime temperatures 

that cover practically the entirety of its active vegetative period in its natural habitat). 

Next, the specific leaf area (SLA) and leaf chlorophyll content [59] were determined for 

these plants. Regarding the effect of light radiation, a random sample of four plants was 
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used to study the light response curves [60], measured at 22 °C with the aforementioned 

gas analyzer. 

The effect of sub-zero temperatures (that is, cold tolerance), was evaluated in January 

2008 by subjecting the whole plants in their pots to four freezing temperatures (–1, –2, –3 

and –5 °C). The cold tolerance test was performed by simulating frosts in a freezer that 

had a temperature controller [61]. Briefly, when the whole plants were inside the freezer, 

the temperature was lowered at a rate of 3 °C h–1 from room temperature to the minimum 

programmed in each test. Once this minimum temperature was reached, it was kept for 3 

h and then raised (5 °C h–1) to room temperature. Six plants per temperature were used, 

grown in pots in the nursery, outdoors with similar temperature to that of the natural area 

(Figure S6). After applying the thermal shock, the plants were taken to a greenhouse (tem-

perature range 20/10 °C, day/night; 11 h of photoperiod) and watered as needed. The dam-

age was visually observed one week after the application of the freezing temperature, by 

taking into account the proportion of dead parts (leaves and stems) in the aerial part of 

the plant. 

Additionally, the specific leaf area (SLA) of plants grown in the same nursery but 

under four different light intensities (110, 375, 875 and 1500 μmol m–2 s–1 of photons) was 

determined. The different light intensities were achieved by means of layers of white pol-

ypropylene mesh, except for the maximum light radiation treatment (1500 μmol m–2 s–1) 

that corresponded to outdoor cultivation, without mesh. 

4.3.2. Substrate and Mineral Nutrients 

In order to analyze the effect of soil type on plant growth, soil samples were taken 

from the surface layer of the edaphic profile (0–20 cm), once the litter layer had been re-

moved, in the natural area where Picris willkommii lives. This trial had 15 treatments: 6 soil 

types (FL1, FL2, SLT, ABM, RSC and WSD, see Table 12) to which another 9 treatments 

were added, consisting of an inert substrate fertilized with nutrient solutions that differed 

from each other in the content of one of the macronutrients (N, P, K, Mg, S, Ca and Mg) 

or a micronutrient (Fe). Each treatment consisted of six repetitions of a single plants grow-

ing in 300 cm3 pots randomly arranged in the nursery. Previously, five seeds per pot were 

germinated on February 12, 2008, to ensure the availability of plants in all pots. After 2 

weeks, once germinated, two seedlings per pot of similar size were left. Later, after 5 

weeks, one of the two plants from each pot was removed and used to estimate the initial 

dry mass of the plants. In this way, only one plant remained per pot until the end of the 

trial, 105 days after the start. It was watered as needed throughout the trial. The 15 treat-

ments are summarized as follows (see also Figure 6 and Table 11): 

• Six treatments corresponding to unfertilized natural soils (FL1, FL2, SLT, ABM, RSC 

and WSD). 

• Nine mineral nutrition treatments on inert substrate (mixture of perlite: unfertilized 

Sphagnum peat: washed river sand (3:1:1 volume)). They were fertilized once a week 

with their corresponding nutrient solutions, whose pH were 5.5–5.7, with the follow-

ing treatments: 

- Complete treatment: nutrient solution composed of 126, 71 and 90 mg/L of N, P 

and K, respectively, also containing all other macro and micronutrients in bal-

anced proportions. Nitrogen was added as N-NO3. 

- A treatment reduced in N (1/10N): the amount of nitrogen was reduced to a tenth 

of that provided in the complete treatment, maintaining the contents of the other 

nutrients in the same quantities as in the complete treatment. 

- Seven treatments, each one lacking a mineral nutrient (–N, –P, –K, –Ca, –Mg, –S, 

–Fe). Only the indicated nutrient was eliminated for each of them, providing the 

other nutrients in the same amount that in the complete treatment. 

In addition, another parallel trial was established in which additional fertilization 

was applied to seven of the previous treatments (the six natural soils and one artificial 
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substrate; see Figure 6 and Table 11). The same number of plants per treatment and the 

same type of pot and previous nursery cultivation conditions were used. Nutrients were 

supplied to all of them in similar proportions to the complete treatment but with double 

the amount (that is, 252, 142 and 180 mg L–1 of N, P and K), but in which the nitrogen was 

applied in nitric form (50% of N–NO3) and ammoniacal (50% of N–NH4), and the pH was 

around 5.8. The treatments were called FL1F, FL2F, SLTF, ABMF, RSCF, WSDF and Com-

pleteF. 

4.3.3. Plant Survival According Planting Time in the Field 

During the 2007/008 study season, plants were grown in the nursery (Figure S6), in 

300 cm3 pots filled with the inert substrate described above. They were planted in the field 

on FL1-type substrate. The land was previously plowed, sprinkler irrigation was installed 

and was divided into three parts, one for each planting date. Planting was carried out on 

three different dates (mid-March, mid-April and mid-May), 150 plants per date. Plant sur-

vival and the number of flowers per individual were recorded, as well as an estimation of 

the percentage of fertile seeds per flower (according to the color of the cover and whether 

they were empty). Likewise, an estimation of the density of emerged individuals was car-

ried out in the following autumn, in mid-October. 

4.3.4. Data Analysis on Plant Response to the Environment 

The data were treated statistically by one-way ANOVA following a general Linear 

Model (Xij = μ + TRi + εij), previously carrying out the pertinent verifications of normality 

and homoscedasticity. The main effects (temperature, light radiation, mineral nutrition, 

etc.) were considered fixed. Significant differences were established at p < 0.05. To evaluate 

the among-treatment comparisons the Tukey HSD test was used. The SPSS 19.0 software 

(IBM® SPSS Statistics®) was used for data analysis. For the field planting trial, since no 

repetitions were made and three different planting points were used, the results are 

shown descriptively, without applying a complex statistical analysis. 

5. Conclusions 

- The timing of plant emergence (early autumn), flowering (spring but extended in 

time) and seed maturation and dispersal (late spring and extended in time) of Picris 

willkommii under natural conditions were determined, as well as the environmental 

conditions (temperature, soil moisture) in which each phase takes place. 

- The species presents dimorphism in seeds (central and peripheral), which show dif-

ferent characteristics, not only morphological, related to the size and dispersion me-

dium, but also physiological (germination, dormancy, and photosensibility). This 

may indicate an evolutionary strategy in order to increase chances of colonization 

and survival. 

- Evidence of physiological endogenous dormancy was found in the seeds at the end 

of the plant’s maturation period, when they are ready for dispersal. 

- At the end of summer, coinciding with the first autumn rains and the drop in tem-

peratures, the plants emerge, which will develop vegetative growth during autumn-

winter and will finish the annual reproductive cycle between late spring and the be-

ginning of the following summer. 

- The optimum temperature for seed germination of this species is close to 20 °C for 

both types of seeds (central and peripheral), although with slight differences between 

them. 

- Ripe seeds collected in the field in early summer have high viability and can be stored 

for a long period of time in a dry and cold environment (2–3 °C). 

- Within its natural range, the species prefers limestone soils, with active calcium, 

clayey or clay loam, and with a certain degree of fertility, mainly with N and P avail-

ability. 
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- The alteration of the ecosystem can lead to the replacement of Picris willkommii by 

other more aggressive species, both native and invasive. 

- Sexual propagation, nursery cultivation and field planting is technically possible. In 

this case, it is recommended to control other competing herbaceous plants in the early 

stages of the life cycle. 

- Not only the seeds but also the vegetative organs (leaves and stems) are highly pho-

tosensitive. It is a species that tolerates shade but prefers exposure to light to optimize 

its growth and compete with a greater chance of success. 

- Winter temperatures below –5 °C harm the normal development of plants and reduce 

their ability to compete for resources. 

- The results obtained are useful for the preservation of the species against the altera-

tion of the ecosystem for any cause, including climate change, as well as being useful 

for the implementation of conservation and recovery programs for threatened spe-

cies. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/article/10.3390/plants11151981/s1, Table S1: Climatic conditions in the study área. 

Weather station “El Moral” (Ayamonte, Spain): UTM, zone 29S, X: 647266, Y: 4117116, 2 m.a.s.l. 

Time period: 18 years; Figure S1: (Left) flowers of Picris willkommii showing the typical dark color 

of the central ligules when the flower is not fully developed; (Center) a small Picris willkommii plant; 

(Right) Picris willkommii plants among the grassland; Figure S2: (Left) Picris willkommii receptacle 

after dispersal of the central achenes, with peripheral achenes still attached; two peripheral achenes 

on the left and two central ones on the right, one of them still retains the plumose pappus. (Right) 

Picris willkommii plants showing at the same time developing flowers, receptacles with plumose 

achenes, and receptacles where the central achenes have already dispersed; Figure S3: Seasonal pat-

tern of daily maximum temperatures (Tmax), daily minimum temperatures (Tmin) and precipita-

tion (P) from January 2006 to September 2009 at the study area. Weather station (“Lepe”, Spain): 

UTM, zone 29S, X: 655 814, Y: 4,123,035, 74 m.a.s.l.; Figure S4: Examples of areas within the natural 

range of Picris willkommii where the species composition of the natural grassland has been altered 

and replaced by a single dominant species such as Oxalis pes-caprae L. (Left and Center) and Chry-

santhemum coronarium L. (Right); Figure S5: Seasonal variation of average net photosynthesis (A) 

and transpiration (E) rates for nine species. The numbers above indicate the ambient temperature at 

the measurement time (°C). Species: Picris willkommii (Schultz Bip.) Nyman, Malva sylvestris L., Chry-

santhemum coronarium L., Diplotaxis virgata (Cav.) DC., Sonchus asper (L.) Hill, Anthyllis cytisoides L., 

Oxalis pes-caprae L., Scorpiurus sulcatus L. and Hordeum murinum L. In order to clarify the figure, only 

the error bars corresponding to Picris willkommii have been represented; Figure S6: (Left) Picris 

willkommii seedlings grown in pots in the nursery used for the cold tolerance tests and for the field 

planting trials. (Right) a Picris willkommii plant in the field 2.5 months after being transplanted from 

the nursery; Figure S7: A sampling plot (0.5 m × 0.5 m) with divisions every 10 cm to facilitate count-

ing, and the stake in the NE corner in order to locate the plot at the same site on all sampling dates; 

Figure S8: Picris willkommii seeds in the germination tests. (Left) peripheral seeds in a Petri dish on 

moistened filter paper; (Center) central seeds in a Petri dish on moistened filter paper; (Right) pe-

ripheral seeds germinating in pots on natural substrates.  

Author Contributions: M.F. and R.T. have shared all the research and dissemination tasks (concep-

tualization; methodology; validation; formal analysis; investigation; resources; data curation; writ-

ing—original draft preparation; writing—review and editing.; visualization; supervision; project 

administration; materials acquisition. All authors have read and agreed to the published version of 

the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: The authors want to thank the support of the Andalusian Government for 

providing some batches of seeds and allowing the study of this species; and the support of Ricardo 



Plants 2022, 11, 1981 26 of 28 
 

 

Arribas, the company Dintel Domus S.A. and the Ayamonte´s city council for the acquisition of 

materials for experimentation and for their help in field trips. 

Conflicts of Interest: The authors declare no conflict of interest. The supporters had no role in the 

design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-

script, or in the decision to publish the results. 

References 

1. Koornneef, M.; Bentsink, L.; Hilhorst, H. Seed dormancy and germination. Curr. Opin. Plant Biol. 2002, 5, 33–36. 

https://doi.org/10.1016/S1369-5266(01)00219-9. 

2. Escarré, J.; Lepart, J.; Sans, X.; Sentuc, J.J.; Gorse, V. Effects of herbivory on the growth and reproduction of Picris hieracioides in 

the Mediterranean Region. J. Veg. Sci. 1999, 10, 101−110. https://doi.org/10.2307/3237165. https://www.jstor.org/stable/3237165. 

3. Grime, J.P. Plant Strategies, Vegetation Processes and Ecosystem Properties, 2nd ed.; John Wiley and Sons Ltd.: Chichester, UK, 2006; 

464p. 

1. Matilla, A.; Gallardo, M.; Puga-Hermida, M.I. Structural, physiological and molecular aspects of heterogeneity in seeds: A re-

view. Seed Sci. Res. 2005, 15, 63–76. https://doi.org/10.1079/SSR2005203. 

2. Gandía, M.L.; Del Monte, J.P.; Santín-Montanyá, M.I. Efficiency of Methodologies Used in the Evaluation of the Weed Seed 

Bank under Mediterranean Conditions. Agronomy 2022, 12, 138. https://doi.org/10.3390/agronomy12010138. 

3. Brändel, M. Ecology of Achene Dimorphism in Leontodon saxatilis. Ann. Bot. 2007, 100, 1189–1197. 

https://doi.org/10.1093/aob/mcm214. 

4. Sakaguchi, S.; Horie, K.; Kimura, T.; Nagano, A.J.; Isagi, Y.; Ito, M. Phylogeographic testing of alternative histories of single-

origin versus parallel evolution of early flowering serpentine populations of Picris hieracioides L. (Asteraceae) in Japan. Ecol. Res. 

2018, 33, 537–547. https://doi.org/10.1007/s11284-017-1536-2. 

5. Leubner-Metzger, G. Hormonal and molecular events during seed dormancy release and germination. In The Biology of Seeds: 

Recent Research Advances; Nicolás, G., Bradford, K.J., Côme, D., Pritchard, H.W., Eds.; CABI Publishing: Wallingford, UK, 2003; 

pp. 101–112. 

6. Baskin, C.C.; Baskin, J.M. Seeds Ecology, Biogeography, and Evolution of Dormancy and Germination, 2nd ed.; Academic Press: San 

Diego, CA, USA, 2014. 

7. Monemizadeh, Z.; Ghaderi-Far, F.; Sadeghipour, H.R.; Siahmarguee, A.; Soltani, E.; Torabi, B.; Baskin, C.C. Variation in seed 

dormancy and germination among populations of Silybum marianum (Asteraceae). Plant Species Biol. 2021, 36, 412–424. 

https://doi.org/10.1111/1442-1984.12326 

8. Zardari, S.; Ghaderi-Far, F.; Sadeghipour, H.R.; Zeinali, E.; Soltani, E.; Baskin, C.C. Deep and intermediate complex morpho-

physiological dormancy in seeds of Ferula gummosa (Apiaceae). Plant Species Biol. 2019, 34, 85–94. https://doi.org/10.1111/1442-

1984.12238. 

9. Imbert, E. Ecological consequences and ontogeny of seed heteromorphism. Perspect. Plant Ecol. Evol. Syst. 2002, 5, 13–36. 

https://doi.org/10.1078/1433-8319-00021. 

10. Slovák, M.; Kučera, J.; Lack, H.W.; Ziffer-Berger, J.; Melicharková, A.; Záveská, E.; Vďačný, P. Diversification dynamics and 

transoceanic Eurasian-Australian disjunction in the genus Picris (Compositae) induced by the interplay of shifts in intrinsic/ex-

trinsic traits and paleoclimatic oscillations. Mol. Phylogenet. Evol. 2018, 119, 182–195. https://doi.org/10.1016/j.ympev.2017.11.006. 

11. Wang, Y.; Wen, Y.; Gao, J. Anatomy and microscopic characteristics of Picris japónica. Rev. Bras. Farmacogn. 2018, 28, 640–646. 

https://doi.org/10.1016/j.bjp.2018.07.004. 

12. Monteagudo Sánchez-Movellán, F.J.; Butler Sierra, I.; Bastida Millán, F. Ecology, reproductive biology and conservation of Picris 

willkommii (Schultz Bip.) Nyman (Asteraceae): An endemic, protected species from therophytic grasslands of South-Western 

Iberian Peninsula. Investg. Agrar. Sist. Rec. For. 2009, 18, 28−41. https://doi.org/10.5424/fs/2009181-01048. 

13. Monteagudo Sánchez de Movellán, F.J.; Butler Sierra, I. Picris willkommii, endemic to southwestern Iberian Peninsula threatened 

by the destruction of its pastureland habitat. Pastos 2017, 47, 33−42. Available online: http://polired.upm.es/index.php/pastos/ar-

ticle/view/3858 (accessed on 20 May 2022). (In Spanish) 

14. Molles, M.C., Jr. Ecology: Concepts And Applications, 4th ed.; McGraw-Hill Higher Education: New York, USA, 2008, 604p, ISBN 

9780073050829. 

15. Marschner, P. (Ed.). Mineral Nutrition of Higher Plants, 3rd ed.; Elsevier Ltd.: Amsterdam, The Netherlands, 2011; 672p, ISBN 

9780123849052. 

16. Verkaar, H.J.; Schenkeveld, A.J. On the ecology of short-lived forbs in chalk grasslands: Semelparity and seed output of some 

species in relation to various levels of nutrient supply. New Phytol. 1984, 98, 673−682. https://www.jstor.org/stable/2432562. 

17. Luzuriaga, A.L.; Escudero, A. What determines emergence and net recruitment in an early succession plant community? Dis-

entangling biotic and abiotic effects. J. Veg. Sci. 2008, 19, 445−456. https://doi.org/10.3170/2008-8-18385. 

18. Zuševica, A.; Celma, S.; Neimane, S.; von Cossel, M.; Lazdina, D. Wood-ash fertiliser and distance from drainage ditch affect 

the succession and biodiversity of vascular plant species in tree plantings on marginal organic soil. Agronomy 2022, 12, 421. 

https://doi.org/10.3390/agronomy12020421. 

19. Huarte, H.R.; Borlandelli, F.; Varisco, D.; Batlla, D. Understanding dormancy breakage and germination ecology of Cynara car-

dunculus (Asteraceae). Weed Res. 2018, 58, 450–462. https://doi.org/10.1111/wre.12331. 

https://doi.org/10.2307/3237165
https://www.jstor.org/stable/3237165
http://polired.upm.es/index.php/pastos/article/view/3858
http://polired.upm.es/index.php/pastos/article/view/3858
https://archive.org/details/ecologyconceptsa0000moll
https://en.wikipedia.org/wiki/ISBN_(identifier)
https://en.wikipedia.org/wiki/Special:BookSources/9780073050829
https://www.jstor.org/stable/2432562
https://doi.org/10.1111/wre.12331


Plants 2022, 11, 1981 27 of 28 
 

 

20. Scarici, E.; Ruggeri, R.; Provenzano, M.E.; Rossini, F. Germination and performance of seven native wildflowers in the Mediter-

ranean landscape plantings. Ital. J. Agron. 2018, 13,1040. https://doi.org/10.4081/ija.2017.1040. 

21. Yuan, X.; Wen, B. Seed germination response to high temperature and water stress in three invasive Asteraceae weeds from 

Xishuangbanna, SW China. PLoS ONE 2018, 13, e0191710. https://doi.org/10.1371/journal.pone.0191710. 

22. Gijsman, F.; Vitt, P. Seed size and capitulum position drive germination and dormancy responses to projected warming for the 

threatened dune endemic Cirsium pitcheri (Asteraceae). Ecol Evol. 2021, 11, 955–966. https://doi.org/10.1002/ece3.7109. 

23. Baskin, C.C.; Baskin, J.M.; Van Auken, O,W. Dormancy-breaking and germination requirements in seeds of the summer annual 

Palafoxia callosa (Asteraceae) from Central Texas. Southwest. Nat. 1999, 44, 272−277. Available online: https://www.jstor.org/sta-

ble/30055222 (accessed on 10 May 2022). 

24. Schütz, W.; Milberg, P.; Lamont, B.B. Seed dormancy, after-ripening and light requirements of four annual Asteraceae in South-

western Australia. Ann. Bot. 2002, 90, 707−714. https://doi.org/10.1093/aob/mcf250. 

25. Hoyle, G.L.; Daws, M.I.; Steadman, K.J.; Adkins, S.W. Mimicking a semi-arid tropical environment achieves dormancy allevia-

tion for seeds of Australian native Goodeniaceae and Asteraceae. Ann. Bot. 2008, 101, 701–708. 

https://doi.org/10.1093/aob/mcn009. 

26. Hoyle, G.L.; Daws, M.I.; Steadman, K.J.; Adkins, S.W. Pre- and post-harvest influences on physiological dormancy alleviation 

of an Australian Asteraceae species: Actinobole uliginosum (A. Gray) H. Eichler. Seed Sci. Res. 2008, 18, 191–199. 

https://doi.org/10.1017/S0960258508082986. 

27. Karlsson, L.M.; Tamado, T.; Milberg, P. Inter-species comparison of seed dormancy and germination of six annual Asteraceae 

weeds in an ecological context. Seed Sci. Res. 2008, 18, 35–45. https://doi.org/10.1017/S0960258508888496. 

28. Dell, N.D.; Long, Q.G.; Albrecht, M.A. Germination traits in the threatened southeastern grassland endemic, Marshallia mohrii 

(Asteraceae). Castanea 2019, 84, 212–223. https://doi.org/10.2179/0008-7475.84.2.212. 

29. Zhang, K.; Yao, L.; Zhang, Y.; Tao, J. Achene heteromorphism in Bidens pilosa (Asteraceae): Differences in germination and 

possible adaptive significance. AoB Plants 2019, 11, 1−8. https://doi.org/10.1093/aobpla/plz026. 

30. Honda, Y.; Katoh, K. Strict requirement of fluctuating temperatures as a reliable gap signal in Picris Hieracioides var. Japonica 

seed germination. Plant Ecol. 2007, 193, 147−156. Available online: https://www.jstor.org/stable/40212982 (accessed on 10 May 

2022). 

31. Guillemin, J.P.; Gardarin, A.; Granger, S.; Reibel, C.; Munier-Jolain, N.; Colbach, N. Assessing potential germination period of 

weeds with base temperatures and base water potentials. Weed Res. 2013, 53, 76–87. https://doi.org/10.1111/wre.12000. 

32. Albert, Á.J.; Götzenberger, L.; Jongepierová, I.; Konečná, M.; Lőkkösné-Kelbert, B.; Májeková, M.; Mudrák, O.; Klimešová, J. 

Restoration of ecosystem functions: Seed production in restored and ancient grasslands. Appl. Veg. Sci. 2021, 24, e12597. 

https://doi.org/10.1111/avsc.12597. 

33. Picciau, R.; Serra, S.; Porceddu, M.; Bacchetta, G. Seed traits and germination behaviour of four Sardinian populations of Heli-

chrysum microphyllum subsp. Tyrrhenicum (Asteraceae) along an altitudinal gradient. Plant Biol. 2019, 21, 498–506. 

https://doi.org/10.1111/plb.12903. 

34. Rees, M.; Childs, D.Z.; Metcalf, J.C.; Rose, K.E.; Sheppard, A.W.; Grubb, P.J. Seed dormancy and delayed flowering in mono-

carpic plants: Selective interactions in a stochastic environment. Am. Nat. 2006, 168, E53−E71. Available online: 

https://www.jstor.org/stable/10.1086/505762 (accessed on 17 May 2022). 

35. De Waal, C.; Anderson, B.; Ellis, A.G. Dispersal, dormancy and life-history tradeoffs at the individual, population and species 

levels in southern African Asteraceae. New Phytol. 2016, 210, 356–365. https://doi.org/10.1111/nph.13744. 

36. Iriskhanova, Z.I.; Ataevа, A.A.; Molochaevа, L.G. Ecological and cenotic analysis of the family Asteraceae in the Chechen Re-

public. IOP Conf. Ser. Earth Environ. Sci. 2021, 867, 012064. https://doi.org/10.1088/1755-1315/867/1/012064. 

37. Andersen, M.C. An analysis of variability in seed settling velocities of several wind-dispersed Asteraceae. Am. J. Bot. 1992, 79, 

1087–1091. Available online: https://www.jstor.org/stable/2445206 (accessed on 17 May 2022). 

38. Kadereit, J.W.; Abbott, R.J. Plant speciation in the Quaternary. Plant Ecol. Divers. 2021, 14, 105−142. 

https://doi.org/10.1080/17550874.2021.2012849. 

39. Honda, Y. Ecological correlations between the persistence of the soil seed bank and several plant traits, including seed dor-

mancy. Plant Ecol. 2008, 196, 301−309. Available online: https://www.jstor.org/stable/40305496 (accessed on 10 May 2022). 

https://doi.org/10.1007/sl1258-007-9360-3. 

40. Andersson, S. The relationship between seed dormancy, seed size and weediness, in Crepis tectorum (Asteraceae). Oecologia 1990, 

83, 277−280. Available online: https://www.jstor.org/stable/4219330 (accessed on 10 May 2022). 

41. Brändel, M. The role of temperature in the regulation of dormancy and germination of two related summer-annual mudflat 

species. Aquat. Bot. 2004, 79, 15–32. https://doi.org/10.1016/j.aquabot.2003.11.008. 

42. Tapias, R.; Gil, L.; Fuentes-Utrilla, P.; Pardos, J.A. Canopy seed banks in Mediterranean pines of southeastern Spain: A compar-

ison between Pinus halepensis Mill., P. pinaster Ait., P. nigra Arn. and P. pinea L. J. Ecol. 2001, 89, 629–638. 

https://doi.org/10.1046/j.1365-2745.2001.00575.x. 

43. MacArthur, R.H.; Wilson, E.O. The Theory of Island Biogeography; 1967, reprinted 2001; Princeton University Press: Princeton, NJ, 

USA, 2001; 224p, ISBN 9780691088365. 

44. Nur, M.; Baskin, C.C.; Lu, J.J.; Tan, D.Y.; Baskin, J.M. A new type of non-deep physiological dormancy: Evidence from three 

annual Asteraceae species in the cold deserts of Central Asia. Seed Sci. Res. 2014, 24, 301–314. 

https://doi.org/10.1017/S0960258514000300. 

https://www.jstor.org/stable/30055222
https://www.jstor.org/stable/30055222
https://www.jstor.org/stable/40212982
https://doi.org/10.1111/avsc.12597
https://www.jstor.org/stable/10.1086/505762
https://www.jstor.org/stable/2445206
https://www.jstor.org/stable/40305496
https://www.jstor.org/stable/4219330
https://www.google.es/search?hl=es&tbo=p&tbm=bks&q=inauthor:%22Robert+H.+MacArthur%22
https://www.google.es/search?hl=es&tbo=p&tbm=bks&q=inauthor:%22Edward+O.+Wilson%22


Plants 2022, 11, 1981 28 of 28 
 

 

45. Pliszko, A.; Kostrakiewicz-Gierałt, K. Effect of cold stratification on seed germination in Solidago × niederederi (Asteraceae) and 

its parental species. Biologia 2018, 73, 945–950. https://doi.org/10.2478/s11756-018-0113-7. 

46. Bu, H.; Chen, X.; Xu, X.; Liu, K.; Jia, P.; Du, G. Seed mass and germination in an Alpine Meadow on the Eastern Tsinghai-Tibet 

Plateau. Plant Ecol. 2007, 191, 127−149. https://doi.org/10.1007/sl 1258-006-9221-5. Available online: https://www.jstor.org/sta-

ble/40212929 (accessed on 10 May 2022).  

47. Li, X.; Song, X.; Zhao, J.; Lu, H.; Qian, C.; Zhao, X. Shifts and plasticity of plant leaf mass per area and leaf size among slope 

aspects in a subalpine meadow. Ecol. Evol. 2021, 11, 14042–14055. https://doi.org/10.1002/ece3.8113. 

48. Liang, J.; Xia, J.; Liu, L.; Wan, S. Global patterns of the responses of leaf-level photosynthesis and respiration in terrestrial plants 

to experimental warming. J. Plant Ecol. 2013, 6, 437−447. https://doi.org/10.1093/jpe/rtt003. 

49. Jacob, V.; Zhang, H.; Churchill, A.C.; Yang, J.; Choat, B.; Medlyn, B.E.; Power, S.A.; Tissue, D.T. Warming reduces net carbon 

gain and productivity in Medicago sativa L. and Festuca arundinacea. Agronomy 2020, 10, 1601. https://doi.org/10.3390/agron-

omy10101601. 

50. Zhou, Z.; Su, P.; Wu, X.; Shi, R.; Ding, X. Leaf and community photosynthetic carbon assimilation of alpine plants under in-situ 

warming. Front. Plant Sci. 2021, 12, 690077. https://doi.org/10.3389/fpls.2021.690077. 

51. Crous, K.Y.; Uddling, J.; De Kauwe, M.G. Temperature responses of photosynthesis and respiration in evergreen trees from 

boreal to tropical latitudes. New Phytol. 2022, 234, 353–374. https://doi.org/10.1111/nph.17951. 

52. Li, Y.; He, N.; Hou, J.; Xu, L.; Liu, C.; Zhang, J.; Wang, Q.; Zhang, X.; Wu, X. Factors influencing leaf chlorophyll content in 

natural forests at the biome scale. Front. Ecol. Evol. 2018, 6, 64. https://doi.org/10.3389/fevo.2018.00064. 

53. Kati, V.; Karamaouna, F.; Economou, L.; Mylona, P.V.; Samara, M.; Mitroiu, M.-D.; Barda, M.; Edwards, M.; Liberopoulou, S. 

Sown wildflowers enhance habitats of pollinators and beneficial arthropods in a tomato field margin. Plants 2021, 10, 1003. 

https://doi.org/10.3390/plants10051003. 

54. McFarquhar, M. Modeling Group-level repeated measurements of neuroimaging data using the univariate general linear 

model. Front. Neurosci. 2019, 13, 352. https://doi.org/10.3389/fnins.2019.00352. 

55. FAO. A guide to forest seed handling. FAO Forestry Paper, 20/2; Food and Agriculture Organization of the United Nations: Rome, 

Italy. 1985. ISBN 92-5-102291-7. Available at: http://www.fao.org/docrep/006/ad232e/AD232E09.htm (accessed on 22 May 2022).  

56. Barnes, J.D.; Balaguer, L.; Manrique, E.; Elvira, S.; Davison, A.W. A reappraisal of the use of DMSO for the extraction and 

determination of chlorophylls a and b in lichens and higher plants. Env. Exp. Bot. 1992, 32, 85−100. https://doi.org/10.1016/0098-

8472(92)90034-Y. 

57. Herrmann, H.A.; Schwartz, J.M.; Johnson, G.N. From empirical to theoretical models of light response curves—linking photo-

synthetic and metabolic acclimation. Photosyth. Res. 2020, 145, 5–14. https://doi.org/10.1007/s11120-019-00681-2. 

58. Andivia, E.; Fernández, M,; Vázquez-Piqué, J.; Alejano, R. Two provenances of Quercus ilex ssp. ballota (Desf) Samp. nursery 

seedlings have different response to frost tolerance and autumn fertilization. Eur. J. Forest Res. 2012, 131, 1091–1101. 

https://doi.org/10.1007/s10342-011-0578-1. 

 

https://www.jstor.org/stable/40212929
https://www.jstor.org/stable/40212929
https://doi.org/10.1002/ece3.8113
https://doi.org/10.3389/fpls.2021.690077
https://doi.org/10.1111/nph.17951
https://doi.org/10.3389/fevo.2018.00064
https://doi.org/10.3390/plants10051003
https://doi.org/10.3389/fnins.2019.00352
http://www.fao.org/docrep/006/ad232e/AD232E09.htm
https://www.sciencedirect.com/journal/environmental-and-experimental-botany
https://doi.org/10.1016/0098-8472(92)90034-Y
https://doi.org/10.1016/0098-8472(92)90034-Y
https://doi.org/10.1007/s11120-019-00681-2
https://doi.org/10.1007/s10342-011-0578-1

