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A B S T R A C T   

Overexploitation, land-use change, and climate warming are compromising the conservation of many plant 
species across the globe, as well as the benefits they provide to people. The yellow gentian (Gentiana lutea L.) is a 
hemicryptophyte used for pharmacological and food industries harvested in the mountain systems of Southern 
Europe, which may be subject of management measures. Here we identify the influence of two common man-
agement strategies, burning and clearing, on G. lutea populations, and provide insights on the role of burning on 
seed germination by analyzing the effect of thermal shocks from a populational approach. To achieve these goals, 
we selected areas affected by low intensity burning and mechanical clearing over the short term (1–2 years) and 
over the medium term (6–8 years) in the Cantabrian Mountains (NW Iberian Peninsula), where we sampled the 
number of basal rosettes, fertile stems and cover of G. lutea, and the total cover of woody species. Likewise, we 
collected seeds from three populations, which were used to quantify several seed traits and to analyze the 
germination dynamics after heat shocks alone and combined with a dormancy break treatment (gibberellic acid). 
Results showed decreases in G. lutea population variables immediately after burning and a full recovery over the 
medium term. On the contrary, clearing did not show effects over the short-term but largely increased all 
population variables over the medium term. Among other factors, management effects are mediated by their 
influence on woody species cover, which constrains G. lutea populational growth. Thermal shocks did not break 
the dormancy of G. lutea seeds, and thermal shocks combined with forced dormancy break revealed no clear 
effects of heating. Populational differences in the germinative response were detected, as heavier and less moist 
seeds require longer time to germinate. Based on our results, we propose mechanical clearing as a suitable 
management strategy to sustain G. lutea populations in NW Iberian Peninsula, but we recommend further 
analysis to extrapolate our advice to sites with distinct environmental conditions.   

1. Introduction 

Wild medicinal and aromatic plants constitute one of the main pro-
visioning ecosystem services (MEA, 2005). These goods have been 
extracted in massive quantities from natural systems around the world 
and provide economic livelihoods for millions of families (Bhattarai and 
Karki, 2004), but their availability is decreasing due to overexploitation 
and species extinction (MEA, 2005). Faced with this scenario, it is 
essential to analyze the ecological responses to land management stra-
tegies that can be an alternative to improve the flows of provisioning 
ecosystem services (García-Ruiz et al., 2020). 

The yellow gentian (Gentiana lutea L.) is a hemicryptophyte native to 
mountain systems from Central and Southern Europe and Anatolia 
(Prakash et al., 2017), whose rhizomes and roots have been used by 
locals since ancient times (Jevdjovic and Maletic, 2007; Ghedira et al., 
2009; Prakash et al., 2017). Currently, rhizomes and roots of G. lutea 
continue to be used for the pharmacological and food industries (Catorci 
et al., 2014; González, 2014). However, its cultivation is a challenge 
because of its low profitability (González, 2014; Radanovic et al., 2014) 
and the difficulty of cultivation (Catorci et al., 2014). Thus, wild pop-
ulations are the main source for industry. G. lutea harvest has led to the 
regression of this species in numerous regions (Renobales, 2012; 
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Radanovic et al., 2014) and the extinction of some populations (Lange, 
1998; Jevdjovic and Maletic, 2007). The foregoing, together with the 
growing demand for G. lutea rhizomes and roots (González, 2014; 
Radanovic et al., 2014), and the suggested negative effects of climate 
change on this species (Catorci et al., 2014), urges the exploration of 
ecological responses of G. lutea to different management strategies that 
might be useful to enhance the maintenance or the provision of this 
service. The knowledge of ecological responses of G. lutea to common 
forest practices, and subsequent identification of potential management 
strategies (considering also implementation costs) is particularly rele-
vant for G. lutea, as it is listed in the Annex V of the EU Habitats Directive 
(Directive 92/43/EEC, available at https://eur-lex.europa. 
eu/eli/dir/1992/43/oj). This Annex includes those species for which 
EU states must ensure that the exploitation and taking in the wild is 
compatible with maintaining them in a favorable conservation status. 

In the Iberian Peninsula, most of the G. lutea harvest is traditionally 
obtained in the Cantabrian Mountains (NW Iberian Peninsula) (Lange, 
1998; Radanovic et al., 2014). In this geographic region, ecosystems 
have been managed for centuries and rural exodus has led to an intense 
land-use change during recent decades (Fernández-García et al., 2021; 
Fernández-Guisuraga et al., 2022). Shrub clearing, and mainly burning, 
have been used regularly in landscape management to control woody 
encroachment and increase pasture areas (Calvo et al., 2007, 2012; 
Fernandes et al., 2013). Currently, forest management activities (usually 
mechanical clearing of shrublands) are carried out by the administration 
to favor the development of pasture for cattle (Morán-Ordóñez et al., 
2013; Celaya et al., 2022). Both burning and mechanical clearing can 
influence vegetation in different ways, even leading to communities 
dominated by different species (Calvo et al., 2002). In spite of this, 
studies carried out in the Cantabrian Mountains (Calvo et al., 2002, 

2005, 2012) and in ecologically similar mountain areas (Alados et al., 
2019) have verified that both, burning and mechanical clearing are 
beneficial for the expansion of herbaceous species over the short term. 
This positive effect has been attributed to a decreased competition with 
woody species, which are generally dominant in the Cantabrian 
Mountains (Calvo et al., 2012). In this sense, some studies have revealed 
that repeated burnings or severe clearings may exacerbate belowground 
starch of resprouter species that usually dominate mountain shrublands 
in the Cantabrian Mountains, thus hindering their regeneration to the 
benefit of other species (Paula and Ojeda, 2009). However, there are 
some differences between burning and mechanical clearing, as the first 
is less aggressive for plant tissues and the abiotic environment (Alados 
et al., 2019), whereas the second can stimulate the germination of seeds 
from the soil bank of some species (e.g. Paula and Pausas, 2008; Baskin 
and Baskin, 2014; Fernández-García et al., 2020), boosting the devel-
opment of seedlings in an environment with great availability of re-
sources (Lamont et al., 2019). 

Several plant traits have been considered adaptative to disturbance 
regimes in fire-prone environments, including the development of fire- 
resistant tissues and heat-isolated meristems, resprouting, fire- 
stimulated flowering, serotiny or fire-stimulated germination (Lamont 
et al., 2019; Huerta et al., 2021). Among them, germination experiments 
simulating the temperatures typically reached in soil during fires (see a 
compilation in Baskin and Baskin, 2014), have shown many herbaceous 
and shrub species in the Cantabrian Mountains to have heat-stimulated 
germination via dormancy release (Rivas et al., 2006; Baskin and Baskin, 
2014; Luna et al., 2019; Fernández-García et al., 2020). In this frame-
work, some germination studies suggest that large seeds can be more 
resistant to fire and produce more vigorous seedlings (Bond et al., 1999; 
Delgado et al., 2008; Calvo et al., 2016), thus being advantageous after 

Fig. 1. Location of study sites in the Iberian Peninsula.  

Table 1 
Characteristics of the study sites. Soil pH and community composition refer to control plots.   

Bs and Control Bs Bm and Control Bm Cs and Control Cs Cm and Control Cm 

Locality Salce Salentinos Murias de Paredes Salce 
MAT (◦C) 5.3 6.8 6.9 5.7 
AP (mm) 1246 1105 1228 1205 
Elevation (m) 1825 1610 1465 1775 
Slope (%) 38 36 33 33 
Aspect N W NE N 
Solar radiation (10 kJ m− 2 day− 1 µm− 1) 1666 1975 1728 1861 
Soil type Dystric leptosol Dystric leptosol Humic cambisol Dystric leptosol 
Soil pH 3.9 4.1 3.9 3.8 
Dominant vegetation Cytisus oromediterraneus Erica australis, Cytisus scoparius Genista florida, Cytisus oromediterraneus Cytisus oromediterraneus  

V. Fernández-García et al.                                                                                                                                                                                                                    



Journal of Applied Research on Medicinal and Aromatic Plants 33 (2023) 100454

3

heat-shocks. Likewise, laboratory studies have indicated that moist heat 
could promote germination more than dry heat in some species (e.g. 
hard-seeded legumes) (Wiggers et al., 2017), revealing the complex 
influences of seed characteristics on heat-stimulated germination. These 
characteristics, as well as climate adaptions (Zomer et al., 2022) and fire 
history (Valbuena et al., 2012), might drive the large intra-specific 
variability of heat-stimulated germination that have been detected for 
many Mediterranean species (Tavşanoğlu and Pausas, 2018). 

In the case of G. lutea, there is a knowledge gap on the effects of 
burning and clearing, but there are laboratory experiments focused on 
seed germination demonstrating G. lutea seeds to have shallow physio-
logical dormancy that is overcome using gibberellins (Jevdjovic and 
Maletic, 2007; Fernández, 2010; Millaku et al., 2012; Pérez-García et al., 
2012), and a clear population variability in physical characteristics of 
the seeds such as seed weight (Kéry et al., 2000; Pérez-García et al., 
2012). This aspect is of great interest in post-fire germination, as some 

studies have suggested a positive correlation between seed size or 
weight and heat shock survival (Keeley, 1977; Delgado et al., 2001; 
Tavşanoğlu and Çatav, 2012; Castoldi and Molina, 2014). 

The objective of the present work is to determine the ecological re-
sponses of G. lutea populations to burning and mechanical clearing in the 
Cantabrian Mountains, where this species constitute a relevant provi-
sioning ecosystem service. Considering the use of controlled burning as 
one of the main management strategies for the reduction of woody fuel 
and for the conservation of ecosystem services in Southern Europe 
(Fernandes et al., 2013), we aim to answer the following specific ques-
tions: (i) Is the response of G. lutea populations to burning better than to 
mechanical clearing in the Cantabrian Mountains? (ii) Is the germina-
tion of G. lutea seeds stimulated by heat shocks? (iii) Are there variations 
in seed traits and responses to heat shock among populations? 

2. Methodology 

2.1. Study sites and field sampling 

In order to analyze the effects of fuel management strategies 
(burning and mechanical clearing) over the short (1–2 years) and me-
dium term (6–8 years), areas burned 1 year before field sampling (Bs, 
located at 42º52’29′′ N – 6º1’30′′ W) and areas burned 6 years before 
field sampling (Bm, located at 42º49’2′′ N - 6º19’16′′ W) were selected. 
In the same way, areas cleared 2 years (Cs, located at 42º52’0′′ N - 
6º12’43′′ W) and 8 years before field sampling (Cm, located at 42º52’44′′

N – 6º2’4′′ W) were selected. The control areas (Control Bs, Control Bm, 
Control Cs and Control Cm) were established in adjacent places (<100 
m) undisturbed for more than 20 years and with similar environmental 
characteristics in terms of slope, orientation, lithology, and edaphic 
characteristics (stoniness and hydromorphy) (Fig. 1, Table 1). The 
sampling design, placing control plots adjacent to treated areas aimed to 
(I) control for environmental conditions (i.e., to keep constant the 
environmental characteristics) and (II) to control for management his-
tory. The management history between burned or cleared areas and 
their controls was also confirmed with landowners (local entities) and 
regional government databases to further guarantee that the selected 
burned and cleaned areas were treated only once in the last 20 years. 
The fires burned 775 ha in Bs and 44 ha in Bm at low intensity with a 
rapid fire-front advance, thus with similar characteristics to a controlled 
burning. The clearings were done with mechanical chain mulchers, 
which cut vegetation at ground level, leaving the plant remains on site. 
The four zones and their controls are in mountainous areas in the Can-
tabrian Mountains, with slopes about 35% and N and W aspects. The 
average annual temperature in the region is 5 ◦C and the average annual 

Fig. 2. Mean ( ± standard error) number of basal rosettes (top), fertile stems 
(center) and percent cover of G. lutea (bottom) after different management 
treatments (Bs and Bm: over the short and medium term after burning; Cs and 
Cm: over the short-term and medium-term after clearing) and their respective 
controls. Count values refer to each transect (10 m2). D2 and p indicate the 
deviance explained and significances of GLM models [anova() output]. 

Fig. 3. Mean ( ± standard error) woody species cover after different manage-
ment treatments (Bs and Bm: over the short and medium-term after burning; Cs 
and Cm: over the short-term and medium term after clearing) and their 
respective controls. D2 and p indicate the deviance explained and significances 
of GLM models [anova() output]. 
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rainfall is 1400 mm. Soils are acidic and the dominant vegetation in 
undisturbed areas are siliceous shrub communities (See photos in 
Fig. A1 and Fig. A2 in the Appendix). Specifically, the unburned areas in 
the Bs site are dominated by Cytisus oromediterraneus Riv. Mart. Un-
burned areas in Bm are occupied by Erica australis L. subsp. aragonensis 

(Willk.) Cout., and Cytisus scoparius (L.) Link, with presence of other 
woody species including Genista florida L. subsp. polygaliphylla (Brot.) 
Cout., Vaccinium myrtillus L. and Calluna vulgaris (L.) Hull., Quercus 
pyrenaica (Willd.), and Betula celtiberica Rothm. & Vasc. The uncleared 
areas in the Cs site are mainly occupied by Genista florida subsp. 

Fig. 4. Mean predicted values ( ± 95% confidence intervals) of the number of basal rosettes (left), fertile stems (center) and percent cover of G. lutea (right) in 
relation to woody species cover. Count values refer to each transect (10 m2). D2 and p indicate the deviance explained by woody species cover and significances 
according to the GLM models [anova() output]. 

Fig. 5. Germination results of G. lutea seeds from three different populations (P1, P2 and P3) treated with GA3 plus thermal shocks (control, 60 ◦C - 2 min, 
90 ◦C − 2 min, 120 ◦C - 2 min). A: Mean germination values ± standard error along the 63 days of incubation; B: Mean predicted values ( ± 95% confidence in-
tervals) of the Mean Germination Time (MGT), C: Mean predicted values ( ± 95% confidence intervals) of the Final Germination Percentages (FPG). R2 and D2 

indicate the variances and deviances respectively and p indicates the significances of GLM models [anova() output]. 
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polygaliphylla, with presence of other shrubs such as Cytisus oromedi-
terraneus, Erica australis subsp. aragonensis, Cytisus scoparius, Vaccinium 
myrtillus, and localized trees of Betula celtiberica, Sorbus aucuparia L. and 
Crataegus monogyna Jacq. The uncleared areas in the Cm site are 
dominated by Cytisus oromediterraneus with Erica arborea L., Erica aus-
tralis subsp. aragonensis and Vaccinium myrtillus. 

In each burned and cleared area, we randomly established 9 tran-
sects of 10 m × 1 m with a minimum distance among transects fixed to 
10 m. Along each transect, we placed 10 observational units of 1 m2 

where we sampled the number of basal rosettes and fertile stems of 
G. lutea, and we visually estimated the percent cover of G. lutea and 
woody species considered together. The same procedure was repeated in 
the respective control sites. 

2.2. Seed material, germination trials and seed traits 

Seeds from G. lutea were collected at the end of summer in three 
different populations (P1, P2 and P3) in Cantabrian Mountains. P1 is 
located at 42º52’47′′ N - 6º1’55′′ W at 1710 m a.s.l., P2 is located at 
42º52’0′′ N - 6º12’43′′ W at 1465 m a.s.l. and P3 at 42º48´54′′ N - 
6º19´11′′ W at 1575 m a.s.l. The seeds of each population were collected 
from the open capsules of at least 10 different individuals and stored in 
opaque paper envelopes at a constant temperature (20 ± 2 ◦C) until the 
laboratory assays within the first three months after seed collection. 

To test the effect of heat shocks on germination, the seeds of P1, P2 
and P3 were subjected to 3 thermal treatments (60 ◦C 2 min, 90 ◦C 
2 min, and 120 ◦C 2 min) representative of the temperature range 
reached in the uppermost soil centimeters during fires (Trabaud, 1979; 
Gimeno-García et al., 2004). Given that G. lutea seeds are easily 
contaminated by microorganisms during germination essays (Lorite 
et al., 2007), three preliminary tests (A, B and C) were carried out to 
determine the appropriate disinfection protocol that would allow 

asepsis in the incubations without altering the viability of the seeds (A: 
immersion for 2 h in H2O2 3% (v/v) without agitation, B: washing with 
running water for 30 min and immersion for 2 h in H2O2 3% (v/v) 
without agitation, C: washing with running water for 30 min and 3 h 
immersion in H2O2 3% (v/v) with stirring). Protocol B was identified as 
optimal, as was the only resulting in asepsis conditions with no effects on 
seed viability. Thus, we applied protocol B to the seeds that were then 
washed 4 times with sterile distilled water and divided in two subsets. 
The seeds from the first subset were soaked for 24 h in distilled water 
and sowed (this experiment simulates the effect of burning when seeds 
are dormant and thus investigates the potential influence of thermal 
shock on dormancy release). The seeds from the second subset were 
soaked for 24 h in a 1 g l− 1 gibberellic acid (GA3) solution and sowed 
(this experiment simulates the effect of burning and a subsequent forced 
dormancy break). Sowing was performed in 9 cm Petri dishes on 2 
sheets of filter paper to which 3 ml of distilled water were added. All 
operations were carried out in horizontal laminar flow cabinets (Telstar 
BH-110) using solutions sterilized by filtration (GA3 solution) and ma-
terials autoclaved at 2 atm, 120 ◦C, 20 min. The plates were sealed with 
Parafilm®M and incubated in a germination chamber at 18 ± 1 ◦C, with 
a photoperiod of 12 h of light, maintaining humidity for up to 63 days of 
incubation. Every 7 days, we counted the number of germinated seeds, 
using as a criterion the emergence of 1 mm of the radicle out of the 
integument, according to Côme (1970). For each subset, 5 replicates of 
20 seeds per replicate were used in each combination of population and 
heat treatment, including controls. 

For each population we used 15 independent sets of 10 seeds to 
measure the fresh weight (FW) and the dry weight (DW) after drying 
seeds during 3 days at 60 ◦C in an oven, and the seed moisture content 
[SMC (%) = ((FW - DW) / FW) × 100] of each set of seeds was calcu-
lated. Likewise, we analyzed the seed viability by counting the living 
embryos in 100 seeds per population with the triphenyl tetrazolium 

Fig. 6. G. lutea seed traits from three different populations (P1, P2 and P3). Plots show mean predicted values ± 95% confidence intervals of the following seed 
variables from the panel on the top to the panel in the bottom: fresh weight (FW), dry weight (DW), seed moisture content (SMC) and seed viability. R2 and D2 

indicate the variances and deviances respectively, and p indicates the significances of GLM models [anova output]. 
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(TFT) test (Peters, 2005). 

2.3. Data analysis 

The total number of basal rosettes of G. lutea, fertile stems of G. lutea, 
the G. lutea cover and woody species cover were calculated for each 
transect. Then, we used Generalized Linear Models (GLMs) implemented 
with the glm function to study: (I) the overall response of G. lutea pop-
ulation variables to fuel management treatments (i.e., comparing the 
different study sites and treatments: Bs, Bm, Cs, Cm and their respective 
controls); (II) the ecological response of G. lutea population variables to 
each fuel management treatment by comparing each treatment with 
their respective nearby control, which is essential in view of the large 
variability of this species demography across space; and (III) the po-
tential involvement of interspecific competition with woody species on 
the ecological response of G. lutea population variables, by analyzing the 
influence of situation on woody species cover (i.e., comparing the 
different study sites and treatments), the influence of treatments on 
woody species cover (i.e., comparing each treatment with their respec-
tive control), and by analyzing the direct influence of woody species 
cover on G. lutea population variables, including the study site as 
covariate. 

For each germination trial, the final germination percentage (FGP) 
was calculated as the percentage of seeds germinated at the end of the 
experiment (day 63). Likewise, mean germination time (MGT) was 
calculated according to the formula of Côme (1970): MGT=Σ(n ∗ t)N− 1, 
where n is the number of seeds which germinated after each incubation 
period in days (t), and N is the total number of germinated seeds at the 
end of the experiment. GLMs were used to test the effects of treatment, 
provenance, interaction between treatment and provenance on the FGP 
and MGT. 

Seed FW, DW, SMC and seed viability differences among the three 
provenances were analyzed using GLMs. 

All the foregoing GLMs were fitted according to Zuur et al. (2007) 
recommendations, by selecting a Gaussian family for fitting models with 
normal continuous response variables (fresh weight, dry weight and 
MGT) after checking the normality and homoscedasticity of model re-
siduals with the Shapiro–Wilk and Levene tests respectively; by selecting 
a quasi-binomial error distribution (logit link function) for the propor-
tional data response variables (G. lutea percent cover, woody species 
percent cover, seed water content, seed viability and FPG); and choosing 
a quasi-Poisson family of error distribution (log link function) for the 
count data response variables (number of basal rosettes and number of 
fertile stems of G. lutea). Quasi- approaches were selected as our data 
exhibited a different variation than expected for binomial and Poisson 
distributions. The summary and the anova (Fisher’s test) functions were 
used to compute the explained variances (for Gaussian distributions) or 
deviances (for the rest), as well as the significances of model terms. 

All statistical analysis were carried out in R version 4.1.2 (R Core 
Team, 2021). 

3. Results 

3.1. Management effects on population variables 

Results showed a significant influence of the overall studied situa-
tions (Bs, Bm, Cs, Cm and their controls) on basal rosettes (D2 = 0.64; 
p = < 0.001), fertile stems (D2 = 0.65; p < 0.001) and cover (D2 = 0.66; 
p < 0.001) of G. lutea. 

Focusing on management treatments, we found negative effects of 
burning on G. lutea populations over the short term (Bs) for all the 
studied variables (Fig. 2; Table A1 in the Appendix), with marginally 

Fig. A1. Photos of the study sites at the plot level. Top-left: G. lutea basal rosettes in a Bs plot; top-right: basal rosette of G. lutea in a Bm plot. Bottom-left: G. lutea 
basal rosettes in a control Bm plot dominated by Cytisus scoparius and Erica australis; bottom-right: sampling of a Cm 1 m × 1 m plot with several basal rosettes of 
G. lutea. Fertile stems are visible lying on the floor and outside the plot. 
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significant decreases with respect to the control situation in the number 
of basal rosettes (D2 = 0.22; p = 0.07), a full depletion of fertile stems 
(D2 = 0.24; p = 0.12), and a significant decrease in G. lutea cover (D2 =

0.27; p = 0.03). Over the medium term, we found the opposite pattern, 
with an 56% increase in the number of basal rosettes and almost twice 
fertile stems in the burned area (Bm) than in the respective control, but 
significant statistical differences were not detected at a 95% confidence 
level. 

Focusing on clearing, the three studied variables showed a tendency 
to exceed the control values over the short term (Fig. 2, Table A1), with a 
particularly accentuated increase in the density of fertile stems which 
was almost quadrupled (D2 = 0.13; p = 0.16). However, statistically 
significant differences at a 95% confidence level were not detected for 
any of the studied variables. Over the long term, clearing significantly 
increased the three studied G. lutea population variables explaining a 
large proportion of the variability in basal rosettes (D2 = 0.51; 
p < 0.001), fertile stems (D2 = 0.64; p < 0.001) and cover (D2 = 0.52; 
p < 0.001). 

A significant influence of the studied situations on woody fuel cover 
was detected (D2 = 0.93; p < 0.001), and the relationships between 
woody fuel cover and G. lutea population variables were highly signifi-
cant (p < 0.001). Specifically, we found that the management strategy 
of burning significantly decreased woody species cover over the short 
term (D2 = 0.95; p < 0.001), but we found no significant differences 
over the medium term (Fig. 3, Table A2 in the Appendix). On the con-
trary, clearing was effective in reducing woody species cover over both, 
the short (D2 = 0.96; p < 0.001) and medium term (D2 = 0.95; 
p < 0.001). Overall, we also found significant decreases in the number 
of basal rosettes (D2 = 0.15; p < 0.001), fertile stems (D2 = 0.28; 
p < 0.001) and cover (D2 = 0.19; p < 0.001) of G. lutea as woody cover 
increased (Fig. 4, Table A3 in the Appendix). 

3.2. Effect of heat treatments and provenance on germination responses 

Seeds treated with thermal shocks but not treated with GA3 (first 
subset) did not germinate in the 63 days of the experiment. However, 
most seeds treated with GA3 plus thermal shocks germinated. 

The germination kinetics of seeds treated with GA3 plus thermal 
shocks (Fig. 5 A) showed the highest germination peak during the sec-
ond week of incubation for the three studied populations and thermal 
treatments. Seeds from P3 exhibited a more pronounced germination 
peak, finishing germination during the fourth week, much earlier than 
the seeds of the P1 and P2 populations that finished germination in the 
sixth week. In agreement with the foregoing, we found significant 
populational differences in the MGT (p < 0.001), with the seeds from P3 
germinating several days before than seeds from P1 and P2 (Fig. 5B, 
Table A4 in the Appendix). However, we did not detect significant 
interaction effects between thermal treatment and population on MGT. 
The opposite was found for the FGP (Fig. 5 C, Table A4 in the Appendix), 
with a significant effect of treatment (p = 0.028) and a significant 
interaction between treatment and population (p = 0.020), because of 
the overall higher FGP found for seeds of P3, and the variability detected 
among treatments for the different populations. Accordingly, we have 
not found consistent unidirectional patterns (i.e., increases or decreases 
in FGP with increasing temperature) among populations, although high 
FGP were always detected for seeds heated at 120 ◦C. 

3.3. Variability in seed traits among populations 

We found significant differences in the FW (R2 = 0.38; p < 0.001) 
and DW (R2 = 0.45; p < 0.001) of seeds, the seeds from P1 being 
significantly heavier than seeds from P2 and P3 (Fig. 6, Table A5 in the 
Appendix). On the contrary, seeds from P1 exhibited significantly lower 

Fig. A2. Photos of the study sites at the 
landscape level. Top-left: part of the Bs 
in the foreground of the picture and 
Control Bs dominated by Cytisus orome-
diterraneus in the background; Top- 
right: Bm over the left and control Bm 
over the right, both dominated by 
shrubs, mainly Cytisus scoparius and 
Erica australis; Bottom-left: part of the 
Cs on the bottom and control Cs in the 
upper part, dominated by Genista florida 
and sparse trees; Bottom-right: part of 
the Cm on the bottom and control Cm in 
the background dominated by Cytisus 
oromediterraneus. Note that pictures 
might be confusing in reflecting the 
physical environment, see Table 1 for an 
accurate characterization of slope, 
aspect and other characteristics of the 
study sites.   
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SMC than seeds from P2 and P3 (D2 = 0.37; p < 0.001) (Fig. 6). Embryos 
viability was the same for the three populations, with values above 98% 
(Fig. 6). 

4. Discussion 

Our results suggest that burning is not the best fuel management 
strategy to maintain the provisioning ecosystem service represented by 
G. lutea populations in the Cantabrian Mountains, as fire had negative 
effects on the cover of G. lutea and caused a full depletion of fertile stems 

over the short-term. The effects of mechanical clearing were much 
better, by promoting all population variables over the short term, and 
particularly over the medium term. 

Studies that analyze the short-term response of vegetation to fire 
have shown, in most cases, positive effects on the productivity of her-
baceous plants (Zedler, 2007). However, many exceptions have been 
found consequence of plant traits that might be poorly beneficial for 
post-fire regeneration (Pelaez et al., 1997; Zedler, 2007). In the case of 
G. lutea, two main reasons might constrain their short-term post-fire 
recovery. First, the growth of G. lutea as separate compact clusters 
(Mayorova et al., 2015) concentrates plant biomass around individuals. 
In the Cantabrian Mountains, G. lutea aerial biomass dries up at the end 
of the summer and persists for several months around the meristems of 
the plants. Despite beneficial against other disturbances, this configu-
ration contributes to a higher heat release when fire occurs, intensifying 
fire damage to meristems, causing mortality of some vegetative buds and 

Table A1 
ANOVA table of the Generalized Linear Models performed to study response of 
G. lutea basal rosettes, fertile stems and cover to fuel management. The All model 
includes all the situations as treatment levels (Bs, Bm, Cs, Cm and controls), 
whereas the models named with the treatment names (Bs, Bm, Cs, Cm) include 
the corresponding treatment and respective control as treatment levels.    

Df Deviance 
Resid. 

Df Resid. 
Dev. 

F P 

Basal rosettes 
All Null      71  1909.42      

Treatment  7  1229.50  64  679.93  16.23  < 0.001 
Bs Null      17  165.68      

Treatment  1  35.84  16  129.84  3.82  0.07 
Bm Null      17  219.28      

Treatment  1  7.47  16  211.81  0.51  0.45 
Cs Null      17  102.91      

Treatment  1  9.20  16  93.70  1.69  0.21 
Cm Null      17  494.83      

Treatment  1  250.25  16  244.58  18.33  < 0.001 
Fertile stems 
All Null      71  384.16      

Treatment  7  248.92  64  135.24  16.506  < 0.001 
Bs Null      17  5.78      

Treatment  1  1.39  16  4.39  2.77  0.12 
Bm Null      17  33.04      

Treatment  1  1.16  16  31.88  0.59  0.45 
Cs Null      17  52.43      

Treatment  1  6.78  16  45.65  2.20  0.16 
Cm Null      17  146.66      

Treatment  1  93.34  16  53.32  30.31  < 0.001 
Cover 
All Null      71  5.69      

Treatment  7  3.78  64  1.91  18.20  < 0.001 
Bs Null      17  0.19      

Treatment  1  0.05  16  0.14  5.41  0.03 
Bm Null      17  0.54      

Treatment  1  0.01  16  0.54  0.16  0.69 
Cs Null      17  0.43      

Treatment  1  0.02  16  0.41  0.84  0.37 
Cm Null      17  1.73      

Treatment  1  0.90  16  0.83  19.16  < 0.001  

Table A2 
ANOVA table of the Generalized Linear Models performed to study the responses 
of woody species cover to fuel management. The All model includes all the sit-
uations as treatment levels (Bs, Bm, Cs, Cm, and all controls), whereas the 
models named with the treatment names (Bs, Bm, Cs, Cm) include the corre-
sponding treatment and respective control as treatment levels.    

Df Deviance 
Resid. 

Df Resid. 
Dev. 

F P 

All Null      71  42.88      
Treatment  7  40.07  64  2.81  134.15  < 0.001 

Bs Null      17  11.20      
Treatment  1  10.62  16  0.58  294.19  < 0.001 

Bm Null      17  1.24      
Treatment  1  0.01  16  1.23  0.07  0.80 

Cs Null      17  10.76      
Treatment  1  10.32  16  0.45  408.21  < 0.001 

Cm Null      17  10.51      
Treatment  1  9.96  16  0.55  287.65  < 0.001  

Table A3 
ANOVA table of the Generalized Linear Models performed to study the effects of 
woody species cover on G. lutea basal rosettes (BR), fertile stems (FS) and cover 
(C).    

Df Deviance 
Resid. 

Df Resid. 
Dev. 

F P 

BR Null      71  1909.40      
Woody 
cover  

1  284.70  70  1624.70  19.43  < 0.001  

Group  3  826.52  67  798.20  18.81  < 0.001 
FS Null      71  384.16      

Woody 
cover  

1  106.67  70  277.49  29.09  < 0.001  

Group  3  132.99  67  144.50  12.09  < 0.001 
C Null      71  5.69      

Woody 
cover  

1  1.06  70  4.63  30.94  < 0.001  

Group  3  2.56  67  2.07  24.93  < 0.001  

Table A4 
ANOVA table of the Generalized Linear Models performed to study the effects of 
population, thermal treatment and their interaction on the Mean Germination 
Times (MGT) and Final Germination Percentages (FGP) of G. lutea seeds previ-
ously treated with GA3.    

Df Deviance 
Resid. 

Df Resid. 
Dev. 

F P 

MGT Null      59  292.63      
Population  2  74.30  57  218.33  9.89  < 0.001  
Treatment  3  3.53  54  214.79  0.31  0.82  
Interaction  6  34.49  48  180.31  1.53  0.19 

FGP Null      59  10.65      
Treatment  3  1.34  56  9.31  3.30  0.03  
Population  2  0.05  54  9.27  0.18  0.84  
Interaction  6  2.28  48  6.98  2.82  0.02  

Table A5 
ANOVA table of the Generalized Linear Models performed to study the effects of 
population on G. lutea seed traits (FW: fresh weight, DW: dry weight, SMC: soil 
moisture content, V: viability).    

Df Deviance 
Resid. 

Df Resid. 
Dev. 

F P 

FW Null      59  111.85      
Population  2  42.80  57  69.05  17.67  < 0.001 

DW Null      59  107.06      
Population  2  48.62  57  58.44  23.71  < 0.001 

SMC Null      59  0.16      
Population  2  0.06  57  0.10  15.79  < 0.001 

V Null      299  42.49      
Population  2  0.48  297  42.01  0.24  0.79  
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thus reducing the ability to generate new shoots (Zedler, 2007). Another 
characteristic of G. lutea that might aggravate the effects of fire over the 
short term after fire is the location of their rhizome crown buds near the 
surface or aboveground, which makes them susceptible to damage 
(Samarakoon et al., 2014). The damage that fire can cause on the 
vegetative buds of G. lutea and other underground parts can explain, at 
least in part, the lower density of fertile stems, shoots and coverage 
obtained in the burned areas than in the controls. Among them, we 
highlight the absence of fertile stems of G. lutea over the short-term after 
fire, as signifies the interruption of the reproductive cycle and the total 
absence of seed production. This pause has been seen above all in 
long-lived species with delayed reproduction (Lloret et al., 1996) as 
G. lutea, and it occurs because these species allocate resources to vege-
tative growth (Whelan, 1995). Although this is the first work analyzing 
fire effects on G. lutea populations, the results found by Mayorova et al. 
(2015) agreed with our findings, as they found flowering of G. lutea in 
the Ukrainian Carpathians to be always interrupted under strong stress 
conditions. 

The positive effects of mechanical clearing on G. lutea populations 
over the short term could be expected as it tends to favor the develop-
ment of herbaceous plants even the first years after management (e.g. 
Guerra, 1998; Manrique-Revuelta et al., 2014). Compared to burning, 
clearing has no negative effects on underground tissues (Whelan, 1995; 
Zedler, 2007; Fernández et al., 2013). Likewise, mechanical clearing 
might favor the stimulation of new buds formation (Klimesová and 
Klimes, 2009; Hartmann et al., 2018) because adventitious bud 
primordia can develop from wound callus tissue, which proliferates from 
injured root surfaces (Hartmann et al., 2018). The positive effect of 
clearing has also been detected on other long-lived perennial species 
(Fernández et al., 2013; Andrieu et al., 2013) and are in accordance with 
Renobales (2012), which indicates that G. lutea can even be found in 
mowing meadows, despite we note that Catorci et al. (2014) showed a 
positive effect of pasture abandonment. 

Over the medium term there is a full recovery of the studied G. lutea 
population variables after both fuel management strategies, with a large 
positive effect of mechanical clearing. This full recovery and positive 
effects are consequence of the persistence of populations in the short 
term and to the greater availability of limiting resources allowing plants 
growth, respectively. These causes are supported by our short-term re-
sults, by the treatment effects on woody species cover, and by the 
observed inverse relationship between G. lutea population variables and 
woody species cover. The decrease of competition with woody species 
after burning and cutting often favors herbaceous species because of the 
greater availability of resources such as space, soil nutrients, water, and 
light (Calvo et al., 2002, 2005; Fernández-García et al., 2020) Among 
them, the greater availability of light may be crucial for G. lutea, which is 
considered a heliophilous species (Fernández, 2010; González, 2014). In 
this sense, Mayorova et al. (2015) also found that when the shrubby 
vegetation is highly developed (as occurs in the control areas) the in-
dividuals of G. lutea show lower morphometric parameters, lower seed 
production, and a significant reduction in the number of fertile stems or 
their complete disappearance. Although the foregoing aspects explain 
the large difference between burning (high woody cover) and clearing 
(low woody cover) over the medium term, the absence of seeds pro-
duction the first year after fire difficult G. lutea to take advantage of the 
favorable post-fire conditions, particularly considering that (i) in-
dividuals of this species require at least 5 years of age to reproduce 
(González, 2014), which is longer than most herbaceous; (ii) the edaphic 
seed bank of G. lutea is short-lived, since it maintains its viability for a 
maximum of two (Fernández, 2010) or three years (Hesse et al., 2007), 
and (iii) that seed dispersal, mainly by anemochory, occurs over short 
distances (Kéry et al., 2000; Mayorova et al., 2015). 

The absence of heat-stimulated germination in G. lutea seeds, which 
is a useful trait to rapidly regenerate after fire (Fernández-García et al., 
2020), also supports our field results. This fact is probably a competitive 
disadvantage for G. lutea because fire stimulates seed germination of 

many dominant species in the shrublands of Southern Europe (Baskin 
and Baskin, 2014; Tavşanoğlu and Pausas, 2018; Huerta et al., 2021). 
However, we found an effect of provenance on MGT, in the line with the 
results found by Pérez-García et al. (2012), and seed weight variability 
among populations according to Kéry et al. (2000) and Pérez-García 
et al. (2012). In our case, seeds from population 3, which are the least 
heavy and the ones with the highest SMC, showed the lowest MGT and 
reached the FGP earlier. These results suggest that seeds of larger size 
and less humidity require more days to germinate, which might be 
explained by processes related to biophysical aspects not linked to heat 
shock. On the one hand, the embryo needs to reach the turgor state 
required for cell elongation (Baskin and Baskin, 2014), and for this, 
seeds must absorb water from the outside, small seeds taking less time to 
soak, being able to germinate earlier (Harper et al., 1970). Moreover, 
Norden et al. (2009) pointed out that the relationship between seed 
weight and germination delay may also be because the embryo inside a 
large seed requires more time to develop until radicle emergence. 

Our work is the first analyzing the influence of two usual manage-
ment strategies in mountain systems on G. lutea populations, as well as 
the first providing insights on the potential role of thermal shocks on the 
germination of this species. Based on our findings we propose me-
chanical clearing as a suitable management strategy to sustain and even 
promote G. lutea populations in the Cantabrian Mountains. However, we 
recommend to further analyze the influence of burning and clearing on 
this species in different regions and environmental conditions, as soil 
properties, climate, elevation and aspect might have large influence on 
G. lutea populations (Catorci et al., 2014), and potentially interact with 
the influence of management actions on this species. Moreover, the 
higher effectiveness of mechanical clearing on decreasing woody cover 
over the medium-term in our study sites might have a large influence on 
the detected results. 

5. Conclusions 

The present study identified mechanical clearing as a suitable man-
agement strategy to preserve or promote the provision of G. lutea in the 
Cantabrian Mountains, consequence of the amelioration of all the 
studied population variables (basal rosettes, fertile stems, and cover) 
mainly over the medium-term. The absence of heat-stimulated germi-
nation in G. lutea seeds as well as the absence of fertile stems the first 
year after fire might contribute to the negative effects of burning over 
the short-term and limit post-fire colonization. Future studies might 
analyze the response of G. lutea to mechanical clearing under different 
environmental conditions, as well as determine its efficiency in cost- 
benefit terms. 
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Fernández-García, V., Marcos, E., Fulé, P.Z., Reyes, O., Santana, V.M., Calvo, L., 2020. 
Fire regimes shape diversity and traits of vegetation under different climatic 
conditions. Science of The Total Environment 716, 137173. https://doi.org/ 
10.1016/j.scitotenv.2020.137137. 

Fernández-García, V., Marcos, E., Fernández-Guisuraga, J.M., Fernández-Manso, A., 
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Phytothèrapie 7, 172–176. https://doi.org/10.1007/s10298-009-0388-5. 

Gimeno-García, E., Andreu, V., Rubio, J.L., 2004. Spatial patterns of soil temperatures 
during experimental fires. Geoderma 118, 17–38. https://doi.org/10.1016/S0016- 
7061(03)00167-8. 
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Pelaez, D.V., Bóo, R.M., Elia, O.R., Mayor, M.D., 1997. Effect of fire intensity on bud 
viability of three grass species native to central semi-arid Argentina. Journal of Arid 
Environments 37, 309–317. https://doi.org/10.1006/jare.1997.0266. 
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