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Abstract 

In Mediterranean oak ecosystems, drought and ungulate populations can be considered one of 

the main abiotic and biotic stresses threatening natural regeneration. Furthermore, many 

restorations fail due to the challenges of overcoming these pressures. In fact, how different 

sources of stress act and vary across time in oak seedlings plantations remains still largely 

unknown.  Thus, in Cabañeros and Doñana National Parks, with high wild ungulate densities, we 

planted different oak seedling species (200 Quercus ilex seedlings and 100 Q. suber, 

respectively). We examined how temporal variation of abiotic and biotic stress agents affected 

seedling survival across two different seedling ages (1 vs 2-year-old) and between seedlings with 

the acorn attached or not (cotyledon removal). All oak seedlings (100%) suffered some type of 

stress. Drought was the main cause of mortality followed by wild boar. Deer, insect and fungi 

damage was not strong enough to cause the death of any seedling. We revealed a strong 

temporal variation in the occurrence of stressors as the risk of being damage by wild boar was 

highest between February and April, and by drought, after the onset of the dry season. In 

Cabañeros no differences were found for all combinations of plant age and acorn treatment. 

However, in Doñana we observed that wild boar uprooted 1-year-old seedlings significantly 

more often than 2-years-old, and within the same age group, we could perceive a weak but 

consistent preference towards those with the acorn still attached. In addition, we found that 

cotyledon removal from the seedling does not affect their growth or physiology. Thus, in areas 

with high densities of wild boar, removing the cotyledon reserves from 1-year-old seedlings, 

and, at least on sandy soils, planting 2-year-old seedlings instead of 1-year-old seedlings could 

be a good strategy to avoid or reduce wild boar damage. 
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Resumen 

En los ecosistemas mediterráneos dominados por Quercus spp., la sequía y las poblaciones de 

ungulados pueden considerarse los principales estreses abióticos y bióticos que amenazan la 

regeneración natural. Además, muchas restauraciones fracasan debido a los retos que supone 

superar ambos estreses. De hecho, todavía se desconoce en gran medida cómo actúan las 

diferentes fuentes de estrés y cómo varían a lo largo del tiempo en las plantaciones de Quercus.  

Así, en los Parques Nacionales de Cabañeros y Doñana, con altas densidades de ungulados 

silvestres, plantamos diferentes especies de Quercus (200 plántulas de Quercus ilex y 100 de Q. 

suber, respectivamente). Examinamos cómo la variación temporal de los agentes de estrés 

abiótico y biótico afectaba a la supervivencia de las plántulas en dos edades diferentes (1 savia 

vs 2 savias) y entre plántulas con la bellota adherida o sin ella (eliminación de cotiledones). Todas 

las plántulas de Quercus (100%) sufrieron algún tipo de estrés. La sequía fue la principal causa 

de mortalidad, seguida del jabalí. Los daños causados por el ciervo, los insectos y los hongos no 

fueron lo suficientemente fuertes como para causar la muerte de ninguna plántula. Se reveló 

una fuerte variación temporal en la ocurrencia de los estreses, ya que el riesgo de daño por jabalí 

fue mayor entre febrero y abril, y por sequía, tras el inicio de la estación seca. En Cabañeros no 

se encontraron diferencias para todas las combinaciones de edad de la planta y tratamiento de 

la bellota. Sin embargo, en Doñana observamos que los jabalíes arrancaron plántulas de 1 año 

con una frecuencia significativamente mayor que las de 2 años, y dentro del mismo grupo de 

edad, pudimos percibir una preferencia débil pero consistente hacia las que tenían la bellota 

aún adherida. Además, descubrimos que retirar los cotiledones de la plántula no afecta a su 

crecimiento ni a su fisiología. Por lo tanto, en zonas con altas densidades de jabalíes, eliminar 

los cotiledones de las plántulas de 1 año y, al menos en suelos arenosos, plantar plántulas de 2 

años en lugar de las de 1 año, podría ser una buena estrategia para evitar o reducir los daños 

por jabalí. 

 

Palabras clave 

Sus scrofa, regeneración asistida, variación temporal, agentes de estrés, contenido fisiológico 

de las hojas  
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1. INTRODUCTION  

One of the major challenges facing ecologists today is to understand how global change is 

altering the structure, diversity and dynamics of plant communities (Peñuelas et al., 2004; 

Gómez-Aparicio et al., 2008). Anthropogenic climate change and land use changes are 

considered important drivers of these processes which, among others, have led to the reduction 

of tree recruitment rates in many areas of the world (Kerr, 2007; Wright, 2010; Wu, 2019). In 

the Mediterranean basin, climate change has produced an increase in the frequency and 

intensity of droughts and heat waves (IPCC, 2019) as well as a variation in precipitation patterns 

(Peñuelas et al., 2004; IPCC, 2014; Fernández-Manjarrés et al., 2018). Indeed, drought is already 

the main abiotic stress threatening Mediterranean ecosystems and compromising forest 

regeneration, with climate change models predicting an increase in temperatures and droughts 

(Peñuelas et al., 2004; Peñuelas et al., 2017; Fernández-Manjarrés et al., 2018, IPCC, 2021). Land 

use changes have created the perfect conditions for a rapid increase of ungulate populations 

(Klein, 1968; Chapin et al., 1996), driven by socio-economic factors such as the abandonment of 

agricultural fields or extensive livestock farming, rural depopulation, the extinction or reduction 

of large predators and the intensification and spread of commercial hunting (Coté et al., 2004; 

Perea et al., 2014a; Carpio et al., 2017; Valente et al., 2020). Although this increase can be 

observed across all the northern hemisphere (Coté et al., 2004; Carpio et al., 2020), wild 

ungulate populations in Mediterranean environments have rocketed in recent decades, 

especially in high-diversity Mediterranean oak (genus Quercus) ecosystems where they are 

producing a huge biotic stress, hindering natural regeneration of key native oak species (Gill, 

1992; San Miguel et al., 1999; Coté et al., 2004; Acevedo et al., 2008, Muñoz et al., 2009, San 

Miguel et al., 2010, Perea et al., 2014b).  

The Mediterranean basin is a highly anthropized landscape with a long history of human 

occupation, and thus, contain extensive degraded areas due to the excessive exploitation of the 

land (i.e. intensive agriculture, overgrazing, repeated burning, deforestation, etc). In this 

context, restoration is a necessary tool to recover ecological processes and functioning but, 

unfortunately, many restoration works fail due to the challenges of overcoming both, abiotic 

factors (drought) and biotic conditions (ungulate pressure; Castro et al., 2004; Perea & Gil, 

2014a; Rey-Benayas et al., 2015; López-Sánchez et al., 2019). Therefore, new tools for 

restoration practices are needed based on the understanding of natural regeneration patterns 

(Castro et al., 2004), and seedling planting plays a key role in forest restoration (Andivia et al., 

2021). Plant recruitment is a multi-stage process that can be affected by, both, abiotic and biotic 
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stressors during the demographic process (seed deposition, dispersal, germination and seedling 

or sapling survival) and thus, a bottleneck on any stage could limit the entire recruitment 

process. In Mediterranean systems, a critical stage for the regeneration of Quercus  is the 

seedling stage (Espelta et al., 1995; Rey-Benayas, 1998; Retana et al., 1999; Lookingbill & Zavala, 

2000), as the combined effects of increasing droughts and high ungulate densities is threatening 

their long-term persistence (Tyler et al., 2006; Perea & Gil, 2014a; López-Sánchez et al., 2016). 

Among abiotic stresses, water deficit during the summer drought is responsible for the majority 

of seedling mortality (Rey-Benayas, 1998; Gómez-Aparicio et al., 2004; Marañón et al., 2005; 

Pulido & Díaz, 2005; Gómez-Aparicio et al., 2008; Gómez & Hódar, 2008), and drought is 

expected to increase in the Mediterranean basin (IPCC, 2021).  Young seedlings have a poorly 

developed root systems to reach deep water in the dry period (Matzner et al., 2003; Tyler et al., 

2008; López-Sánchez et al., 2019). Many biotic stresses affect oak seedlings including pathogens, 

herbivores and competition with other plants (Cuesta et al., 2010). Pathogens and insects can 

affect the above-ground part, such as leaves (Humphrey & Swaine ,1997; Dunning et al., 2002), 

and ungulates can have severe effects on the fate of seedlings by trampling, browsing or rooting 

them (Gómez et al., 2003; Perea & Gil, 2014a). Browsing is one of the major factors constraining 

oak forest regeneration in Mediterranean environments (Pulido & Díaz, 2005; López-Sánchez et 

al., 2016; Leal et  al., 2022). During the periods of food shortage (end of winter and summer), 

the lack of grass production forces wild ungulates to browse on woody species. In areas of high 

ungulate densities, an unsustainable level of browsing can be reached. As a consequence, oak 

seedling growth and development is constrained, suppressing future plant size and reproduction 

(for re-sprouting oak species; Rooney & Waller, 2003; Gómez & Hódar, 2008; Perea et al., 2015; 

López-Sánchez et al., 2019) or even causing seedling mortality (for  non-sprouting species). 

Ultimately, by browsing preferentially on palatable species and rejecting other species, large 

herbivores can alter the floristic composition (Augustine & Naughton, 1998; Perea et al., 2014b), 

causing biotic homogenization of plant communities, forcing, ultimately, vegetation dynamics 

towards early successional stages (Hobbs, 1996; Rooney, 2008; Perea et al., 2015a). Other 

ungulates, such as the wild boar, cause primarily below-ground damage through foraging or 

rooting, causing great mortality of seedlings (Focardi et al., 2000; Gómez et al., 2003; Pulido & 

Díaz, 2005; Gómez & Hódar, 2008; Perea & Gil, 2014a). Unlike deer, which consume acorns 

mostly under the canopy of oak trees, wild boars also consume acorns in areas away from trees 

(open and shrub areas) and search and forage the buried acorns with a high efficiency (Herrera, 

1995; Gómez et al., 2003). When saplings or seedlings are growing, boars can uproot them to 

consume the acorns and chew the swollen roots, or accidentally, when looking for fungi and 
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other buried food items, leaving the stems, leaves and roots on the soil surface (Herrera, 1995; 

Focardi et al., 2000; Gómez et al., 2003; Gómez & Hódar, 2008) which eventually cause them to 

die from dehydration.  Presumably, wild boars cause major damages to oak plantations as they 

uproot seedlings planted in the search for acorns or food (Perea & Gil, 2014a). Active restoration 

by planting is a particularly suitable tool to increase seedling survival rates (Rey-Benayas, 2005; 

Andivia et al., 2021), however, in ecosystems with a high density of wild ungulates there is a high 

failure rate, because the synergistic effect of ungulate browsing and wild boar rooting activity is 

deadly to the survival of oak seedlings (Perea et al., 2014b). 

Some studies have shown that taking into account spatio-temporal variability of different 

stresses may increase seedling survival (Gómez et al., 2003; Gómez-Aparicio et al., 2005), 

because the occurrence and intensity of each type of stress may vary with space and time 

(López-Sánchez et al., 2019).  For example, numerous studies have already demonstrated the 

importance of microsites, such as nurse plants which provide protection against biotic and 

abiotic factors (Castro et al., 2002; Rey-Benayas et al., 2002; Gómez-Aparicio et al., 2005; Cuesta 

et al., 2010; Pugnaire et al., 2015; Pelaéz et al., 2019), for instance, by hiding seedlings that go 

unnoticed (Callaway et al., 2000; Zamora et al., 2004). However, some ungulates such as wild 

boar, are able to detect the  acorn of the seedling very efficiently (Groot Bruinderink et al., 1994; 

Gómez et al., 2003). When seedlings are older, and the cotyledon reserve is almost depleted, 

acorn predators became less important (Gómez et al., 2003), so removing the acorn from the 

seedling may reduce the effect of wild boar stress. However, the effect of removing the acorn 

attached to the seedling on wild boar damage remains largely unknown (but see Yi et al., 2015). 

Other artificial methods such as protectors have been shown to be an effective method to 

reduce the stressors (Reque & Martin, 2015; Oliet et al., 2015) but the costs could increase 

considerably the plantation budget (Perea & Gil, 2014a). Sometimes, protectors are not 

removed from the field and may end up as trash in the environment and, thus, the use of 

recycled materials in restoration applications is encouraged (Urreaga et al., 2020) 

Another relevant aspect to take into account in assisted oak regeneration, is the intraspecific 

differences in seedling survival according to their attributes (Andivia et al., 2021), such as plant 

age Navarro et al. (2006). For oak species, there are studies that show a higher survival of 1-

year-old seedlings for Quercus ilex L. and Quercus suber L. (González-Rodríguez et al., 2011) or 

for Quercus faginea Lam. (Nicolás-Peragon et al., 2004) when compared to 2-year or seedlings 

or older. In addition, some authors such as Navarro et al. (2006) and  Villar-Salvador et al. (2021) 

recommend using 1 over 2-year-old seedlings if it is possible to obtain the adequate quality. In 

contrast, other authors have shown higher survival rates in 2-year-old oak seedlings (Bonfil et 
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al., 2000). In 2-year-old seedlings, the acorn is presumably almost or totally depleted, making 

the seedlings less attractive to predators (Gómez et al., 2003). Therefore, the damage caused by 

wild boars can be expected to be less detrimental for 2-year-old compared to 1-year-old 

seedlings with attached and non-depleted acorns.  

The physiological responses of oak seedlings depend on the identity of the plant, therefore 

differences in growth and physiological parameters are found across species and ages (Chaney 

& Byrnes, 1993; López-Sánchez et al., 2020). Physiological parameters such as the content of 

chlorophyll, flavonols, anthocyanins and nitrogen are easy to measure in the field (e.g., using 

leaf-clip optical devices) and provide useful information about plant status. Chlorophyll is 

involved in photosynthetic activity (Percival, 2005), flavonols and anthocyanins provide a 

defence against biotic and abiotic stressors (Chalker-Scott, 1999; Hernández et al., 2004; López-

Sánchez et al., 2020) and nitrogen, a major plant food, is an essential constituent of proteins and 

chlorophyll and plays a very important role in the process of plant metabolism (Leghari et al., 

2016). 

In summary, this study aims to further enhance our knowledge on oak seedling restoration 

practices providing direct applications for forest management that would help increase the 

survival rates on plantations. We used two sites located in Mediterranean National Parks, where 

wild ungulates (red deer -Cervus elaphus L.- and wild boar -Sus scrofa L.-) are present in high 

densities, to investigate: 1)  the effect of cotyledon removal (manual acorn extirpation) on the 

temporal variation of stress agents (biotic and abiotic) for  two plant ages (1 and 2-year-old 

seedlings) and two oak species (Quercus ilex in Cabañeros National Park, and Quercus suber, in 

Doñana National Park) and; 2) the effect of cotyledon removal on the physiological parameters 

of seedlings and their growth during the growing season. 

 We specifically hypothesised that:  

a) seedlings without the acorn attached would display higher survival rates as they will not 

be so frequently affected by wild boars; 

b) higher damage to 1-year-old than 2-year-old seedlings because of the higher acorn 

nutrient content in 1-year-old seedlings;  

c) removing the attached acorn in 2-year-old seedlings will have less effect on seedling 

survival;  

d) removing the acorn attached to the seedling will not affect growth and physiology, being 

this particularly true for 2-year-old seedlings.  
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2.  MATERIALS AND METHODS 

2.1.    Study area 

The experiment was conducted in two Spanish protected areas with high density of wild 

ungulates (mainly red deer and wild boar) and characterised for presenting a pronounced 

summer drought period: 1) Cabañeros National Park (northwest of Ciudad Real) and 2) Doñana 

National Park (southeast of Huelva). The climate in both parks is Mediterranean with dry and 

hot summers (Csa, according to Köppen climate classification), but Doñana is considered sub-

humid with Atlantic influence that softens temperatures in winter and summer (600 mm 

average annual rainfall and 17⁰C mean temperature; Miteco, 2011) because is located at an 

altitude of 10 m a.s.l and Cabañeros has cold winters (550 mm of ppt., 12.4⁰C of annual mean 

temperature; García-Herrera et al., 2011) and is located at 700 m a.s.l. The topography of 

Cabañeros is characterized by a relief of Appalachian type formed by the so-called "Sierras", 

mountain ranges of quartzite and siliceous slate, and the "Rañas" plains formed by alluvial 

hillside deposits of clay and quartzite pebbles (García-Herrera et al., 2011). The plantation was 

carried out in the soils of the “Raña”, which have an argillic horizon (Bt, according to USDA) that 

facilitates the formation of water layers that saturate the soil, causing an extensive 

hydromorphy that acidifies the soil (Pardo, 1995). The topography of Doñana is the result of 

coastal-littoral sedimentation processes that have formed a large aeolian landform (Clemente 

et al., 1998). The soils are poor in organic matter, slightly acidic and consist mainly of sands with 

some silts and clays, that allow rapid water circulation due to the low retention capacity that 

hinders the establishment of vegetation (Ordoñez et al., 1998; Moral et al., 2002). 

The vegetation in both parks is sclerophyllous. In Cabañeros is dominated by semidecidious oak 

forests and woodlands composed by Quercus ilex, Quercus suber, Quercus faginea and Quercus 

pyrenaica Willd. (Perea & Gil, 2014a), with a typical Mediterranean understory dominated 

mainly by evergreen shrubs such as Cistus ladanifer L., Erica australis L., Erica scoparia L., 

Rosmarinus officinalis L., Lavandula pedunculata (Mill.) Cav., Thymus mastichina (L.) L., Phillyrea 

angustifolia L. and Rubus ulmifolius Schott. Doñana is dominated by monospecific and mixed 

forests of Pinus pinea L. and Quercus suber and large areas of shrubland which are divided into 

the so-called: “Monte Blanco” an open shrub composed by Halimium halimifolium (L.) Willk., 

Rosmarinus officinalis, Ulex australis Clemente,  Cistus libanotis L., Lavandula stoechas L. and 

Thymus mastichina and; “Monte Negro” a dense and impenetrable thicket in areas where soil 

moisture is much higher, and composed mostly of Erica scoparia, Erica umbellata Loefl. ex L., 
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Erica ciliaris Loefl. ex L, Calluna vulgaris (L.) Hull, Rubus ulmifolius, Phillyrea angustifolia, Pistacea 

lentiscus L., Cytisus grandiflorus (Brot.) DC., Daphne gnidium L., Osyris alba L. and Ulex minor 

Roth (Valdés et al., 2007)  

The main wild ungulates in both national parks are the wild boar (Sus scrofa) and the red deer 

(Cervus elaphus; Perea & Gil, 2014a; Gortázar et al., 2008). In Cabañeros, current densities of 

red deer are 31 individuals per km2 and for wild boar 2.5 per km2 (Linares & Urivelarrea, 2020), 

and in Doñana for red deer are 6 per km2 and for wild board 5 per km2 (Laguna, 2015), although 

the ungulate pressure may strongly vary in space and time. In both parks, the regeneration 

processes of the main oak species are in decline due to high pressure from wild ungulates (Perea 

& Gil, 2014a; Fedriani et al., 2016). Red deer browse more intensely in winter (December–

March) and summer (July–September) when no alternative high-quality food is available (green 

grass or acorns; Perea et al., 2014b). Therefore, evergreen shrubs constitute an important and 

permanent source of medium-low quality food for herbivores (San Miguel et al., 1999; Perea & 

Gil, 2014a). Wild boars search for acorns more intensively from November onwards, when 

acorns on the soil are depleted, they forage the buried acorns killing the seedlings by uprooting 

them (Herrera, 1995; Gómez & Hódar, 2008; Focardi et al., 2000). Currently, in both national 

parks, red deer and wild boar are controlled mainly by capturing the animals alive to reduce 

populations as they lack natural predators (Perea & Gil, 2014a; Linares & Urivelarrea, 2020). 

Abundances of lagomorphs (rabbit - Oryctolagus cuniculus L.- and hare – Lepus granatensis 

Rosenhauer-) for Doñana are 2.5 individuals per km (Beltran et al., 2022) and in Cabañeros 

density is unknown but presumably low throughout the park (Delibes-Mateos et al., 2008; 

Ferreras et al., 2021) 

2.2. Experimental design  

In both parks, the experiments were located in areas of shrubland with low density of trees. 

More specifically, in Cabañeros, the plantation was carried out in “Las Canalejas” (39°21'14.5"N, 

4°26'05.4"W), a transition zone between the dehesa and the high mountain zones, and in 

Doñana on “Monte Blanco” in the area of “La Rocina” (37°07'36.3"N, 6°30'33.6"W). In 

Cabañeros, an old rectangular wild ungulate exclusion fence created to enhance the rabbit's 

habitat (year 2016), was selected to perform the plantation outside. We used photo-trapping 

(Browning motion detection cameras, Model BTC-5PXD) to ensure the presence-absence of 

herbivores outside and inside the exclosures (3 cameras inside and 3 outside each national park). 

Rabbit population is low or extinct in the plots located at Cabañeros (photo-trapping) and thus, 
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we used the exclosure (with no herbivores) as control (see Figure 1). In Doñana, there was no 

control treatment as there were rabbits in the fenced area.  

Figure 1: Experiment design with the location of the sites (left Cabañeros National Park, right Doñana National Park) 

and the points where the seedlings were planted. The wild ungulate exclusion fence used to carry out the treatments 

is shown. A total of 200 Quercus ilex seedlings were planted in Cabañeros (25 points x 2 acorn treatments x 2 ages x 

2 fenced sites) and 100 Quercus suber seedlings in Doñana (25 points x 2 ages x 2 acorn treatments). 

 

In each park, 25 plantation locations (points) around the fenced area (non-fenced treatment) 

were selected at a minimum distance of 20 m from each other. Two different treatments were 

identified at each point: i) seedlings with acorn attached; ii) seedlings without acorn (cotyledon 

removal). For each treatment (with and without acorn), a pair of 1 and 2-year-old seedlings was 

planted at a distance of 50 cm from each other. In Cabañeros, it was repeated inside the fence 

as a control plot against ungulate herbivory (fenced treatment) but not in Doñana (no control 

treatment). In February 2021, we planted 200 seedlings in Cabañeros (25 points x 2 acorn 

treatments x 2 ages x 2 fenced sites) of Quercus ilex from the National Park nursery, and in 

Doñana 100 seedlings of Quercus suber (25 points x 2 acorn treatments x 2 ages) from the Seville 

Council plant nursery (Junta de Andalucía). We selected pairs of seedlings of similar height, 

diameter and number of leaves. 

At plantation, seedlings were labelled and their GPS coordinates recorded. Monthly revisions 

were carried out from February to September (end of the experiment). Each visit consisted of 

recording: the seedling survival (alive vs. dead), the damage caused by the different biotic and 

abiotic stress agents (wild boar, deer, rabbit, fungi, insect or drought) and the main stress agent. 

Wild boar damage was assigned when we found over-turned soil from rooting and plants were 
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dug out or uprooted (Herrera, 1995; Perea & Gil, 2014a; see Figure 2a, 2b), by deer when the 

twigs were torn by browsing (Pierson & Decalesta, 2015), per rabbit when the terminal shoots 

were clip in angled from the seedlings (Dolbeer et al., 1994; Taylor II, 2011; see Figure 2c), by 

fungi when visual symptoms (stems lesions, foliar chlorosis and wilting) were observed 

(Linaldeddu et al., 2009; see Figure 2d), by insects when leaves were defoliated or nests were 

present (Humphrey & Swaine, 1997; Dunning et al., 2002) and for drought when the leaves 

showed signs of dehydration. Seedling damage can be quantified, as an indicator of potential 

stress, using a damage score from 0 to 5: 0 = No evidence of damage; 1 = Light (<10% of leaves 

damaged); 2 = Low (10%–30% of leaves damaged); 3 = Intense (30%–60% of leaves damaged); 4 

= Heavy (60%–90% of the leaves); and 5 = Maximum damage (>90% of leaves damaged; 

Fernandez-Olalla et al., 2006; Perea et al., 2015). To assign the main stress agent we chose the 

stress that caused the death of the plant or, in the case of seedlings that survived, the stress 

with the highest intensity (range 0 to 5) of the last visit (September).  

Figure 2: A) wild boar damage (rooting activity) in Cabañeros National Park and, B) in Doñana National Park.             

C) Rabbit damage (stemp clip in angled). D) Fungi damage (genus Mycosphaerella). 

 

To analyze and compare seedling growth and physiological responses to different treatments, 

and plant ages, several non-destructive measures of chlorophyll, anthocyanin and flavonoid 

concentrations and the nitrogen balance index (NBI) were obtained from five leaves of each 

seedling.  We used a fluorescence sensor  Dualex ® TMScientific+, Force One CNRS-Lure, France, 

with a leaf clamp sensor (Agati et al., 2016; López-Sánchez et al., 2020). The nitrogen balance 
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index (NBI) is the ratio between the chlorophyll and flavonols (related to nitrogen/carbon 

allocation) that can be used as a proxy of nitrogen status in plants (Cartelat et al., 2005; Agati et 

al., 2016; Padilla et al. 2016; López-Sánchez et al., 2020). The Dualex measures the chlorophyll 

content of the leaf using a transmittance ratio at two different wavelengths, and the flavonoid 

and anthocyanin content of the leaf epidermis using a differential chlorophyll fluorescence ratio 

(ForceA-Dualex). Measurements were taken on old leaves (post-planting growth) previously 

marked, from top to bottom and taking 5 leaves. In addition, to analyse the physical growth, the 

number of shoots and the length of each shoot (mm) were measured to obtain the growth (total 

sum of the length of each shoot for each seedling). We only measured alive seedlings. 

2.3. Data analysis  

To analyze differences in seedling survival according to the different treatments: acorn (with 

acorn vs no acorn), age (1 vs 2 years), fenced (inside vs outside), we used Cox proportional 

hazard models (Cox, 1972). Response variable was time at death (in months). Seedling survival 

was also included in the model codified as 0 if the seedling was alive at the end of the study 

(censored data) and 1 if it was dead (event). Predictors were Acorn, Age, Fenced and their two-

way interactions (note that Doñana analysis did not include the predictor Fenced as all seedlings 

were located outside the fence). We also included the location point of each seedling (n=25) as 

cluster in the model to group correlated observations. We used the function “Coxph” from the 

R survival package to calculate the estimated time at death for each treatment and to 

disentangle differences in predicted time at death among treatments. We also used the function 

“survfit” and “ggsurvplot” from the library “survminer” to generate the figures. We used full 

model results to compare differences among predictors and obtain significance levels. 

Similarly, we used multinomial models to assess probability of stress agent occurrence. The 

response variable was main stress (a multinomial factor) while predictors were Time (month of 

main stress occurrence), Acorn, Age, Fenced and their two-way interactions. The location point 

of each seedling (n=25) was also included as cluster in the model. We used the function 

multinom from the package “nnet”. We also used the function “mnl_pred_ova” and 

“mnl_fd_ova” from the package “MNLpred” to graphically represent model predictions.  We 

performed model selection based on AIC and selected all models with DeltaAIC<2 and averaged 

the model coefficients. 

In addition, to evaluate and compare differences in physiological variables (chlorophyll, flavonol, 

anthocyanins and the NBI) and the physical growth (total sum of shoots in cm) depending on 
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treatments, seedling age and acorn attached, we obtained the mean of each parameter for all 

seedlings and for each month. All analysis were performed using the R 4.1.2 software (www.r-

project.org). 

 

 

3. RESULTS 

3.1. Climatic conditions in the study period compared to the average of the 

period 2000-2020 

During the study period (Feb-Sep), the accumulated precipitation in Cabañeros was 210 mm, 4% 

less than the average of the last 20 years (2000-2020), and in Doñana 174 mm, 34% less than 

the average. From plantation (Feb) to the onset of summer drought (beginning of May), the 

accumulated precipitation in Cabañeros was 129 mm, 2.4% more than the average (rainfall 

accumulated mainly in April), and in Doñana 110 mm, approximately 40% less than the average. 

During the month of May, precipitation in Cabañeros was 11 mm, 70% less than average, and in 

Doñana 10 mm, 63% less than average (see Figure S1).  

3.2. Oak seedling survival analysis 

In Cabañeros National Park, results of the proportional hazard model analysis revealed no 

significant differences in seedling time at death between any of the treatments once the 

experiment finished. Indeed, no significant differences were found between the fenced 

treatment and the non-fenced as seedling survival by September was low (9 seedlings; 4.5% of 

the total). Furthermore, seedling survival depending on plant age revealed no significant 

differences both outside and inside the exclusion fence at the end of the experiment (p>0.05, 

respectively). Similarly, seedling survival depending on the plant with and without the acorn 

attached was non-significant at the end of the experiment (p>0.05, respectively). 
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Figure 3: Survival probability of seedlings depending on Time (in months) with and without acorns according to plant 

Age (1-year-old vs 2-years-old) and Fenced (Fenced vs non fenced). A) Results observed in Cabañeros National Park 

and B) in Doñana National Park. Dashed horizontal line divides the period before and after the onset of the summer 

drought. 

 

However, as Figure 3a shows, some temporal variation on seedling survival can be observed 

within the first months of the study (February to May, see also Table S1). For this reason, we 

repeated the analysis using a subset of data from February to May.  

As expected, Cabañeros NP results suggested a significant increase  in seedling survival inside 

the fence for all combinations of plant age and acorn treatment (Figure S2). Furthermore, no 

seedling died inside the fence during that period while there was a decrease in survival outside. 

In addition, no significant differences between plant Age or Acorn treatment were found outside 

or inside the fence. However, as indicated by the model coefficient sign, a non-significant 
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decreased in survival probability was found on seedlings with acorns when compared to their 

same-age pair without acorn (P=0.578 and P=0.435, respectively for 1-year-old seedlings and 2-

years-old; See Table S2). 
 

In Doñana NP (non-fenced treatment), results were in accordance with those obtained in 

Cabañeros. Cox proportional hazard models showed no significant differences at the end of the 

study for any of the treatments (Age or Acorn; Figure 3b). However, when only using data before 

the onset of the dry season (i.e. from February till May), seedling survival according to plant age 

revealed that 1-year-old seedlings survival was significantly reduced compared to 2-years-old 

(p<0.05; Figure S3). Furthermore, within the 1-year-old group, a non-significant decrease in 

survival probability for the plants with acorns was observed (P= 0.25; Table S3) but not for the 

2-years-old group (P=0.81; See Table S3).  

3.3. Stress agents and their effect on oak seedling survival 

In Cabañeros National Park, all seedlings (N=200; 100%) experienced some or all stress agents. 

Six per cent of seedlings experienced one, 33% two, 49% three and 12% four or more stress 

agents. For the non-fenced treatment (N=100), 73% were affected mainly by drought, 21% by 

wild boar damage, 2% by unknown causes, 2% due the post-planting causes, 1% by fungal 

pathogens and 1% by lagomorphs (hare/rabbit) herbivory. When wild boar was the main stress, 

no seedling survived and when drought was the main stress, only 4% of seedlings survived. 

Damage caused by fungi pathogens was not strong enough to cause the death of any seedling. 

Instead, when rabbit was the mains stress, no seedling survived. Insect damage was not severe 

enough to be the main stress agent for any seedling, even though the damage caused in some 

seedlings was severe with 50% of the leaves showing damage. At the end of the experiment, 95 

% of all seedlings died. Drought was the main cause of mortality (69%), followed by wild board 

damage (21%), unknown causes (2%), post-plantation causes (2%) and rabbit (1%). In the case 

of the fenced treatment, 99% were affected mainly by drought, which killed all affected 

seedlings, and 1% by fungi but the affected seedling survived. In Doñana NP (non-fenced), all 

seedlings (N=100, 100%) experienced one (29%), two (10%), three (26%), four (30%) or five 

stress agents (5%). Around 68% of seedlings were affected mainly by drought, 31% by wild boar 

damage and 1% by accidental car damage. The damage caused by the stress agents was so 

strong that no seedlings survived at the end of the experiment.  
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3.4. Spatio-temporal variation in the appearance of stress agents and the role of 

the plant age 

As expected, we found a strong temporal variation in the occurrence of the main stress in 

Cabañeros National Park. Results from the multinomial model suggested that main variables 

affecting the seedling was Time, Fenced and Age (model averaged results based on DeltaAIC<2). 

Thus, at spatial level, we found that drought was the only cause of mortality inside the fence, 

while many other factors influenced mortality outside, being wild boar and drought the main 

causes of mortality (Figure 4). In addition, these factors also had a marked temporal pattern, 

being the risk of mortality by wild boar higher at the beginning of the study (February and April) 

while drought was the main factor after the onset of the dry season (from June till September). 

Figure 4: Results from the multinomial model to analyze the temporal variation of main stress occurrence inside 

and outside the fence in Cabañeros National Park 

 

Finally, although seedling age was an important factor in the model, the differences in stress 

probability between 1 and 2-year-old seedlings were non-significant.    

In Doñana NP, we also found a clear temporal pattern on the main stress occurrence outside the 

fence. Model selection indicated that the variables Time and Age were key to predict the main 

stress probability. Therefore, wild boar was, by far, the main stress agent at the beginning of the 

study. Wild boars were particularly active from February to April, reducing their rooting activity 

from May onwards (Figure 5). Indeed, wild boar killed up to 38% of all 1-year-old seedlings and 

18% of 2-years-old during the first two months of study. On the contrary, drought dramatically 

increased from June onwards, being the main cause of mortality. Human driven seedling 

mortality (cars) did not have a temporal pattern, being an occasional cause of mortality (just two 

plants). 
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Figure 5: Predicted variation of main stress probability through time in Doñana National Park. 

 

In addition, we found that seedlings age also played an important role in determining the 

probability or risk of being killed. One year-old seedlings faced an increased risk of being 

uprooted by wild boar when compared to 2-year-old seedlings. On the other hand, 2-year-old 

seedlings suffered more from summer drought (Figure 6). 

 

 

Figure 6: Time dependent main stress probabilities for each seedling age class in Doñana National Park. The time 

represents each month where 1 is February and 6 is July. 
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3.5. Seedling growth  

In Cabañeros NP, we observed that seedling inside the fenced (Figure 7a) grew slightly more 

than outside the fence (growth is defined as total shoot length; Figure 7b). Regarding the age of 

the seedlings, it was observed that 2-year-old seedlings grew considerably more than the 1-year-

old.  In addition, we observed that the effect of removing the acorn attached to the seedling did 

not affect seedling growth. In Doñana, the seedlings suffered a first loss of leaves due to post-

sowing stress, therefore, during the months of March and April seedling grew in a wide range, 

so the values do not show any difference between treatments, nor plant age, or in the effect of 

acorn removal (Figure 7c).  

 

Figure 7: Line graph with mean total shoot length (in cm) representing the longitudinal growth of seedlings. Seedlings 

of 1 and 2 years (Age) with and without the acorns attached (Acorn treatment) are shown. Above is the length of the 

shoots and below the months. In addition, the standard deviation of the data set is shown. 

 

3.6. Physiological parameters depending on plant age, acorn treatment and oak 

species. 

In both National Parks, we found differences in the physiological parameters across the plant 

age. Instead, no differences were found for the acorn removal treatment. In Cabañeros, for 

Quercus ilex, 2-year-old seedlings showed higher content of chlorophyll, NBI and flavonols 

(Figure 8a,b,d,e,g,h) that 1-year-old, contrary to anthocyanins (Figure 8j,k) that showed a lower 

content in 2-year-old seedlings. Conversely, in Doñana, 1-year-old seedlings showed higher 

content of chlorophyll, NBI and flavonol (Figure 8c,f,i) and lower content of anthocyanins (Figure 

8l) than 2-year-old seedlings. We also observed, slightly in Doñana and strongly in Cabañeros, a 

clear decrease in the content of chlorophyll and NBI over time and while seedlings were dying. 
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In contrast, anthocyanins showed an increase over time. Flavonol content shows both increasing 

and decreasing values over time and therefore did not show a clear pattern.  

Figure 8: Average values of physiological parameters of chlorophyll content, flavonoid content, anthocyanin content 

and nitrogen balance index (NBI) for 1 and 2-year-old seedlings (age) and if they have the acorn attached or not 

(treatment). The standard deviation for the data set is shown. 

 

 

4. DISCUSSION 

Our results show a strong temporal variation in the occurrence of the different stress agents 

that influences the establishment of Quercus seedlings. Thus, we found that different biotic and 

abiotic stress agents occur at different time of the year and may affect seedling differently 

depending on their individual characteristics (i.e. age) or treatment (i.e. with or without the 

acorns). Furthermore, this temporal dimension also determined the dominance, intensity and 

lethality of each stress agent, as also reported by López-Sánchez et al. (2019). Therefore, when 

performing forest restoration, such as seedling plantations to assist natural regeneration, we 

should evaluate first the main abiotic and biotic factors present in our site but also the time-

dependent effect of each factor in order to increase the success of the plantation (Gómez-

Aparicio et al., 2012). For example, in the context of global change, drought is clearly the main 

cause of seedling mortality in Mediterranean plantations (Rey-Benayas, 1998; Gómez-Aparicio 

et al., 2008; Perea & Gil, 2014a; López-Sánchez et al., 2019). However, many of the oak seedlings 
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will have no chance to survive the dry period if they are previously damaged by other biotic 

stresses (i.e. insect, fungi or wild boars). Therefore, a first target just after plantation is to reduce 

the damage caused by these biotic factors (mainly wild boars) and thus, increase the number of 

seedlings that reach early summer.  

4.1. Effect of acorn removal on the survival of oak seedling according to their age 

The study period (February to September) was very dry compared to the average of the last 

twenty years, causing the death of most seedlings due to drought (summer period). Therefore, 

at the end of the experiment, in both National Parks, no significant differences were observed 

between the treatments (fenced and non-fenced, 1 vs 2-years-old or with and without acorn). 

Nevertheless, if the hydrological year had been wetter, significant differences between some 

treatments could have been found as seedling survival within the first months of the study 

differed between treatments.  

During early spring, as water deficit is usually not a limiting factor, we found that biotic factors, 

mainly wild boar activity, strongly affected seedling survival. This biotic stress was highly lethal 

as no seedlings survived just after being damaged. Therefore, in Cabañeros, we found 

differences between fenced and non-fenced treatments, which show higher probability of 

seedling survival inside the areas protected from ungulates. However, as wild boar uprooted 

only <20% of the seedlings outside the fence, no differences were found for all combinations of 

plant age (1 and 2-year-old) and acorn treatment (acorn attached or not). This may be due to 

the fact that the soils in Cabañeros are rocky and highly clayey and when the water level is low 

they become hard and difficult for wild boar to root. Nevertheless, we still could detect a slight 

pattern of lower survival probability for same age seedlings with acorn attached compared to 

those without acorn, although these differences were not significant. On the contrary, wild boar 

rooting activity in Doñana was much higher, damaging almost 38% of seedlings during the first 

months after plantation. We believe this increase damage is due to the higher wild boar 

densities in Doñana but also due to the decreased soil resistance of sands, which allows wild 

boar to overturn extensive areas with minimum effort (Fern et al., 2020). Hence, outside the 

fence in Doñana, we found significant differences in mortality according to plant age (i.e. 1-year-

old oak seedlings survival was lower than 2-year-old). Furthermore, we could also observe a 

non-significant increase in the survival of 1-year-old seedlings without the acorn attached 

compared to those with acorn, suggesting a positive effect of acorn removal on the survival of 

seedlings against wild boar activity. However, further studies, with greater sample size, are 

probably needed to confirm these preliminary results. 
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Thus, results agree with our main hypothesis suggesting that wild boar are actively searching for 

acorns during early spring, focusing mostly on those with a nutrient-filled acorn attached. As 

seedlings age (from 1-yr to 2-yrs), the acorn would become rotten and thus, less nutritious 

(Gómez et al., 2003) and therefore, less attractive to wild boar. Indeed, Doñana NP results 

confirmed this preference of wild boar, uprooting 1-year-old seedlings more often than 2-years-

old. However, while this pattern was clear and significant in Doñana NP, it was not found for 

Cabañeros. Other authors have suggested that the odour of freshly overturned or disturbed soil 

around the seedlings may represent an attractant for the boars to investigate each plantation 

spot (Mayer et al. 2000). We believe this could be true in some cases but, in this study, we 

observed a more selective pattern. In fact, Mayer et al. (2000) found that wild boar did not 

randomly uproot all nine species used in the plantation. On the contrary, only four of the nine 

species used were affected by wild boar, being two of them oak species. Thus, we strongly 

believe that in their search, wild boar are showing their preferences for some species that they 

feed on, although sometimes they may also investigate disturbed soils. According to Fern et al. 

(2020), a factor that could explain this variation is that wild boars attack plantations more often 

when they know that the planted seedlings are a good source of food but, if they do not 

recognize the species, the damage became less severe. Furthermore, we observed a hierarchical 

pattern of wild boar preferring 1-year-old seedlings vs. 2-years-old but, within the same age 

group, we could perceive a weak but consistent preference towards those with the acorn still 

attached. It is known that acorns decompose and give off an odour that can attract animals 

(Colville et al., 2012; Löf et al., 2019) and they may be able to identify those seedlings with 

acorns. However, this seems to be less relevant than age. Thus, we agree with Fern et al. (2020) 

who suggests that a combination of ecological factors may interplay in the decision of wild boar 

to uproot specific seedling individuals inside plantations. Therefore, it is necessary to 

understand better the behaviour of wild boars in forest plantations due to the huge damage 

they can inflict. Unfortunately, sample size (25 plants per treatment; age x acorn) did not allow 

us to draw stronger conclusions or obtain significant results on some of the interactions between 

variables (age and acorn). We believe further experiments should increase sample size to allow 

drawing much stronger conclusions. 

Nevertheless, we found that removing the cotyledons reserve (acorn) did not affect the 

physiology of the seedlings (i.e. content of chlorophyll, NBI, flavonols and anthocyanin) neither 

their growth (i.e. shoot length) as differences in mean value for each treatment were not 

significant. Indeed, these results were in line with those of Yi et al. (2015), who also 

demonstrated that the removal of the cotyledon reserves from the seedling does not affect their 
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growth or survival. Thus, although the evidence of a positive effect of removing the acorn in 

ungulate dominated environments is still weak, it seems that, at least, it might not be 

detrimental. 

4.2. Temporal variation on stress agent occurrence and management implications 

In both National Parks, we found a large temporal variation in the occurrence of stress agents. 

In fact, seedling survival was highly dependent on temporal variation, as other results confirm 

(López-Sánchez et al., 2019; Perea & Gil, 2014a). We revealed a common temporal pattern in 

Cabañeros and Doñana, in which the risk of being damaged by wild board is highest between 

February and April. From May onwards, wild boars reduce their rooting activity and drought 

become the main cause of mortality after the onset of the dry season (May till September).  

As we observed in this study, wild boar produces below-ground damage while foraging or 

rooting. When uprooting the seedling and exposing the roots to the air and sunlight, the plant 

desiccates in just a couple of days. Indeed, previous research studies have also shown wild boar 

to be a very important cause of oak seedling mortality in plantations (Fern et al., 2020; Focardi 

et al., 2000; Mayer et al., 2000; Gómez et al., 2003; Pulido & Díaz, 2005; Gómez & Hódar, 2008; 

Perea & Gil, 2014a). In most cases, wild boar damage was detected because of the exposure of 

overturned soil at the location of the seedling. In addition, we typically found the uprooted 

seedling in the vicinity, with the root masticated or the acorn removed, as has been also found 

by Fern et al. (2020).  

Similar results were obtained by Perea & Gil (2014a) who showed that rooting activity was higher 

in spring than in summer and also by Fern et al. (2020) who found that 74% of the documented 

wild boar damage to seedlings occurred during spring. Perea & Gil (2014a) explained this 

variation by the fact that in late winter and early spring soils contained more water and are 

softer and easier to dig up by boars than in summer, and also buried seeds are easier to detect 

olfactorily when they have higher water content while, in the summer of Mediterranean 

environments, acorns are desiccated. However, Fern et al. (2020) found that even though the 

year was dry, wild boars continued to root in sand and silt areas, as they are easy to overturn. 

However, in Doñana, we did see a decrease in rooting activity even though sandy soils offer 

littler resistant to rooting during the summer so, maybe, the hypothesis that acorns are 

desiccated in summer might have more relevance in this context.  

Our results are in accordance with previous research (Herrera, 1995; Focardi et al., 2000; Gómez 

et al., 2003; Pulido & Díaz, 2005; Gómez & Hódar, 2008; Perea & Gil 2014a; Fern et al., 2020), 
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which have found that wild boar starts searching for surface acorn from late autumn (acorn fall), 

mainly due to the availability of food on the surface. When the reserves of acorns on the ground 

are depleted (normally late winter or early spring) and the soil is still moist, wild boars search 

for buried acorns, roots and other food resources (rooting activity), causing the death of 

established seedlings.  

We observed that fencing was the best method to increase survival of the seedlings during the 

first months after the plantation (Feberuary to May). In Cabañeros, we found significant 

differences between fenced and non-fenced treatments, showing much higher probability of 

seedling survival inside the areas protected from ungulates. However, this may be a high impact 

infrastructure that some National Parks would rather avoid. To reduce wild boar predation or 

damage without fencing, previous studies have found that rooting activity is higher in the forest 

and open sites than in shrublands where the recruitment rate increases (Gómez et al., 2003; 

Gómez & Hódar, 2008) and that acorns buried alone under dense heath scrub are more likely to 

survive predation (Herrera, 1995). Other authors have demonstrated the importance of 

microsites, such as nurse plants which provide protection against biotic and abiotic factors 

(Castro et al., 2002; Rey-Benayas et al., 2002; Gómez-Aparicio et al., 2005; Zamora et al., 2004; 

Cuesta et al., 2010; Pugnaire et al., 2015; Pelaéz et al., 2019). Therefore, it would be useful to 

study more in depth which shrubs might facilitate the survival of seedlings in order to reduce 

wild boar damage in the plantations while also improving the deleterious effect of abiotic factors 

such as drought. For instance, Perea and Gil (2014a) demonstrated that spiny and intricated 

shrubs such as Rubus spp. work better than other shrubs against wild boar rooting activity for 

Quercus pyrenaica seedlings.  

In both National Parks, water stress (drought period in summer) was the most frequent stress 

agent that caused the highest mortality of seedlings. The intensity of this stress increased 

progressively from May until September producing a peak of seedling mortality during the 

month of June and July. In Mediterranean environments, water deficit has been described as 

one of the most important limiting factors for the establishment of oak trees (López-Sánchez et 

al., 2019), being the summer drought one of the main causes of unsuccessful reforestations (Rey 

et al., 2009; González-Rodríguez et al., 2011). Furthermore, in both National parks, during the 

study period, rainfall has been lower than the average of the last 20 years; especially in the 

months prior to the drought season (i.e. average rainfall during May was reduced by 60-70%). 

Also, in both parks the availability of water in summer is very low and the seedlings end up dying 

due to drought, since in Doñana the sandy soils hardly retain water, and in Cabañeros the clay 

soils dry out and become impenetrable for the roots of the seedlings. Thus, water deficit during 
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this experiment has been above average due to the exceptionally dry hydrological year, being a 

key limiting environmental factor for the survival of the seedlings.  

Currently, water stress is a very difficult abiotic factor to overcome, and droughts are expected 

to increase in the Mediterranean basin due to climate change (IPCC, 2021). In addition, Gómez-

Aparicio et al. (2008),  found that climate change can have a double negative impact on Quercus 

regeneration, as extremely dry years reduce the probability of seedling survival and cancel out 

the positive effects of  the (increasingly more infrequent) wet years. To enable seedlings to resist 

water stress during the summer, some authors recommend applying irrigation during the peak 

of the dry season to increase survival rates (Rey-Benayas, 1998; Siles et al., 2010). Other authors 

recommended applying drought hardening in the nursery to gain drought tolerance and 

transplanting performance in some oak species (for holm oak see Villar-Salvador et al., 2004). 

An experimental study of the benefits of irrigation during summer on seedlings survival (at least 

twice during the whole summer) should be also performed to quantify the benefits of this 

treatment in ungulate-dominated areas. However, further studies should investigate if irrigation 

the seedlings may have a trade-off in high ungulate abundance sites, as irrigation during the 

summer could re-hydrate the acorn, making it easier for wild boar to detect it olfactorily (Perea 

& Gil, 2014a).  

Surprisingly, the incidence and damage caused by deer browsing was quite low and not strong 

enough to be the main stress agent for any seedlings, despite the high density in both National 

Parks. As Perea & Gil (2014b) and López-Sánchez et al. (2019) pointed out, deer browsing should 

be higher and occur earlier in drier year (as in the study period) compared to wet years, because 

forage quality and quantity is lower in a drier year. However, our study year was exceptionally 

dry and the seedlings were already dry at the beginning of the summer and thus, not available 

for browsing due to their low palatability when dead. Finally, other studies suggest that deer 

may also browse more on saplings and shrubs than seedlings (López-Sánchez et al., 2014; Perea 

et al., 2016), although we could not assess the role of seedling age on browsing damage as deer 

were not the main stress of any plant. 

Finally, fungi and insect damage was not severe enough to cause the death of any seedling, 

although insect damage was severe for some seedlings (>50% of the leaves damaged). 

Furthermore, other authors have pointed out that insect damage may affect the growth of oak 

seedlings and consequently their competitive ability (Wright et al., 1989; López-Sánchez et al., 

2019). In addition, pathogens and insects affecting an oak plant, along with other stress agents 

such as herbivory and water stress, may accelerate and promote plant death (Ghanbary et al., 
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2021). In environments where drought is the main stress agent, insect and fungal damage 

becomes less notable, but may still affect oak seedlings and cause their death together with 

other stress agents.  

Finally, we observed that when the seedlings are under stress, their physiology changes, as 

chlorophyll and nitrogen decrease over time, while anthocyanins increase. This is because when 

seedlings feel any stress they increase the concentration of anthocyanins to defend and enhance 

their resistance capacity, as has been the case in other studies (Chalker-Scott, 1999; Ghanbary 

et al., 2021). 

4.3. Conclusions 

This study highlights the role of wild boar as a limiting agent for oak recruitment and shows the 

impact that it might inflict on the management of forest plantations. As a conclusion, we have 

seen that a combination of ecological factors influences the impact of wild boar damage in 

plantations, so it is necessary to better understand the behaviour of wild boars in forest 

plantations. 

Therefore, we proved that 2-year-old seedlings have a lower probability of being damaged by 

wild boar than 1-year-old seedlings in an area of sandy soils such as Doñana NP. To the best of 

our knowledge, no previous research has obtained these results. In addition, we suggest a 

possible benefit from removing the acorn attached, particularly from 1-year-old seedlings. Thus, 

removing the cotyledon reserves from 1-year-old seedling could be a good strategy in assisted 

oak plantations in areas with high densities of wild boar, as they will be less damaged. Similarly, 

planting 2-years-old seedlings instead of one-year-old seedlings could be a good strategy to 

avoid damage by wild boar, at least, in sandy soils. 

Unfortunately, sample size was one of the main limitations of our study and further 

experimental plantations should put more effort into planting higher number of seedlings per 

treatment (> 50 plants), as wild boar seems to be attracted not only by the acorn odour but also 

by the plant age and, potentially, by the soil being removed. 
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6. SUPPLEMENTARY MATERIALS 

 

Figure S1: Meteorological data from the Porzuna weather station (14.3 km from the plantation to the SE) obtained 

through the SIAR (Irrigation Advisory Service of Castilla-La Mancha) of the Consejería de Agricultura, Agua y Desarrollo 

Rural de Castilla-La Mancha (Department of Agriculture, Water and Rural Development of Castilla-La Mancha). * 

Meteorological data from the Almonte station (14.1 km from the plantation to the N) obtained through the RIA (Red 

de Información Agroclimática de Andalucía) of the Junta de Andalucía. 

 

Table S1. Pair-wise comparison of Cox Proportional Hazard Model significance levels among each pair of seedlings of 

1-2 years-old, with or without acorns outside the fence in Cabañeros before the onset of the dry season.  

Fenced- 1yr- 

Acorn 

Fenced – 1yr- 

No Acorn 

Fenced – 2yr - 

Acorn 

Fenced 2yr - 

No Acorn 

 

P<0.001 P<0.001 P<0.001 P<0.001 No Fenced- Acorn -1yr  

 P<0.001 P<0.001 P<0.001 No Fenced-No Acorn – 1yr 

  P<0.001 P<0.001 No Fenced - Acorn – 2yr  

   P<0.001 No Fenced- No Acorn - 2yr 
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Table S2. Pair-wise comparison of Cox Proportional Hazard Model significance levels among all combinations of 

seedlings of 1-2 years-old, with or without acorns outside the fence in Cabañeros before the onset of the dry season. 

Model coefficient and P-values are indicated. Positive coefficients indicate an increased survival of the treatment A 

(columns) against treatment B (rows).  

1 yr –No Acorn 2 yr - Acorn 2 yr- No Acorn  

0.233 

P= 0.578 

 0.182 

P= 0.612 

 0.203 

P=0.787 

1 yr- Acorn 

 0.203 

P= 0.787 

0.002 

P= 0.975 

1 yr- No Acorn 

  0.436 

P= 0.435 

2 yr - Acorn 

   2 yr – No Acorn 

 

 

Figure S2: Survival probability of seedlings depending on Time (in months) with and without acorns according to plant 

Age (1-year-old vs 2-years-old) and Fence (fenced and non-fenced treatment) for Cabañeros National Park. 
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Table S3. Pair-wise comparison of Cox Proportional Hazard Model significance levels among all combinations of 

seedlings of 1-2 years-old, with or without acorns outside the fence area in Doñana before the onset of the dry season. 

1 yr –No Acorn 2 yr - Acorn 2 yr- No Acorn  

0.496 

P= 0.249 

1.176 

P= 0.0034 

 0.633 

P= 0.223 

1 yr- Acorn 

 0.633 

P= 0.224 

0.542 

P= 0.101 

1yr-No Acorn 

  - 0.136 

P= 0.81 

2 yr - Acorn 

   2 yr – No Acorn 

 

 

Figure S3: Survival probability of seedlings depending on Time (in months) with and without acorns according to plant 

Age (1-year-old vs 2-years-old) in no protected treatment (non-fenced) for Doñana National Park. 

 


