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Resumo 
 

A transformação e destruição das áreas naturais para a sua exploração como terras agrícolas é um 

exemplo típico de mudança de uso do solo que gera uma elevada degradação dos ecossistemas em 

todo o mundo. No entanto, durante as últimas décadas, muitas terras agrícolas estão a ser 

abandonadas devido a múltiplos fatores socioeconómicos. Atualmente, há uma tendência que vê o 

abandono das terras agrícolas como uma oportunidade para restaurar o funcionamento destes 

ecossistemas alterados pelo homem. Para isso, é fundamental compreender os processos ecológicos 

que impulsionam e limitam a regeneração natural das comunidades vegetais nestes campos 

abandonados. Esta tese de doutoramento aborda a compreensão de duas etapas chave que 

determinam a (re)colonização natural dos campos abandonados onde as interações interespecíficas 

são centrais: chegada de sementes e recrutamento e estabelecimento de plântulas. Para isso, foi 

utilizada uma abordagem multidisciplinar que combina trabalho de campo, técnicas moleculares e 

modelação espacialmente explícita em três campos abandonados do sudoeste da Península Ibérica. 

Especificamente, foi aplicada ao sistema composto pela palmeira-anã (Chamaerops humilis L.), uma 

palmeira pioneira endémica do Mediterrâneo, e suas interações interespecíficas com mamíferos 

frugívoros (ungulados e carnívoros) e espécies de plantas lenhosas. Os resultados mostraram que 

carnívoros promoveram uma chegada considerável de sementes. O comportamento de marcação 

dos dispersores, especialmente dos texugos, afetou a estrutura espacial e genética das sementes 

dispersas e plântulas. Várias espécies de arbustos considerados “nurse plant” foram 

quantitativamente comparadas, sendo identificada a palmeira-anã como uma espécie "keystone". 

De facto, pela primeira vez, foi demonstrado experimentalmente o papel da palmeira-anã como 

“nurse plant”de várias espécies lenhosas. No entanto, a forte variação entre palmeiras confirmou a 

presença do continuum facilitação-competição e, portanto, que estas interações planta-planta nem 

sempre são positivas. Ainda, foram encontradas provas espaciais do papel da palmeira-anã como 

"poleiro" para aves frugívoras. Em conclusão, utilizando o sistema “palmeira-anã-mamíferos- plantas 

lenhosas” como modelo, foi revelado como a (re)colonização natural dos campos abandonados pode 

promover a sua autorrecuperação, embora as intervenções de restauração ativa possam ser 

altamente recomendáveis para aumentar a regeneração de algumas comunidades vegetais. 

Palavras-chave 

Abandono de terras agrícolas; Mamíferos frugívoros; Dispersão de sementes; Interações planta 

nodriza-beneficiárias; Hábitat mediterrânico 
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Abstract 
 

The transformation and destruction of natural areas for their exploitation as agricultural lands is a 

typical example of land-use change that generates high ecosystem degradation worldwide. 

However, during the last decades, many agricultural lands are being abandoned due to multiple 

socio-economic factors. Currently, there is a trend that sees the farmland abandonment as an 

opportunity to restore the functioning of these human-altered ecosystems. To take advantage of 

this opportunity, it is central to understand the ecological processes that drive and limit the natural 

regeneration of plant communities in these old-fields. This doctoral dissertation addresses the 

understanding of two central stages that determine the natural (re)colonization of old-fields where 

interspecific interactions are central: seed arrival and seedling recruitment and establishment. To do 

this, a multidisciplinary framework that combines intensive field work, molecular techniques and 

spatially explicit modelling was used in three old-fields located in southwestern Iberian Peninsula. 

Specifically, it was applied to the system comprised of the dwarf palm (Chamaerops humilis L.), a 

pioneer palm endemic to the Mediterranean, and its interspecific interactions with frugivorous 

mammals (ungulates and carnivores) and woody plant species. The results showed that carnivores 

promoted a considerable seed arrival. The fecal marking behavior of dispersers, especially badgers, 

impacted the spatial and genetic structure of dispersed seeds and seedlings. Several nurse shrub 

species were quantitatively compared, being identified the dwarf palm as a ‘keystone’ species. 

Indeed, for the first time, it was experimentally demonstrated the role of the dwarf palm as nurse 

plant of several woody species. However, the strong variation among individual palms confirmed the 

presence of the facilitation-competition continuum and therefore, that these plant-plant 

interactions are not always positive. Besides, spatial evidences of the role of the dwarf palm as 

‘perche’ for frugivorous birds were found. In conclusion, using the system ‘dwarf palm-mammals-

woody plants’ as a model, it was revealed how the natural (re)colonization of old-fields can promote 

their self-recovery, although active restoration interventions can be highly recommendable to 

increase the regeneration of some plant communities. 

 

Keywords 

Farmland abandonment; Frugivorous mammals; Seed dispersal; Nurse-beneficiary plant interactions; 

Mediterranean habitat 
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Resumen 
 

La transformación y destrucción de áreas naturales para su explotación como zonas agrícolas es un 

ejemplo típico de cambio en los usos del suelo que genera una alta degradación de los ecosistemas a 

nivel global. Sin embargo, durante las últimas décadas muchas zonas agrícolas están siendo 

abandonadas debido a múltiples factores socio-económicos. Actualmente, existe una tendencia que 

ve dicho abandono de las tierras agrícolas como una oportunidad para recuperar el funcionamiento 

de estos ecosistemas alterados por el hombre. Para ello, es fundamental entender los procesos 

ecológicos que conducen y limitan la regeneración natural de las comunidades de plantas en estos 

campos abandonados. Esta tesis doctoral aborda el entendimiento de dos etapas clave que 

determinan la (re)colonización natural de los campos abandonados donde las interacciones inter-

específicas juegan un papel esencial: la llegada de semillas y el reclutamiento y establecimiento de 

plántulas. Para ello, se utilizó una aproximación multidisciplinar que combinaba trabajo de campo 

intensivo, técnicas moleculares y análisis espacialmente explícitos en tres campos abandonados del 

suroeste de la Península Ibérica. Concretamente, se aplicó al sistema compuesto por el palmito 

(Chamaerops humilis L.), una palmera pionera y endémica del Mediterráneo, y sus interacciones 

inter-específicas con mamíferos frugívoros (ungulados y carnívoros) y especies de planta leñosa. Los 

resultados mostraron que carnívoros promovieron una considerable llegada de semillas de palmito. 

El comportamiento de marcaje de los dispersantes, especialmente del tejón, influyó en la estructura 

espacial y genética de las semillas dispersadas y plántulas. Se compararon cuantitativamente varias 

especies de arbustos nodriza siendo identificada el palmito como una especie “keystone”. De hecho, 

por primera vez, se demostró experimentalmente el papel del palmito como nodriza de especies 

leñosas. Aunque, la fuerte variación entre individuos confirmó la presencia del continuo facilitación-

competición y, por tanto, que dichas interacciones planta-planta no siempre son positivas. Además, 

se encontraron evidencias espaciales del papel del palmito como “percha” para aves frugívoras. En 

conclusión, usando como modelo el sistema “palmito-mamíferos-plantas leñosas”, se reveló como la 

(re)colonización natural de los campos abandonados puede promover su auto-recuperación, aunque 

intervenciones de restauración activa pueden ser altamente recomendables para incrementar la 

regeneración de algunas comunidades de plantas. 

Palabras Clave 

Abandono de tierras agrícolas; Mamíferos frugívoros; Dispersión de semillas; Interacciones planta 

nodriza-beneficiarias; Hábitat mediterráneo 
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Resumo alargado 

 

Durante séculos, os ecossistemas naturais foram intensivamente transformados e 

destruídos devido a atividades humanas como a desflorestação insustentável, a agricultura 

intensiva, a poluição intensa ou a mudança nos usos do solo. Tal têm sido a magnitude e a 

rapidez do impacto destas atividades humanas em áreas naturais a nível global que esta 

nova era foi batizada como "Antropoceno". Afortunadamente, os seres humanos também 

demonstraram um enorme interesse e capacidade na restauração de ecossistemas 

degradados, na preservação da biodiversidade ou na recuperação de serviços de 

ecossistemas deteriorados ou perdidos. Neste sentido, muitos governos e agências 

nacionais e internacionais têm liderado importantes iniciativas globais focadas na 

restauração ecológica e biologia da conservação para fazer face à necessidade urgente de 

reverter a forte degradação dos ecossistemas naturais. A iniciativa mais recente e 

promissora é a "Década de Restauração dos Ecossistemas 2021-2030" declarada pelas 

Nações Unidas e que têm por objetivo a recuperação de 350 milhões de hectares de 

ecossistemas degradados. Embora seja um enorme desafio, estamos num momento chave 

para reverter a degradação global dos ecossistemas naturais e recuperar a biodiversidade 

perdida, bem como os serviços de ecossistemas que favorecem o bem-estar humano. 

 A mudança nos usos do solo é um dos principais motores da deterioração e 

destruição dos ecossistemas. Um exemplo típico disso, que gera fortes efeitos negativos nos 

ecossistemas, é a transformação extrema das áreas naturais através de técnicas agressivas 

de desflorestação maciça para a sua exploração como áreas agrícolas. Pelo contrário, existe 

atualmente uma tendência global de abandono das terras agrícolas devido a numerosos 

fatores socioeconómicos entre os quais se destaca o êxodo rural para as cidades. Este 

aumento da taxa de abandono das terras agrícolas tem ocorrido principalmente nos países 

desenvolvidos dos Estados Unidos e da Europa, mas também nos países em 

desenvolvimento da América Latina e do Sudeste Asiático. Por exemplo, no Sul da Europa, a 

área ocupada por zonas agrícolas aráveis diminuiu 35,5% nos últimos 60 anos. Esta taxa 

varia a nível regional sendo, por exemplo, de 63,3% em Portugal, contra 27,3% em Espanha. 

O abandono das terras agrícolas pode ter efeitos positivos (por exemplo, revegetação 

passiva e aumento do armazenamento de CO2) e efeitos negativos (por exemplo, aumento 
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da intensidade e frequência dos incêndios e perda de valores culturais). Por isso, ter em 

conta e compreender os fatores e processos que geram ambos os tipos de efeito é 

fundamental para compreender a dinâmica destes ecossistemas e, assim, ser capaz de 

restaurá-los, conservá-los e evitar uma maior degradação. Neste sentido, existe atualmente 

uma tendência que vê a (re)colonização ou regeneração natural de campos abandonados 

como uma boa oportunidade para recuperar estes ecossistemas alterados pelo homem. Isto 

parece especialmente relevante na bacia Mediterrânica, onde muitos ecossistemas foram 

historicamente modificados e onde se situa um dos principais e alarmantes pontos quentes 

do aquecimento global. Assim, para fazer face à recuperação do estado inicial dos 

ecossistemas degradados através da (re)colonização natural, é essencial analisar e 

compreender profundamente os processos ecológicos que conduzem e limitam a dinâmica 

dessa regeneração, bem como ligá-los à restauração ecológica. Desta forma, poderemos 

recuperar em grande medida o funcionamento destes ecossistemas alterados pelas 

atividades humanas e aumentar a sua resiliência a futuras perturbações. 

 Esta tese de doutoramento aborda a compreensão de duas etapas-chave que 

determinam a (re)colonização natural dos campos abandonados onde as interações inter-

específicas desempenham um papel essencial: a chegada de sementes e o recrutamento e 

estabelecimento de plântulas. Para tal, foi utilizada uma abordagem multidisciplinar que 

combinava trabalho intensivo de campo, técnicas moleculares e análise espacialmente 

explícita em três campos abandonados no sudoeste da Península Ibérica. Especificamente, 

foi aplicada ao sistema composto pela palmeria-anã (Chamaerops humilis L.), uma palmeira 

pioneira endémica do Mediterrâneo, e suas interações inter-específicas com várias espécies 

de mamíferos frugívoros (ungulados e carnívoros) e plantas lenhosas. Esta tese divide-se em 

cinco capítulos desenhados de acordo com o padrão de regeneração natural, começando 

pela chegada de sementes dispersas por mamíferos frugívoros e terminando com as 

interações planta-planta que influenciam e limitam o recrutamento e o estabelecimento de 

plântulas. 

 Para quantificar as associações espaciais entre a distribuição da chuva de sementes e 

palmeiras adultas, bem como avaliar a predominância dos efeitos de Janzen-Connell versus 

efeitos facilitadores nas relações espaciais plântulas-adultos, foram aplicadas técnicas 

intensivas de monitorização de campo e análise de modelação espacialmente explícita. 
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Especificamente, tanto as palmeiras adultas como a chuva de sementes gerada por 

mamíferos foram georreferenciados durante duas estações de dispersão consecutivas. 

Posteriormente, a emergência e a sobrevivência natural das plântulas resultantes da chuva 

de sementes foram registadas mensalmente durante dois anos. Verificou-se que as 

associações espaciais sementes-adultos variam entre espécies dispersantes e locais. Entre 

os dispersores, destacou o texugo, cujo comportamento de marcação (latrinas) influenciou 

notavelmente as associações espaciais. Encontraram-se fortes evidências de efeitos Janzen-

Connell e efeitos facilitadores. 

 Para avaliar a variação genética espacio-temporal das plântulas da palmeira-anã 

provenientes de sementes dispersas, foram genótipos usando micro-satélites o número 

máximo de plântulas possíveis dependendo do seu tamanho, bem como dos adultos 

reprodutores. Utilizando software genético, foram quantificadas taxas de diversidade 

genética e endogamia, a estrutura genética espacial em escala fina e o padrão temporal de 

chegada de genótipos raros. Foi encontrado que o padrão de marcação dos texugos 

influenciou criticamente a estrutura espaço-temporal dos genótipos. Especificamente, foi 

encontrada uma diversidade genética média-alta e ausência de endogamia. A estrutura 

genética espacial à escala fina variava consoante a escala analisada. Assim, as plântulas 

emergiram nas fezes (pequena escala) eram mais geneticamente relacionadas do que o 

esperado enquanto, nas latrinas (escala intermédia) o parentesco das plântulas era como 

esperado. Além disso, verificou-se que genótipos raros chegavam mais frequentemente no 

final da época de dispersão. Estes resultados podem ter implicações importantes para a 

restauração genética dos ecossistemas degradados pelas atividades humanas. 

 Para avaliar quantitativamente a importância funcional de várias espécies de 

arbustos “nurse”, foram quantificadas as associações espaciais positivas entre esses 

arbustos e adultos de plantas lenhosas tendo em conta a abundância relativa de cada 

espécie “nurse”. Assim, através de uma abordagem baseada em técnicas de campo, 

verificou-se que a palmeira-anã é uma espécie "keystone", uma vez que teve um efeito 

desproporcional nas suas associações espaciais positivas com os adultos das plantas 

lenhosas, maior do que seria de esperar com base na sua baixa abundância relativa no 

ecossistema. 
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 Para mostrar experimentalmente como as mudanças nas interações planta-planta ao 

longo do continuum facilitação-competição podem alterar o estabelecimento de plântulas, 

foram realizadas experiências de campo quantificando a predação das sementes e o 

surgimento, sobrevivência e estabelecimento de plântulas tanto sob a palmeira-anã como 

em micro-habitat aberto. Especificamente, foram utilizadas sete espécies de plantas 

lenhosas. Pela primeira vez, o papel de “nurse plant” da palmeira-anã foi demonstrado 

experimentalmente, facilitando o estabelecimento de plantas lenhosas, embora se 

encontrassem importantes conflitos sementes-plântulas. Finalmente, a forte variação entre 

os indivíduos da palmeira confirmou a presença de um continuum facilitação-competição e, 

portanto, que estas interações planta-planta nem sempre são positivas. Estes resultados 

têm implicações importantes para o sucesso de projetos de revegetação. 

 Para explorar associações espaciais entre indivíduos de adultos da palmeira-anã e 

dez espécies de plantas lenhosas, todos os indivíduos presentes em cada local de estudo 

foram georreferenciados e foram aplicadas técnicas de modelação espacialmente explícitas. 

Além disso, foi avaliado se o mecanismo de dispersão de cada espécie lenhosa influenciou 

as associações espaciais. Foram encontradas associações espaciais positivas de pequena 

escala entre a palmeira-anã e várias espécies lenhosas que sugerem efeitos facilitadores 

netos da palmeira-anã como uma planta “nurse”. Além disso, as maiorias destas associações 

positivas de pequena escala situavam-se entre a palmeira-anã e as espécies lenhosas 

dispersas por aves que sugeriam o papel da palmeira-anã como “poleiro” para aves 

frugívoras. Por último, sugere-se que os efeitos facilitadores e o “poleiro” são cruciais para a 

restauração de ecossistemas alterados. 

 Em conclusão, esta tese de doutoramento utiliza como modelo o sistema "palmeira-

anã-mamíferos-plantas lenhosas" para revelar a importância das interações interespecíficas 

(planta-animal e planta-planta) na (re)colonização natural de campos abandonados em 

particular e ecossistemas degradados pelo homem em geral. Especificamente, demonstra-se 

como a (re)colonização natural de campos abandonados pode promover a sua 

autorrecuperação, embora as intervenções de restauração ativa possam aumentar 

consideravelmente a regeneração de algumas comunidades vegetais. Neste sentido, 

propõem-se várias recomendações derivadas da perspetiva ecológica multidisciplinar 

aplicada nesta tese de doutoramento que podem ser implementadas durante a restauração 
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de ecossistemas degradados, de forma a aumentar a sua resiliência a futuras perturbações 

humanas e naturais. 

 

Palavras-chave 

Abandono de terras agrícolas; Mamíferos frugívoros; Dispersão de sementes; Interações 

planta nodriza-beneficiárias; Hábitat mediterrânico 
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General Introduction 
 

 The Anthropocene and human-driven degradation of ecosystems. 

Multiple human activities such as unsustainable deforestation, intensive agriculture, severe 

pollution, or accelerated land-use changes have deeply impacted ecosystems for many 

decades (Vitousek et al., 1997; Haddad et al., 2015; Newbold et al., 2015). The real threats 

of this human-driven degradation of ecosystems are its velocity and intensity (Millennium 

Ecosystem Assessment, 2005; IPCC, 2021). Thus, the fast pace of this human-driven 

degradation is leading to a change in the environmental conditions at a planetary scale 

recognized as the new ‘Anthropocene’ era (sensu Crutzen, 2002). On this matter, as Steffen 

et al. (2007; p. 1) said: “Human activities have become so pervasive and profound that they 

rival the great forces of Nature and are pushing the Earth into planetary terra incognita. The 

Earth is rapidly moving into a less biologically diverse, less forested, much warmer, and 

probably wetter and stormier state”. But, fortunately, humans have also shown enormous 

interest in restoring degraded ecosystems, recovering and limiting biodiversity loss and 

conserving ecosystem services provided to society well-being (Dobson et al., 1997; Young, 

2000; Turner et al., 2007; Hobbs and Cramer, 2008; Jones and Schmitz, 2009; Rey-Benayas 

et al., 2009). Facing this urgent necessity of reverting degradation ecosystems and the 

global interest in ecological restoration and conservation biology, multiple worldwide 

restoration initiatives have been recently led by both national and international 

governments and agencies (Figure 1). One of the most recent large-scale restoration 

initiatives is the ‘UN Decade on Ecosystem Restoration 2021-2030’ launched by the United 

Nations (UN, 2019). This ambitious declaration expects to accelerate the Bonn Challenge, 

which aims to restore of 350 million hectares of degraded ecosystems by 2030. All these 

promising initiatives have the enormous potential of recovering degraded ecosystems as 

long as they are efficiently implemented (Gann et al., 2019; see also Cooke et al., 2019; 

Young and Schwartz, 2019). However, occasional barriers are often identified and failed 

restoration efforts are recognized along the development of programs (e.g. insufficient 

funding or lack of evaluation and monitoring; Moreno-Mateos et al., 2017; Cortina-Segarra 

et al., 2021). Despite these challenges, we face a key forthcoming moment in which we have 

the incomparable opportunity to recover the human-driven deterioration of ecosystems and 
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minimize its detrimental consequences on biodiversity, human health, and food security 

(Suding, 2011). 

 

 

Figure 1. Global restoration initiatives launched by governments and international agencies in the last decade. 
Modified from Moreno-Mateos et al. (2020). 

 

 Land-use changes: from natural areas to abandoned farmlands. 

One of the main drivers of the past and current ecosystem degradation (even destruction) is 

the change of land-uses (Tilman, 1999; Chazal and Rounsevell, 2009; Hasan et al., 2020). 

Human activities (e.g. urbanization, mining, agriculture) have transformed more than 40% of 

pristine ecosystems being the intensive agriculture which has generated more detrimental 

effects (Valladares et al., 2019). Usually, these natural ecosystems were deforested and/or 

clear-cut for their exploitation like farmlands, impacting negatively for example, the native 

biodiversity (e.g. Butchart et al., 2010; MacDougall et al., 2013). On the contrary, due to 

exodus to cities there is currently a global tendency to the abandonment of marginal and 

less productive farmlands in which, those modified natural landscapes that are left unused, 

become eventually in new ecosystems that partially recover multiple characteristic of the 

previous ones (i.e. old-fields; Cramer et al., 2008; Queiroz et al., 2014; Chazdon et al., 2020). 

Numerous studies and reviews have shown that farmland abandonment has primarily 

occurred in developed countries in Europe and the United States as well as in developing 
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countries in Latin America and Southeast Asia (see Li and Li, 2017 and references therein). 

Further, this trend is expected to keep increasing in the following decades (Pointereau et al., 

2008; Heinimann et al., 2017). In Europe, farmland abandonment varies regionally, being 

southern Europe the region with the most remarkable rates (MacDonald, et al., 2000; 

Lasanta et al., 2015; 2021; Terres et al., 2015; Ustaoglu and Collier, 2018). Indeed, the 

surface occupied by arable farmland has decreased by 35.5% in the last 60 years, being this 

trend especially marked in countries such as Portugal (63.3%) or, to a lesser extent, Spain 

(27.3%) (Figure 2) (FAO, 2021). On this matter, the detailed comprehension of local 

processes and drivers influencing ecosystem dynamics under human impact (either positive 

or negative) may help improving conservation and restoration efforts as well as preventing 

additional degradation (e.g. Bonet and Pausas, 2007; see also Pausas and Millán, 2019). This 

seems especially relevant in regions such as the Mediterranean basin which has been 

historically strongly human-modified (Rundel et al., 2013) and is currently considered an 

alarming hotspot of global warming (IPCC, 2018; Morán-Ordóñez et al., 2021). 

 

 

Figure 2. (a) European Union map showing the risk of farmland abandonment classified as: <80% risk (<0.71), 
80-90% risk (0.72-0.80), and >90% risk (90-100%). No data for some regions in Finland, Bulgaria, and 

Switzerland. Modified from Terres et al. (2015). (b) Temporal change of surface occupied by arable farmland 
(x1000 ha) from 1961 to 2019 in Southern Europe, Spain and Portugal. Data source: FAOSTAT 

http://faostat.fao.org/. 
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Drivers of farmland abandonment are area-specific but in general, it is driven by 

rural-urban migration due to socio-economic causes (e.g. better labor opportunities, aging 

farmers), and to a lesser extent, by ecological (e.g. soil fertility, climate change) and 

mismanagement factors (e.g. productivity loss, flooding) (Rey-Benayas et al., 2007). 

Farmland abandonment can have negative and positive effects on ecosystem functioning 

(Aide and Grau, 2004, Plieninger et al., 2014, Pausas and Millán, 2019). On the one hand, 

the natural regeneration of old-fields may lead to reduced landscape heterogeneity, loss of 

local adapted species, higher fire frequency and intensity, and even loss of cultural and 

aesthetic values (Rey-Benayas et al., 2007). On the other hand, the abandonment process 

can also derive multiple positive effects such as passive revegetation, higher water 

retention, soil recovery, biodiversity increase, and higher CO2 storage (Rey-Benayas et al., 

2007). High fire hazard after abandonment due to the progressive accumulation of 

vegetation (i.e. fuel load) is a decisive factor for the final outcome of old-fields regeneration 

(Moreira et al., 2011; Ursino and Romano, 2014; Sil et al., 2019). Therefore, to promote the 

efficient recovery of these areas managers and restorers should take into account fire 

dynamics and other ecological factors during decision-making. 

We could take advantage of natural (re)colonization in old-fields (as long as we 

detect net positive effects), to boost the recovery of degraded landscapes and increase 

ecosystem functioning and resilience (Navarro and Pereira, 2015; Rey-Benayas and Bullock, 

2015). In other words, the natural (re)colonization of these areas after farmland 

abandonment may be viewed as an opportunity to recover/restore the historical state of 

ecosystems (Cramer et al., 2008). At this point, to truly make the most of the incomparable 

opportunity to recovering human-degraded ecosystems, it is essential promoting the link 

between restoration initiatives and ecological processes driving natural (re)colonization 

events (Hobbs and Harris, 2001; Temperton et al., 2004; Walker et al., 2007; Bullock et al., 

2011; Lindenmayer, 2020). In addition, the profound comprehension of such ecological 

processes may enormously help during decision-making of restoration projects (e.g. active 

vs. passive actions; Hobbs and Cramer, 2008; Meli et al., 2017; Crouzeilles et al., 2017; Jones 

et al., 2018). Thus, in this doctoral dissertation, I focus on the understanding of two central 

stages influencing critically the natural (re)colonization of Mediterranean old-fields: (i) seed 

arrival and (ii) seedling recruitment and establishment. In both stages, plant-animal (e.g. 
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zoochory; Bascompte and Jordano, 2007; Herrera and Pellmyr, 2009) and plant-plant 

interactions (e.g. facilitation; Callaway, 2007; Brooker et al., 2008) have a decisive role. In 

addition, the full comprehension of these ecological processes and their consequences on 

plant regeneration is a major concern under the current context of global change and 

ecosystem destruction. 

 

 The natural (re)colonization of Mediterranean old-fields: disentangling the 

ecological consequences of seed arrival and seedling recruitment and 

establishment. 

Many plant-animal interactions often influence plant community assemblage during natural 

(re)colonization of Mediterranean old-fields (Herrera and Pellmyr, 2009). Worriedly, recent 

reviews have showed that human activities related to global change may alter the nature 

and intensity of biotic interactions in unexpected ways (Tylianakis et al., 2008; Kiers et al., 

2010; Neuschulz et al., 2016). Human activities’ legacy usually conditions the development 

and regeneration of plant community assemblage in old-fields. For instance, the 

combination of impoverished soil seed banks and limited seed dispersal into old-fields due 

to lack of seed sources and/or seed dispersers are global constraints that dramatically affect 

their recovery (Cramer et al., 2008). In general, old-fields tend to be open pastureland areas 

with sparse trees and/or shrubs. Therefore, using remnant trees and shrubs to boost the 

ecological succession and ecosystem functioning of abandoned farmlands is a challenging 

critical task. We can find multiple abiotic (e.g. wind, water) and biotic (e.g. ants, beetles, 

vertebrates) seed dispersal agents acting during natural regeneration events. Biotic seed 

dispersers (i.e. zoochory) in the (re)colonization of Mediterranean old-fields are essential 

since vertebrate-dispersed plants represent 32 – 64% of Mediterranean plant richness 

(Herrera, 1995). In particular, frugivorous birds and mammals ensure seed arrival (via 

endozoochorous dispersal; Levey et al., 2002; Traveset and Verdú, 2002; Wang and Smith, 

2002) to vacant human-altered areas, having a noticeable impact on plant recruitment and 

eventually on adult plants’ distribution (e.g. Mediterranean old-fields; Escribano-Ávila et al., 

2014; García-Cervigón et al., 2017; Fedriani et al., 2018). However, biotic vectors can 
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contribute differentially to seed arrival in old-fields according to their characteristics. In 

particular, medium-sized carnivores have multiple virtues as seed dispersers: (i) they are 

able to ingest a wide range of fruit and seed sizes; (ii) they often act as long-distance seed 

dispersers due to their high mobility; (iii) they are generalist in the habitat use, delivering 

seeds in open and human-altered areas; (iv) they are residents, i.e. they do not migratory 

movements, and consequently, they can disperse seeds all year long; and (v) some species 

(e.g. red fox) are rather resilient to human activities. For instance, medium-sized carnivores 

present in agroforestry mosaic landscapes tend to move mostly towards open areas (e.g. 

old-fields) in relation to birds that preferably move along more enclosed areas (e.g. remnant 

forests) (Figure 3). Interestingly, this pattern is really important for the seed arrival into old-

fields given that medium-sized carnivores usually act as legitimate seed dispersers of many 

fleshy-fruited plants (e.g. Rosalino et al., 2010; López-Bao et al., 2011; Rey et al., 2018; 

Pereira et al., 2019). Besides, whether such fleshy-fruited plants are considered pioneer in 

ecological succession, even keystone species with a disproportionate impact on the 

ecosystem (sensu Power et al., 1996), the first key steps of (re)colonization process are set. 

Once seeds have arrived in old-fields, multiple ecological processes driven by animals’ 

behavior such spatial and genetic distribution patterns, distance to mother or conspecifics 

plants, or post-dispersal seed and seedling survival will condition the natural regeneration 

dynamics (Dennis et al., 2007). 

 Generally, the spatial imprint of mammals’ behavior influences the spatial 

distribution of animal-dispersed plants by establishing the initial template for plant 

regeneration. In particular, fecal marking and foraging behaviors critically affect mammal-

generated seed rain and its spatial relationship with the distribution of adult plants (i.e. seed 

shadow; Jordano and Godoy, 2002). Thus, frugivorous mammals may have important 

consequences on both demographic and genetic patterns of many animal-dispersed plants. 

On the one hand, fecal marking and foraging behaviors often differ among species having 

thus, contrasting demographic consequences for plant regeneration dynamics. For instance, 

Fedriani et al. (2010) showed contrasting depositing patterns for wild boars (Sus scrofa) and 

Eurasian badgers (Meles meles) as seed dispersers of the Iberian pear tree (Pyrus 

bourgaeana). In particular, wild boars defecated in a scattered fashion across the landscape, 

delivering seeds near to adults, whereas badgers typically formed latrines (i.e. a highly 
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clumped pattern) but far away from adult pear tree clusters. They concluded that wild boars 

tended to maintain and reinforce tree patches, whereas badgers created new ones. 

Thereby, by assessing the coupling between spatial patterns of mammal-generated seed 

rain and adult plants, we can shed light on underlying mechanisms that determine the 

spatial distribution of seeds, seedlings, saplings, and adults as well as the spatial 

relationships between them (Lara-Romero et al., 2016; Perea et al., 2021).  

 

 

Figure 3. Example of an agroforestry mosaic landscape where Eurasian badgers (Meles meles) and red foxes 
(Vulpes vulpes) mobilize seeds among the three habitats (active crops, remnant forests, and old-fields). On the 

contrary, frugivorous birds tend to move nearly exclusively along remnant forests where they disperse most 
seeds. Modified from Escribano-Ávila et al. (2015). 

 

On the other hand, seed (and pollen) dispersers’ behavior can also affect strongly the 

genetic make-up of many plant populations. In this regard, frugivorous mammals defecating 

in latrines (e.g. raccoons, badgers, tapirs) may yield disproportionate seed clumps that will 

ultimately affect future fine-scale spatial genetic structure (FSGS) and eventually impact 

reproductive success (Vekemans and Hardy, 2004; Choo et al., 2012). For instance, positive 

FSGS at short distances (i.e. high kinship among conspecific seeds/seedlings) could 



34 
 

negatively affect the reproductive success (Karubian et al., 2015). Two plausible implications 

of this spatial clumping behavior may be both (i) the presence of strong positive FSGS at 

short distances (e.g. within mammal feces) and (ii) the absence of positive FSGS at larger 

scales (e.g. within latrines). Thus, a kin-structured dispersal (i.e. a group dispersal of related 

seeds) may generate positive FSGS within mammal feces (Torimaru et al., 2007). However, 

the recurrent defecation at latrines over time may dilute this positive FSGS through the 

accumulation and admixture of multiple genotypes (Giombini et al., 2016).  

Another critical aspect influencing the genetic make-up of plant populations is the 

arrival of rare genetic variants through long-distance dispersal. In this regard, medium- and 

large-sized mammals are potential long-distance dispersal vectors due to their high mobility 

and long gut retention times (Nathan et al., 2008; Jordano, 2010; García and Grivet, 2011). 

High mobilization of a diverse array of genotypes by these mammals can favor the arrival of 

rare genetic variants that eventually may show a survival advantage (Browne and Karubian, 

2018; Tito de Morais et al., 2020). However, we still far from understand how these rare 

genotypes are recruited in plant populations. For instance, whether these rare genetic 

variants are homogeneously recruited in space and time is still a knowledge gap. In this line, 

numerous studies emphasize the need to profoundly assess how genetic variation of 

animal-dispersed plants is distributed across space and time in human-altered areas (Gelmi-

Candusso et al., 2017; Aguilar et al., 2019). Therefore, assessing these demographic and 

genetic consequences of mammals’ behavior seems crucial for fully comprehending plant 

regeneration dynamics.  

The proximity of seedlings to mother plants or conspecifics adults may have negative 

and positive consequences for plant recruitment and establishment. On the one hand, 

Janzen-Connell hypothesis proposed that host-specific seed predators, herbivores and 

pathogens act in a density- and/or distance-dependent manner to reduce the survival of 

seeds, seedlings and juvenile plants close to conspecific adult trees or in areas of high 

conspecific density (Connell, 1971; Janzen, 1971). Facing this context, it would be expectable 

increased plant recruitment success with distance to conspecific adult plants (Comita et al., 

2014; but see Hyatt et al., 2003). On the other hand, the local environmental conditions 

which seeds are subjected (i.e. ‘seedscape’; sensu Beckman and Rogers, 2013) often are 

stressful and occasionally may outweigh J-C effects, especially in early plant life stages such 
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as seedling survival and establishment. In this regard, it is well-known that high 

temperatures and summer droughts are strong environmental filters for many plants in arid 

and semiarid landscapes such as Mediterranean ecosystems (Pugnaire and Valladares, 2007; 

Gómez-Aparicio, 2008). Thus, the specific micro-environmental characteristics of seed 

deposition sites (e.g. beneath nurse shrubs; sensu Callaway, 2007) are crucial for 

microhabitat-dependent recruitment (Schupp, 2007). The assessing of seed dispersal kernel 

is closely related to discern which process dominates given that it measures the statistical 

distribution of dispersed seeds’ distances relative to their source sites (i.e. adult plants) 

(Nathan and Muller-Landau, 2000; Robledo-Arnuncio and García, 2007; Nathan et al., 2012). 

Traditionally, dispersed seeds have been either directly (by fitting kernels) or indirectly (by 

inverse modelling) assigned to a single adult plant around them, even such assignments 

have improved due to new molecular genetic methods and parentage analysis during the 

last years (Schupp and Jordano, 2011; see also Rogers et al., 2019 and references therein). If 

both processes occur, they may counteract each other and consequently, it may not be clear 

consequences on subsequent post-dispersal stages. In any case, to evaluate whether either 

J-C or facilitative effects impact (or not) demographic processes during early life stages of 

plant regeneration may be crucial for the understanding of natural (re)colonization patterns 

in human-altered habitats such as Mediterranean old-fields.  

Directed seed dispersal to suitable microsites where seedlings have a potentially high 

probability of survival can play a more critical role for plant recruitment in these 

environmentally challenging landscapes (Wenny, 2001). One example of these safe sites for 

plant recruitment can be the local conditions provided by nurse shrubs. However, these 

shrubs exerting facilitative effects on seedlings (Callaway, 2007; Brooker et al., 2008) may be 

unfavorable for other than early plant life stages such as seed survival (Hulme and 

Kollmann, 2005) yielding thus, seed-seedling conflicts (Schupp, 1995). Importantly, it must 

keep in mind that these interactions, as mentioned earlier, often shift along a facilitation-

competition continuum (e.g. by inter-individual shrubs variation) (Bronstein, 2001; 2015). 

Despite these shifts, when shrubs exert net positive effects, for instance, promoting seedling 

recruitment and establishment of late-successional species, they become critical for plant 

community dynamics and hence, for the natural (re)colonization of Mediterranean stressful 

habitats. Thus, plant-plant interactions (e.g. nurse-beneficiary; sensu Callaway, 2007) can 
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drive dramatically the subsequent stages of plant regeneration and the ecosystem 

functioning. 

The study of plant-plant interactions is a central topic for the study of ecology and 

evolution. However, studies examining negative interactions (i.e. plant competition) were 

more common in the literature than those focused on positive interactions (i.e. plant 

facilitation) (Brooker et al., 2008). But in the last decades, there has been an increasing 

interest on facilitative interactions among plants due to their prominent role in ecosystem 

functioning and plant community dynamics (Bruno et al., 2003; Flores and Jurado, 2003; 

Callaway, 2007; Brooker et al., 2008; Filazzola and Lortie, 2014). Plant-plant facilitation 

‘occurs when the presence of one plant [i.e. nurse] enhances the growth, survival, or 

reproduction of a neighbor [i.e. beneficiary]’ although ‘facilitation may occur in concert with 

negative, positive, or neutral reciprocal responses from neighbors’ (Callaway, 2007; p. 2). In 

addition, it is well-known that ecological interactions usually shift along a continuum 

depending on the ecological context (Bronstein 2001; 2015; Fedriani and Delibes, 2011; 

Gómez et al., 2019). In this regard, the ‘stress-gradient hypothesis’ (sensu Bertness and 

Callaway, 1994) posits that facilitation and competition vary according to abiotic/biotic 

stress, with facilitation being more common in stressful conditions and competition in more 

benign environments (see also Lortie and Callaway, 2006; Maestre et al., 2009). Similarly, 

the balance between facilitation and competition may also vary according to plant growth 

forms and life stages of both nurse and beneficiary plants as well as depending on the 

climate and ecosystem where the interactions occur. Recent global reviews about the 

variation in sign and strength of plant-plant interactions (both competitive and facilitative) 

and the distribution of nurse-beneficiary plant interactions have identified the interactions 

between adult shrubs and juvenile trees (also other shrub species) as the most common 

facilitative interaction, especially in arid, semi-arid and Mediterranean ecosystems (i.e. 

typical harsh habitats) (He et al., 2013; Filazzola and Lortie, 2014; Soliveres et al., 2015). 

These reviews also emphasized the importance of life stage of both nurse and beneficiary 

plants for interaction sign. For instance, an adult shrub may facilitate the establishment of a 

beneficiary seedling, but as seedling grows into adult tree/shrub, it may compete for 

resources with or even outcompete the nurse shrub. 
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The numerous facilitative effects exerted by nurse shrubs on beneficiary plants can 

be either direct or indirect (Callaway, 2007). First, direct effects are simply the positive 

effect of nurse species on beneficiaries. Usually, these nurse-mediated direct positive 

effects for beneficiary plants are connected with the amelioration of abiotic stress. For 

instance, nurse plants provide shade to beneficiaries reducing direct radiation and 

temperature as well as increasing the soil moisture. They also provide shelter against wind, 

rain, and even frost. Finally, the prominent accumulation of litter beneath nurse plants 

increases soil nutrient content. For all the above, nurse plants can create a 

microenvironment where seedlings experience enhanced survival. Second, indirect effects 

require an intermediary species (either plant or animal) to take place. For instance, nurse 

plants can protect beneficiaries against herbivores through reduced palatability (i.e. 

associational resistance) and physical/chemical defenses such as thorns and toxins (i.e. 

shared defense) (sensu Callaway, 2007). Nurse plants can also attract both pollen and seed 

dispersers by offering feeding resources (e.g. nectar within flowers and fruits with seeds) 

facilitating reproduction and dispersal of beneficiaries with similar dispersers (i.e. magnet 

effects; Thomson, 1978). In addition, nurse plants can promote increased seed arrival to 

favorable microhabitats beneath them acting as perching sites for frugivorous birds or 

refuges for caching mammals such as rodents (i.e. seed trapping) (Lortie et al., 2016). 

However, this positive indirect effect can turn negative if the accumulation of seeds beneath 

nurse plants leads to increased granivory (Hulme, 1998; Vander Wall et al., 2005). Thus, 

facilitative effects should not be assumed despite environmental conditions suggest that. 

Importantly, direct and indirect facilitative effects are not exclusive each other. On the 

contrary, they can act simultaneously, and they often vary according to the life stages of 

beneficiary plant (Figure 4). 

Since arid, semi-arid, and Mediterranean ecosystems are characterized by severe 

temperatures and strong drought in summer - abiotic factors that cause high mortality of 

seedlings and saplings (Pugnaire and Valladares, 2007) - the facilitative interactions between 

nurse shrubs and juvenile trees/shrubs are central for plant regeneration and ecological 

succession dynamics (Zamora et al., 2008; Pugnaire et al., 2011; Filazzola and Lortie, 2014; 

but see Lortie et al., 2021). Further, these facilitative interactions are especially relevant for 

the natural (re)colonization of human-altered areas such as Mediterranean old-fields. The 
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presence of pioneer shrubs in these areas (because either they resisted past human 

disturbances or they were able to establish through animal-mediated seed dispersal) 

triggers the secondary ecological succession through the facilitative effects exerted on late-

successional tree/shrub species. Pioneer shrubs drive plant regeneration in Mediterranean 

old-fields (and other human-altered landscapes) mainly by the following three nurse-

mediated mechanisms: (i) microclimatic stress amelioration, (ii) seed trapping, and (iii) 

herbivore protection (Zamora et al., 2008). Plant regeneration in Mediterranean ecosystems 

is frequently limited by high densities of wild and domestic ungulates exerting high 

herbivory pressure (Perea and Gil, 2014; Velamazan et al., 2020). In this regard, and due to 

logistic limitations, this doctoral dissertation does not address specifically herbivory effects 

on plant regeneration but there is an ongoing experimental study evaluating the effects of 

herbivory simulated by clipping on the survival of naturally-established seedlings (Garrote et 

al., in preparation). For this reason, I focused on microclimatic stress amelioration (i.e. 

nursing effect; Callaway, 2007) and seed trapping (i.e. perching effect; Debussche et al., 

1982) and their ecological consequences for the natural (re)colonization.  

 

Figure 4. Direct and indirect facilitative effects of nurse shrubs on beneficiary plants. Both biotic and abiotic 
mechanisms are included and ordered according to the corresponding plant life stage when they occur 

(dashed orange arrow in clockwise direction). Modified from Filazzola and Lortie (2014). 
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Plant distribution in old-fields under natural regeneration processes often shows a 

spatially aggregated pattern around pioneer shrubs or trees (e.g. Verdú and García-Fayos, 

1998; Pausas et al., 2006; Holl et al., 2020). This ‘nucleation’ process (sensu Yarranton and 

Morrison, 1974) is likely generated by the synergetic combination of nursing and perching 

effects. Increased seed arrival by frugivorous bird-mediated dispersal to benign 

microclimatic conditions beneath pioneer shrubs improves plant recruitment around these 

nucleation foci relative to open microhabitats (but see seed predation due to J-C effects; 

Vander Wall et al., 2005). This ecological mechanism derived from direct and indirect 

facilitative effects has been recently identified as a nurse-mediated meta-mechanism in 

which beneficiary plants present in stressed environments ‘may become associated with a 

specific nurse plant such that the area under the nurse acts as an “island” surrounded by an 

“ocean” of uninhabitability’ (Filazzola and Lortie, 2014; p. 1342). The presence of these 

‘islands of fertility’ or ‘woodland islets’ suggests net positive effects of nurse plants on 

beneficiaries (Pugnaire et al., 1996; Rey-Benayas et al., 2008). In addition, these islands of 

recruitment have major importance for plant regeneration in Mediterranean (also arid and 

semi-arid) old-fields because they promote the creation of suitable habitat patches, 

increasing ecosystem connectivity by vegetation corridors as well as importantly, improve 

ecosystem resilience against human disturbances and future global change scenarios. 

For all the above, during the last years there have been a clear trend change in 

restoration techniques moving from traditional removal of vegetation (particularly shrubs) 

before seeding and/or planting other species (Savill et al., 1997) towards an increasing 

interest and use of remnant shrubs as nurse plants for mid- and late-successional species 

(e.g. trees) (Padilla and Pugnaire, 2006; Gómez-Aparicio, 2009). Given the critical role of 

pioneer shrubs in the (re)colonization of Mediterranean old-fields, they are frequently 

‘labelled’ as keystone species (e.g. Smit and Ruifrok, 2011; Arzac et al. 2016; Rey et al. 2018; 

Sortibrán et al., 2019; Constantinou et al., 2021). However, attending explicitly to the 

‘keystone’ concept defined by Power et al. (1996; p. 1) as ‘a species whose impact on its 

community or ecosystem is large, and disproportionately large relative to its abundance’; it 

has been frequently overlooked the relative abundance of potential keystone nurse species 

in their ecosystems. In this regard, the quantitative assessment of keystone nurse species is 

crucial for the full comprehension of natural (re)colonization processes and its potential 
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application in successful and efficient restoration actions (Lindenmayer et al., 2008; Dee et 

al., 2019; Verdú et al., 2021). 

 

Objectives 

 

The overarching objective of this doctoral dissertation is to investigate in detail how both (i) 

the interactions between several frugivorous mammal species (ungulates and carnivores) 

and a Mediterranean fleshy-fruited plant; and (ii) plant-plant interactions between this 

endemic plant and multiple native woody plant species, drive the dynamics of natural 

(re)colonization of Mediterranean old-fields. In particular, I chose as model species the 

Mediterranean dwarf palm (Chamaerops humilis, Arecaceae) which has been frequently 

suggested as a crucial species for the recovery and restoration of Mediterranean altered 

landscapes. To this end, I adopted a multidisciplinary framework that combines intensive 

field monitoring and experiments, molecular techniques as well as spatially explicit 

modeling. To achieve this overall objective, I addressed five specific objectives according to 

the palm reproductive cycle (Figure 5): 

 

Figure 5. Life cycle of the dioecious Mediterranean dwarf palm (Chamaerops humilis). There are six main life 
stages: adult, flower, fruit, seed, seedling, and sapling. Multiple plant-animal (insect pollination, seed dispersal 
by mammals, seed predation by rodents, herbivory by ungulates and lagomorphs) and plant-plant interactions 

(plant-plant facilitation and/or competition, plant-plant spatial association, indirect defense against 
herbivores) occur along the life cycle. Environmental conditions are critical during the whole cycle, but 

especially in early life stages (e.g. seedling recruitment). 
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- Chapter 1: I aim to quantify the spatial associations between the seed rain generated 

by four frugivorous mammals and the distribution of adult dwarf palms. I also 

evaluate the presence of facilitative effects versus Janzen-Connell effects and its 

potential consequences for the (re)colonization. 

 

- Chapter 2: I evaluate the spatiotemporal genetic variation of naturally established C. 

humilis seedlings during an ongoing (re)colonization event. In addition, I examine 

whether ad how the spatiotemporal pattern of genetic rarity impact early 

demographic stages (i.e. seedling survival). 

 

- Chapter 3: I experimentally show how shifts in facilitation-competition continuum 

can alter plant recruitment and potentially, the success of revegetation projects. I 

conduct seed predation and sowing field experiments using the dwarf palm as nurse 

plant and seven native common woody plant species as beneficiaries. 

 

- Chapter 4: I explore the spatial associations between adult plants of the dwarf palm 

and ten native common woody species. I also assess whether such spatial 

associations vary according to seed dispersal mechanisms as well as in relation to 

past human disturbances. 

 

- Chapter 5: I illustrate a field-based approach to compare the level of functional 

importance of multiple nurse species and thus, to identify which species plays a 

keystone role. I examine whether the spatial associations between four nurse and 

ten beneficiary species are proportional to the relative abundance of each nurse 

species in the landscape.1 

  

                                                             
1 All objectives and specific questions are described in detail in the corresponding chapter of the Section III 
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Study Areas 

 

I selected three study sites in the southwestern Iberian Peninsula, one in Portugal (‘Santa 

Rita’) and two in Spain (‘Matasgordas’ and ‘Reserva’). Study plots are separated by distances 

ranging from 10 to 100 km. The three sites have Mediterranean sub-humid climate and are 

located in the thermo-Mediterranean zone (i.e. altitude below 700 m; Olson et al., 2001). 

Specifically, climate in the study sites is characterized by dry, hot, summers and mild, wet 

winters (AEMET and IMP, 2011; Table 1).  

 

Table 1. Attributes of the three study sites in southwestern Iberian Peninsula.  

Study Site Coordinates Elevation Temperature (°C) Precipitation (mm) 

   Annual Summer Winter Annual Summer Winter 

Santa Ritaa 37° 10' N 85 m 17.7 ± 0.1† 23.2 ± 0.2 12.6 ± 0.1 497.6 ± 26.4† 11.3 ± 2.2 217.7 ± 19.2 

 7° 34' W  22.1 ± 0.1‡ 28.1 ± 0.1 16.7 ± 0.1 1177.0‡ 61.9 593.1 

   13.3 ± 0.1₮ 18.2 ± 0.2 8.6 ± 0.1 212.2₮ 0 9.6 

         

Matasgordasb 37° 6' N 2 m       

 6° 26' W  17.1 ± 0.1 23.5 ± 0.2 10.9 ± 0.2 537.7 ± 30.7 12.5 ± 3.6 221.3 ± 25.0 

   24.9 ± 0.2 39.0 ± 0.3 20.6 ± 0.2 1027.8 97.3 664.7 

Reservab 37° 1' N 5 m 5.4 ± 0.2 10.8 ± 0.3 0.01 ± 0.33 169.8 0 16.8 

 6° 26' W        

                  
a Climatic data of Santa Rita were for the period 1966-2018 at Faro Algarve Airport from Institute for Sea and 
Atmosphere (https://www.ipma.pt/pt/oclima/monitorizacao).  

b Climatic data of both Matasgordas and Reserva were for the period 1978-2020 from Monitoring Team of 
Natural Processes of Doñana Biological Station (https://icts.ebd.csic.es/en/web/icts-ebd/monitoring-program-
physical-environment). 

† Average temperature and precipitation (mean ± 1SE). 

‡ Maximum average temperature (mean ± 1SE). In the case of precipitation, it is the maximum accumulated 
for the specific period. 

₮ Minimum average temperature (mean ± 1SE). In the case of precipitation, it is the minimum accumulated for 
the specific period. 

 

 

https://www.ipma.pt/pt/oclima/monitorizacao
https://icts.ebd.csic.es/en/web/icts-ebd/monitoring-program-physical-environment
https://icts.ebd.csic.es/en/web/icts-ebd/monitoring-program-physical-environment


56 
 

In our study sites, the original Mediterranean forests were first converted into 

dehesas, an agrosylvicultural system where scattered oak trees are sparse in a 

Mediterranean scrubland. Later, intense human-management reduced still more tree 

canopy leading to the current combination of pastureland and scattered patches of 

Mediterranean scrubland. I describe below the specific vegetation and the past human 

disturbances for each delimited study plot: 

 

- Santa Rita. 

Santa Rita plot (4.1 ha) is located in southern Portugal, at Ria Formosa Nature 2000 

site within the Algarve region (Table 1). This area had a mosaic of temporal non-irrigated 

crops, olive and fruited-trees groves from approximately 1960 to 1990 (APA, 2016; DGT, 

1995, 2019). After the general agricultural land abandonment by local people, a 

recolonization by native vegetation started in the area leading to the current pastureland 

with scattered patches of Mediterranean scrubland. In particular, recolonizing native plant 

species include Chamaerops humilis, Genista spp., Quercus ilex, Asparagus albus, A. 

aphyllus, Lavandula spp., among others (Personal observations) (Figure 6a). 

 

- Matasgordas. 

Matasgordas plot (64.5 ha) is located in southwestern Spain, in the north of Doñana 

World Biosphere Reserve (Table 1). In 1970, the natural landscape was transformed into a 

dehesa by removing all shrubs and most trees. This human management resulted in a 

pastureland with scattered Quercus suber and Olea europaea var. sylvestris trees and sparse 

patches of Mediterranean scrubland was generated for cattle grazing (Fedriani et al., 2018) 

(Figure 7). In 1996, the Spanish government owned the land, included it within Doñana 

National Park's limits, and limited cattle grazing. Currently, many animal-dispersed native 

plants such as C. humilis, Pistacia lentiscus, Rubus ulmifolius, or Pyrus bourgaeana, among 

others, are (re)colonizing the area (Fedriani et al., 2018) (Figure 6b). 



57 
 

- Reserva. 

The Reserva plot (21.4 ha) is also located in Doñana World Biosphere Reserve, 

specifically in the Biological Reserve (RBD-ICTS), just in the central zone of the National Park 

(Table 1). This area has been intensively human transformed by cutting down most Q. suber 

and O. europaea var. sylvestris trees and applying controlled rotating every 25-30 years 

(Granados et al., 1988). The generated pastureland with low scrubland cover (Stauracanthus 

genistoides, Halimium halimifolium, and Ulex spp.) combined with scattered trees was used 

for hunting and livestock ranching for many decades. In 1964, the area was declared 

Biological Reserve and is currently being (re)colonized by native plants such as C. humilis, 

Phillyrea angustifolia, A. aphyllus, or Daphne gnidium, among others (Fedriani et al., 2018) 

(Figure 6c). 

 

 

Figure 6. Location of three study plots in Iberian Peninsula. Santa Rita (a) was placed in the Algarve region 
(Portugal) whereas Matasgordas (b) and Reserva (c) were located in Doñana National Park (Spain). The 

distribution range of Mediterranean dwarf palm (Chamaerops humilis) is shown with orange shading (Guzmán 
et al., 2017). 
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Figure 7. Aerial photographs of Matasgordas (Doñana National Park, Spain). Note the removal of trees on the 
left side between both photos. Note the red point for the same location in both photos. Source: Centro 

Nacional de Información Geográfica (Instituto Geográfico Nacional de España), www.cnig.es 

 

Study Species 
 

The Mediterranean dwarf palm (Chamaerops humilis L., Arecaceae; palmeira-anã [POR], 

palmito [SPA]) is one of the two native palms in Europe and the only one in the Iberian 

Peninsula. This palm is endemic to the Western Mediterranean basin (Herrera, 1989; 

Guzmán et al., 2017). Its distribution encompasses the coast of central and southern Italy, a 

small region of France, Mediterranean islands (Baleares, Sardinia, Malta, and Sicily), 

northwest Africa, Portugal and Spain (Global Biodiversity Information Facility [GBIF], 2021). 

The species is particularly abundant in Portugal and Spain, constituting a clear indicator of 

thermo-Mediterranean xerophytic vegetation. 

This palm is included as Least Concern in the International Union for Conservation of 

Nature (IUCN) Red List of threatened species (Gardiner and Véla, 2017). However, it is 
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locally threatened in France and Italy as well as protected in some regions in Spain (e.g. 

Murcia and Balearic Islands). Its main threats include habitat loss due to human 

development and urbanization, and critical damage leading to mortality caused by the 

invasive moth Paysandisia archon, and to a lesser extent, by red palm weevil 

(Rhynchophorus ferrugineus) (Ruiz et al., 2018; Cocco et al., 2019; Bombi, 2020). 

Given its ability to grow and resprout under harsh conditions and in strongly 

degraded ecosystems (Ladd et al., 2005), C. humilis is resilient to severe disturbance events 

(e.g. fires, herbivory; Giovino et al., 2014; García et al., 2018). It also has a significant 

economic and aesthetics value for commercial and ornamental use (Hasnaoui et al., 2011). 

For all these reasons, the dwarf palm is frequently used in restoration actions and 

ornamental programs (García-Novo et al., 2007; Simó et al., 2010; Olivares Vivos, 2015). 

From an ecological perspective, it can be considered a keystone species playing a critical 

role in the (re)colonization of human-altered areas by several reasons. First, it is considered 

a pioneer species for the ecological succession. Second, this palm boosts the succession 

through its facilitative role as nurse plant due to the presence of numerous needle-sharp 

thorns and a shading microenvironment beneath it (Saiz and Alados, 2012; Fedriani et al., 

2019), although this role has been frequently suggested rather than rigorously 

demonstrated. Third, this fleshy-fruited palm constitutes an important feeding resource for 

a broad frugivore vertebrates’ assemblage (Figure 8), standing out medium-sized carnivores 

such as Eurasian badger (Meles meles) and red fox (Vulpes vulpes) (Muñoz-Gallego et al., 

2019 and references therein; Selwyn et al., 2020). Fourth, it has been recently disentangled 

its role as perche for small- and medium-sized frugivorous birds such as Sardinian warbler 

(Sylvia melanocephala; Figure 9) among other species, which promote disproportionate 

seed arrival to a favorable microhabitat (González et al., in review). It also constitutes a 

prominent shelter for many both vertebrate and invertebrate species, especially in 

degraded open areas where it usually lacks many refuge structures. Specific details about 

the reproductive life cycle of the dwarf palm (Figure 5) are detailed in each chapter 

according to the specific objectives.  
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Figure 8. Frugivore vertebrates photographed directly or indirectly (i.e. by phototrapping) consuming fruits of 
the Mediterranean dwarf palm. All photos were taken in Portugal and Spain. Red deer (Cervus elaphus; a), wild 
boar (Sus scrofa; b), European wild rabbit (Oryctolagus cuniculus; c), red fox (Vulpes vulpes; d), Eurasian badger 

(Meles meles; e), pine marten (Martes martes; f), mouse (Mus sp.; g), rat (Rattus sp., h), blackbird (Turdus 
merula; i), domestic cow (Bos taurus; j), domestic sheep (Ovis aries; k), and domestic goat (Capra hircus; l). 

Photo credits: Pedro J. Garrote (a-e, j); Raquel Muñoz-Gallego (f-i, k-l). 

 

Figure 9. Perching events of Sardinian warbler (Sylvia 
melanocephala; a) and common stonechat (Saxicola 
torquata; b). Note that birds are perched on 
beneficiary species (Rubus ulmifolius) growing within 
dwarf palms. Photo credits: Pedro J. Garrote. 
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General Methodology 

 

I briefly describe below the study plots and the general methodology used in each chapter 

of this dissertation. A more detailed description is provided in ‘Material and Methods’ of 

each chapter (Section III). 

 

- Chapter 1: to quantify overlap between mammal-generated seed rain and the spatial 

distribution of reproductive dwarf palms, I intensively monitored seed rain in two 

study plots (Matasgordas and Reserva) during two consecutive seed dispersal 

seasons (i.e. October-December) of 2017 and 2018. In particular, I conducted field 

transects searching fresh feces from four mammal species: Eurasian badger, red fox, 

red deer, and wild boar (Figure 10). Overall, I covered a total distance of 308 and 176 

km, and georeferenced 892 and 777 feces in Matasgordas and Reserva, respectively. 

Then, I monitored seedling emergence and survival within feces from January 2018 

to December 2019 (Figure 11). I also georeferenced all reproductive individuals in 

the study plots (621 in Matasgordas and 175 in Reserva). Finally, I used a spatially 

explicit approach based on point pattern analysis to examine the spatial congruency 

between seed rain and the distribution of reproductive individuals (Wiegand and 

Moloney, 2013). Also, I estimated the dispersal kernels of both emerged and 

surviving C. humilis seedlings from the nearest conspecific adult female to evaluate 

the potential evidences of either Janzen-Connell or facilitative effects.  
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Figure 10. Fresh feces of red deer (Cervus elaphus; a), Eurasian badger (Meles meles; b), red fox (Vulpes vulpes; 
c), and wild boar (Sus scrofa; d). 

 

- Chapter 2: to evaluate the genetic variation over space and time of naturally 

established seedlings during an ongoing (re)colonization, I characterized the 

spatiotemporal genetic structure of C. humilis seedlings emerged within mammal 

feces in Reserva. I detected 309 seedlings within 48 mammal feces after two years of 

monitoring. Then, I screened 143 seedlings (Figure 11) of these seedlings and 182 

reproductive individuals at twelve microsatellite markers. I analyzed genetic 

diversity, inbreeding, fine-scale genetic spatial structure, sibling relationships, and 

the spatiotemporal pattern of rare genotypes (Chybicki and Burczyk, 2009; Jones and 

Wang, 2010; Hardy and Vekemans, 2015; Browne and Karubian, 2016; Chybicki, 

2018). Finally, I evaluated the effects of spatial and temporal variation of genetic 

rarity on seedling survival. 
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Figure 11. Example of excluded feces to prevent herbivore predation (a); genotyped Chamaerops humilis 
seedlings identified by exclusive colored numbered rings (b and d); emerged C. humilis seedlings within one 

excluded feces detected during monthly monitoring. 

 

 Chapter 3: to experimentally show how shifts in facilitation-competition continuum 

can alter plant recruitment, I carried out both seed predation and seedling 

performance field experiments in Matasgordas and Reserva (Figure 12). Using 7,200 

seeds (November of 2018 and 2019) from seven native woody species (Asparagus 

aphyllus, Daphne gnidium, Olea europaea var. sylvestris, Phillyrea angustifolia, 

Pistacia lentiscus, Pyrus bourgaeana, Rubus ulmifolius), I examined seed survival in 

the presence and absence of the dwarf palm. Similarly, I used 3,600 seeds from the 

same woody species to monthly monitor and evaluate seedling emergence, survival 

and recruitment from November 2018 to December 2019. Both field experiments 

had a well-replicated design which is explicitly specified in the Chapter. Then, I 

analyzed the effects of woody species identity, study sites, plant life stages, and 

blocks (i.e. dwarf palm-open space pairings) using generalized linear mixed models 
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(Bolker et al., 2009). I also calculated transition probabilities among life stages 

(Fedriani et al., 2012) and the relative interaction index (Armas et al., 2004) to assess 

a potential facilitation-competition continuum in the interaction between C. humilis 

and woody plants. 

 

 

Figure 12. Experimental design of seed survival (a) and seedling performance (b) field experiments. Note both 
microhabitats: beneath dwarf palm and in open adjacent spaces (ca. five meters) 

 

 Chapter 4:  to explore the spatial associations between adult plants of dwarf palm 

and multiple woody species, I georeferenced all individuals of every woody plant 

species present in Santa Rita, Matasgordas and Reserva (Figure 13). Overall, I 

recorded the geographic coordinates of 74 individuals of one species in Santa Rita, 

1,043 of ten species in Matasgordas, and 1,607 of nine species in Reserva. Then, I 

analyzed spatial association between the distribution of adult dwarf palms 

(georeferenced for Chapter 1) and the distribution of woody plant individuals using a 

spatially explicit approach (Wiegand and Moloney, 2013). 
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Figure 13. Examples of woody plant species detected within dwarf palms. Asparagus albus in Santa Rita (a) and 
Rubus ulmifolius in Reserva (b). 

 

 Chapter 5: to compare the level of functional importance of nurse species and 

identify which one plays a keystone role for the (re)colonization of old-fields. I 

conducted 10 x 2 m field transects (Santa Rita, n = 14; Matasgordas, n = 28; Reserva, 

n = 21; Figure 14) stratified by habitat types to indirectly estimate the relative 

abundance of three potential nurse shrub species: Genista hirsuta in Santa Rita, 

Halimium halimifolium and Stauracanthus genistoides in both Matasgordas and 

Reserva. I also directly quantified the relative abundance of adult dwarf palms 

(georeferenced for Chapter 1) in all study plots by assimilating its canopy to an 

ellipse. Then, I estimated two measures of relative abundance: (i) the percentage of 

the total number of individuals, and (ii) the percentage of the total area occupied by 

every nurse species. I used the spatial distribution of beneficiary plants (i.e. woody 
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species recorded for Chapter 4) to obtain the observed occurrences for each nurse-

beneficiary pair. Finally, I estimated expected occurrences for each nurse-beneficiary 

pair. I tested differences between observed and expected occurrences of each nurse-

beneficiary pair by Chi-square analysis. 

 

 

 

Figure 14. Study plots (Santa Rita, a; Matasgordas, b; Reserva, c). The relative abundance of nurse species was 
estimated directly for Chamaerops humilis (orange points), and indirectly for Halimium halimifolium (green 

areas), Stauracanthus genistoides (yellow areas), and Genista hirsuta (blue areas). Starting points of transects 
are marked as white points. Black dashed lines indicate subplots where I counted individuals of Asparagus 

aphyllus (Reserva and Matasgordas) and Cistus salvifolius (Matasgordas). 
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Chapter 1 

 

The Eurasian badger-generated seed rain drives the natural (re)colonization 

of vacant human-altered areas by a keystone pioneer palm 

 

 

 

  



74 
 

This work led to publishing of one oral presentation in one international congress, and one 

research article. Pedro J. Garrote led both the oral presentation and the article. The 

published references of this chapter are the abstract of the congress participation and the 

article, as follows: 

 

 Garrote, P.J., Castilla, A.R., Fedriani, J.M., 2022. The Eurasian badger-generated seed 

rain drives the natural (re)colonization of vacant human-altered areas by a keystone 

pioneer palm. Regular Session: Ecology of species interactions, 2nd Meeting of the 

Iberian Ecological Society (SIBECOL), July 2022, Aveiro, Portugal. 

 

 Garrote, P.J., Castilla, A.R., Fedriani, J.M., 2022. The Eurasian badger-generated seed 

rain drives the natural (re)colonization of vacant human-altered areas by a keystone 

pioneer palm. Perspectives in Plant Ecology, Evolution and Systematics, 56, 125685. 

https://doi.org/10.1016/j.ppees.2022.125685  

https://doi.org/10.1016/j.ppees.2022.125685


75 
 

Abstract 

 

Seed dispersal is an essential ecological process for plant (re)colonization especially in 

intensively human-altered habitats such as old-fields (i.e. abandoned farmlands) where seed 

arrival is often limited. Assessment of spatial patterns of mammal-generated seed rain and 

their matching with the spatial distribution of adult plants provides essential information on 

the patterns and pace of the (re)colonization processes. For instance, increased seedling 

survival far from adult plants could indicate density-dependent mortality (Janzen-Connell) 

effects whereas increased survival close to adult plants could suggest facilitative effects. 

Here, we characterized during two dispersal seasons the spatial distribution of feces from 

four frugivorous mammals and quantified its spatial association with the distribution of 

adult plants of the pioneer Mediterranean dwarf palm (Chamaerops humilis) in two old-

fields in southwestern Spain. We also estimated the dispersal kernels of both emerged and 

surviving seedlings and assessed potential evidences of Janzen-Connell and/or facilitative 

effects. Using a spatially explicit approach, we revealed strong differences between study 

sites in the strength and scale of spatial associations between mammal feces with C. humilis 

seeds and adult dwarf palms, being strongly positive at small scales in one site and slightly 

positive at larger scales in the other one. Further, we found some evidence of both Janzen-

Connell and facilitative effects depending on the study site. Altogether, our results 

emphasize the central role as seed disperser of the Eurasian badger (Meles meles) in the 

natural (re)colonization of Mediterranean old-fields and the spatial variations of the 

underlying mechanisms and demographic consequences for plant populations. 

 

Keywords  

Spatial point pattern analyses; Janzen-Connell effects; frugivorous mammals; seed rain; 

Mediterranean old-fields; spatial aggregation; context dependency. 
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Introduction 

 

Seed dispersal is a central ecological process for plant population dynamics and community 

assembly (Nathan and Muller-Landau, 2000; Herrera, 2002; Wang and Smith, 2002; Schupp 

et al., 2010). It is especially critical for the (re)colonization of human-altered habitats where 

seed arrival is often limited (e.g. abandoned farmlands; Gill and Marks, 1991; Pugnaire et al., 

2006; Charles et al., 2017; but see Knappová et al., 2017). Restricted seed rain into human-

altered areas by lack of either seed sources (Török et al., 2018) and/or seed dispersers 

(Pérez-Méndez et al., 2016) strongly limits natural (re)colonization. On this matter, it is 

widely recognized that vertebrate frugivores often play a decisive role in dispersal processes 

of many plant populations and communities (Levey et al., 2002; Côrtes and Uriarte, 2013; 

Bascompte and Jordano, 2014; Traveset et al., 2014). For instance, frugivorous mammals 

ensure seed arrival to vacant, open, human-altered areas (e.g. old-fields; Escribano-Ávila et 

al., 2015), generating a seed rain that strongly affects population recruitment and 

eventually the spatial distribution of reproductive individuals (e.g. Fedriani et al., 2010; 

Escribano-Ávila et al., 2015; García-Cervigón et al., 2017). Besides, animal-generated seed 

rain usually establishes the initial template on which post-dispersal processes (e.g. seed and 

seedling mortality) are manifested. Therefore, assessing spatial patterns of potential seed 

rain generated by frugivores and their matching with spatial distribution of adult plants can 

provide useful information about the underlying mechanisms that determine the spatial 

distribution of seedlings, saplings, and adults (Zhu et al., 2013; Lara-Romero et al., 2016; 

Perea et al., 2021). 

The distance between seeds/seedlings and conspecific adults is often an important 

determinant for recruitment success. On the one hand, the Janzen-Connell hypothesis posits 

that with increasing distance from the adult, the density of seeds/seedlings decreases, and 

their survival increases due to a reduced impact of distance- and density-responsive 

enemies (Connell, 1971; Janzen, 1971). Therefore, we could expect a greater seedling 

recruitment probability far from conspecific adults than near them (Comita et al., 2014; but 

see Hyatt et al., 2003). On the other hand, positive effects for seedlings may occur in the 

vicinity of adult conspecific plants especially under stressful abiotic conditions (Filazzola and 

Lortie, 2014). Thus, we could expect greater seedling recruitment near adults (i.e. facilitative 
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effect, sensu Callaway, 2007). Alternatively, both types of effects could counteract each 

other resulting in no net demographic consequences of distance to adult conspecifics. To 

explore the extent to which density-dependent mortality (Janzen-Connell) and/or facilitative 

effects impact plant recruitment during (re)colonization events, we need to assess the 

dispersal kernels and recruitment in relation to the distance to nearest adult plant. The 

potential establishment site where seeds arrive and seedlings emerge is named the ‘basic 

dispersal kernel’ (i.e. transition from seed to emerged seedling) (sensu Nathan et al., 2012). 

Then, a portion of these seedlings survives after a specific time (e.g. one year) becoming 

saplings (‘effective dispersal kernel’, i.e. transition from emerged seedling to surviving 

seedling) (sensu Nathan et al., 2012).  

The ecological filters influencing the plant recruitment success (e.g. post-dispersal 

seed predation, microhabitat suitability for seedling emergence and survival; herbivory; 

Gómez-Aparicio, 2008; Hampe et al., 2008; Garrote et al., 2022) largely depend on the 

spatial patterns of seed deposition by dispersers (e.g. García-Cervigón et al., 2017), which 

often vary in space and time. In this regard, to fully comprehend the context-dependent 

variation of frugivore-generated seed rain and its consequences for recruitment, variation 

among disperser species, study sites, and seasons must be considered (e.g. Perea et al., 

2013; Donoso et al., 2017; Loayza et al., 2020). 

In this study, we quantified the spatial associations between the potential seed rain 

generated by four frugivorous mammals and the distribution of adult Mediterranean dwarf 

palms (Chamaerops humilis, Arecaceae). Besides, we also estimated the kernel of emerged 

seedlings (i.e. basic dispersal kernel) and that of surviving seedlings (i.e. effective dispersal 

kernel) (sensu Nathan et al., 2012) in relation to the distance to the nearest conspecific 

adult reproductive female palm. This pioneer mammal-dispersed palm plays a keystone 

ecological role in the (re)colonization of Mediterranean human-altered areas because of its 

strong interspecific facilitative effect, boosting establishment of numerous woody plant 

species (Garrote et al., 2019; 2021). In our study region, fruits of this keystone palm are 

mostly consumed by medium-sized carnivores and ungulates (Fedriani and Delibes, 2011; 

Selwyn et al., 2020). Differences among frugivore species in their relative abundance, 

mobility, frugivory level, and fecal marking behavior (Jordano and Schupp, 2000; Sakamoto 
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and Takatsuki, 2015; Cancio et al., 2017; Fedriani et al., 2018) can yield variation in the 

pattern and scale of seed rain and in its effect on seedling recruitment and establishment. 

The assessment of spatial relationships between the spatial distribution of mammal 

feces (many of them comprising seeds) and pioneer keystone plants using a spatially explicit 

approach may have a vital importance for the comprehension of patterns (e.g. density-

dependent effects) driving the natural (re)colonization of human-altered areas. To this end, 

we used recent extensions of spatial point pattern analysis (SPPA, hereafter) that constitute 

a powerful approach to quantify spatial associations among multiple point patterns (e.g. 

dispersed seeds, adult plants) at a range of spatial scales (Illian et al., 2008; McIntire and 

Fajardo, 2009; Wiegand and Moloney, 2013). More specifically, we used spatial data of both 

fresh mammal feces and adult dwarf palms that were systematically georeferenced during 

two consecutive seed dispersal seasons in two old-fields within the Doñana National Park 

(SW Spain). We addressed the following specific questions: (i) Are mammal feces spatially 

associated between seed dispersal seasons and, if so, at what spatial scale? (ii) Are mammal 

feces spatially associated with adult palms and, if so, at what spatial scale?  (iii) Are mammal 

feces with C. humilis seeds spatially associated with adult palms and, if so, at what spatial 

scale? Finally, we assessed evidence of both Janzen-Connell and facilitative effects by 

monitoring seedling survival near and away from mother plants. By examining two study 

sites that differ in their human-management history (Garrote et al., 2019) and the relative 

abundances of target mammal species (e.g. Garrote et al., 2018), we evaluated potential 

spatial variations in the scale and strength of spatial associations and density-dependent 

seedling mortality. 

 

Materials and Methods 
 

 Study area and sites. 

The study was conducted during dwarf palm’s seed dispersal seasons (October-December) 

of 2017 and 2018 in the Doñana National Park (37°9’N, 6°26’W; SW Spain). The climate is 

Mediterranean sub-humid, characterized by hot, dry summers and mild, wet winters (see a 
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detailed climatic description in Żywiec et al., 2017). The Doñana area is a human influenced 

and fragmented landscape, in which suitable habitat patches (e.g. scrubland) are isolated by 

cultivated fields, towns, marshes, or dunes (Fedriani et al., 2010). Specifically, the Doñana 

area comprises two main environments: Mediterranean scrubland and marshland. 

Scrubland constitutes a patchy, heterogeneous landscape with a great variety of different 

habitats whereas marshland remains flooded a portion of the year (Fedriani and Wiegand, 

2014). 

We selected two study sites, called ‘Matasgordas’ (64.5 ha) and ‘Reserva’ (21.4 ha) 

(10 km apart), dominated by scattered Quercus suber and Olea europaea var. sylvestris trees 

within a composition of both dense Mediterranean scrubland (Halimium halimifolium, 

Stauracanthus genistoides and Ulex spp.) and an open pastureland. Original landscapes 

were ‘dehesas’ (i.e. agrosilvopastoral systems occupied by scattered oak trees; sensu Joffre 

et al., 1988) with Mediterranean scrubland understory. These sites were strongly 

transformed into open pasturelands with patches of scrubland for their intensive 

exploitation as cultivations and livestock ranching although there were differences in the 

human management (Fedriani et al., 2018; Garrote et al., 2019). In Matasgordas, most trees 

and shrubs were mechanically removed in 1970 to facilitate the intensive cow grazing until 

1996, when the area was expropriated and protected by the Spanish National Park Service, 

and the cows removed. In Reserva, there was a more intensive and harsher human 

management of the landscape. Specifically, most trees were cut down and controlled 

rotating applied every 25-30 years until 1964, when the area was declared Biological 

Reserve and cultivations and livestock ranching were finished. Despite that, intensive cattle 

grazing persists in the area. Nowadays, both sites represent old-fields that since their 

inclusion within National Park are being (re)colonized by several animal-dispersed native 

plants such as C. humilis, Pistacia lentiscus, Rubus ulmifolius or Pyrus bourgaeana (Fedriani 

et al., 2018; Garrote et al., 2019). 
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 Study species. 

The Mediterranean dwarf palm (C. humilis) is endemic to the Western Mediterranean basin 

(Guzmán et al., 2017). This dioecious palm blooms during March-May and is mostly 

pollinated by insects (García et al., 2018; Jácome-Flores et al., 2018; Muñoz-Gallego et al., 

2022). Fruits are ‘polydrupes’ comprising one to three drupes which are independent 

dispersal units. Fruits are attached to dense infrutescences of up to 30 cm long (7-120 fruits 

per infrutescence; Selwyn et al., 2020) and are located at ~10-30 cm from the ground level. 

The seed dispersal season ranges from September to December. Seeds (0.6-0.8 g, 16.3 x 

11.0 mm average size; Muñoz-Gallego et al., 2019) are mainly dispersed by medium-size 

carnivores such as Eurasian badgers (Meles meles) and red foxes (Vulpes vulpes) (Fedriani 

and Delibes, 2011; Selwyn et al., 2020). While badgers show similar abundances in both 

study sites, red foxes were more abundant in Reserva than in Matasgordas (Table 1.1). Wild 

boars (Sus scrofa) are considered fruit predators (Garrote et al., 2018), although they 

sporadically disperse some viable seeds (Fedriani et al., 2018). Similarly, red deers (Cervus 

elaphus) act as seed predators grinding most ingested seeds (Fedriani and Delibes, 2011), 

although they occasionally can disperse some viable seeds by regurgitation (Castañeda et 

al., 2018). Abundance of both ungulate species was similar between study sites and always 

much larger than carnivore abundance (Table 1.1). 

 

Table 1.1. Abundance of mammal species in both study sites. The abundance is measured as average number 

of individuals detected per survey (the number of surveys are shown in parentheses for each species). Surveys 

were carried out by the Natural Processes Monitoring Group (Doñana Biological Station) in March, June and 

September from 2010 to 2019. Surveys were conducted by off-road vehicle (10-15 km · h-1) with the observes 

placed on the car’s roof rack (i.e. 3 m above ground level). Two surveys were taken every monitoring day, the 

first started one hour before sunset and the second, one hour after sunset (the observers used spotlight in 

nocturnal surveys). The length of surveys was 14.8 and 14.4 km in Matasgordas and Reserva, respectively. 

 

Mammal species Matasgordas  Reserva 

Cervus elaphus 3.93 ± 0.32 (N = 584)  2.31 ± 0.12 (N = 507) 

Sus scrofa 2.06 ± 0.26 (N = 93)  2.34 ± 0.26 (N = 82) 

Meles meles 0.06 ± 0.03 (N = 54)  0.02 ± 0.02 (N = 48) 

Vulpes vulpes 0.11 ± 0.04 (N = 55)  0.48 ± 0.07 (N = 60) 
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Germination of C. humilis seeds is hypogeal and remote, with most seedlings 

emerging during the following spring and the early summer (i.e. after 6-7 months of being 

dispersed). In the Doñana area, seedlings are frequently observed emerging from both fresh 

and old (>1 year) feces (Fedriani and Delibes, 2011). Seedling desiccation is high during the 

first summer due to severe droughts (~70-80 %; Authors, unpublished data). Nevertheless, 

we have detected approximately half of these desiccated seedlings resprout after the first 

rains in the fall (~50-60 %; Authors, unpublished data). The dwarf palm shows no soil 

preferences, but it avoids floodable areas (Jácome-Flores et al., 2016). This palm usually 

forms hotspot of recruitment thanks to its capacity to facilitate other plant species (Garrote 

et al., 2021). The distribution of C. humilis shows a marked double-clustered spatial pattern 

with small clusters of a radius 4.2 – 6.0 m (2.1 – 6.8 palms · cluster-1) nested within large 

clusters with 29.1 – 39.1 m radius (28.9 – 42.6 palms · cluster-1) (Garrote et al., 2019). 

 

 Mammal fecal surveys. 

From October-December of 2017 and 2018, we conducted on average ~1 transect daily 

(range = 0 – 4) searching for mammal feces during two consecutive seed dispersal seasons 

in each study site. The target mammal species were the four main consumers of C. humilis 

fruits: badger, red fox, wild boar, and red deer. These mammals differ in their spatial and 

fecal marking behaviors. Badgers recurrently defecate at latrines where they partially or 

totally bury the feces (and dispersed seeds within them) though they occasionally may 

deposit some spatially isolated feces. Badgers feces show a highly clustered distribution at 

short spatial scales (Fedriani and Wiegand, 2014). Red foxes mark their territories 

defecating at highly prominent sites (e.g. edge of unpaved roads; Suárez-Esteban et al., 

2013). Red fox feces have a spatial random distribution (Fedriani and Wiegand, 2014). Wild 

boar feces tend to be lightly clustered, while red deers feces are usually spatially scattered 

(Fedriani et al., 2010). However, the feces of wild boars and red deers were grouped into 

‘ungulates’ for the spatial point pattern analyses since they both usually act as predators of 

C. humilis seeds. Mammal feces were identified at the species level based on their shape, 

odor, and color (Fedriani et al., 1999). We made a significant effort to distribute our 

sampling effort homogeneously across each study plot. Specifically, we set a total of 24 and 
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15 regularly distributed ‘starting points’ (100 m apart) within Matasgordas and Reserva 

respectively. During each transect, an observer walked from a starting point (which changed 

among consecutive surveys by rotating them clockwise) to the opposite side of the plot 

following a non-fixed zigzag path recording mammal feces within a radio of 5 m from the 

observer (i.e. width = 10 m). Then, the observer came back following a different path to a 

changing location of the departure plot side (Fedriani and Wiegand, 2014). 

At Matasgordas, each survey took about 1.25 hours and we undertook 97 surveys 

(65 and 32 in 2017 and 2018 respectively; 137.5 observer hours), with an average length of 

3.3 ± 0.1 km. The total distance covered was 308 km (Figure S1.1a). At Reserva, each survey 

took about one hour and we undertook 97 surveys (65 and 32 in 2017 and 2018, 

respectively; 91.2 observer hours) with an average length of 1.9 ± 0.1 km. The total distance 

covered was 176 km (Figure S1.1b). Since the number of mammal feces found per fecal 

survey was much lower in 2018 than in 2017, we considered the lower sampling effort 

employed during 2018 to be adequate to record in detail the pattern of seed rain. All fresh 

feces were georeferenced in each transect using a submetric GPS Leica 1200, and tagged 

(Figure S1.2). For each scat, we recorded sampling day, transect, frugivore species, the 

microhabitat in 1-m radius, and whether they contained visible intact (i.e. no predated) C. 

humilis seeds. Though we could have missed the presence of seed in largely buried feces, 

we would have detected any emerged seedling from such undetected seeds during our 

detailed monthly monitoring. Besides, to consider potential sites of seed dispersal by our 

target frugivores, we also recorded any feces that did not contain any seeds. To prevent 

trampling by ungulates, we excluded all feces containing C. humilis seeds with a bottom-

open cubic wire mesh (10 x 10 x 9 cm) (Figure S1.2). We recorded the precise geographic 

coordinates of every dwarf palm individual in both study sites and entered them into a 

geographic information system using QGIS software (Figure 1.1).  
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Figure 1.1. Mammal feces (circles) and spatial distribution of adult individuals of the Mediterranean dwarf 
palm (green triangles; male and female plants) in (a) Matasgordas and (b) Reserva. Marshland in Matasgordas 
is represented in light blue. Location of Doñana National Park in Iberian Peninsula (SW Spain) is shown in the 

upper right corner. 

 

 Spatial point pattern analyses. 

o Univariate analysis of spatial clustering of mammal feces 

To spatially characterize the observed distribution of mammal feces (all species together, 

seed predators [i.e. red deer and wild boar, grouped as ungulates], seed dispersers [i.e. 

badger and red fox together and separately], and feces with C. humilis seeds independently 

of mammal species), we used univariate Thomas cluster point processes. Specifically, we 

used four different summary functions: the pair-correlation function g(r), the L-function L(r), 

the spherical contact distribution HS(r), and the nearest neighbor distribution function D(r) 

(Illian et al., 2008; Wiegand and Moloney, 2013). These functions provide together a good 

description of the potentially complex spatial structure of homogenous patterns (Wiegand 

et al., 2013). Specifically, the g(r) and L(r) can be calculated for the Thomas cluster point 

processes and are therefore traditionally used to fit their parameters (e.g. Diggle, 2013). 
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Because the g(r) is especially sensitive to clustering at small scales and the L(r) is more 

sensitive to clustering at larger scales, their joined use yields an improved parameter fitting 

(Wiegand et al., 2009). However, both functions are usually not sufficient to characterize 

more complex spatial patterns and must be supplemented with functions that capture 

different types of spatial information such as the presence of gaps, isolated points or areas 

of low density of points (Wiegand et al., 2013). Thus, we used as additional summary 

functions the HS(r) and the D(r). The HS(r) gives the proportion of ‘test locations’ that have at 

least one neighbor within distance r and therefore, characterizes the size of the ‘holes’ in 

the pattern (i.e. size of spots without plants). The D(r) gives the proportion of woody plants 

that have at least one neighbor within distance r and characterizes the small-scale clustering 

in more detail (Illian et al., 2008; Wiegand et al., 2013). 

We analyzed whether the four functions yielded a good agreement with the null 

model. Then, we constructed the simplest null model for the combinations of mammal feces 

specified above in each site and each seed dispersal season as well as for the subset of feces 

with C. humilis seeds regardless of the frugivore species (Table S1.1). The recommended and 

minimum number of points (i.e. feces) for these point processes is 100 (Wiegand et al., 

2016; Żywiec et al., 2018). However, null models for badger in both sites and for red fox in 

Reserva fitted correctly. We evaluated the cluster processes using the goodness-of-fit (GoF) 

test (Diggle, 2013). The complexity of spatial processes may increase from the simplest class 

of cluster processes with one critical scale of clustering up to the superposition of either a 

random component or a negative Binomial component on a double-clustered component. 

Then, we selected the simplest point process that fitted all four target functions (see 

additional details in Supplement S1). 

(i) Single-cluster process: First, we tested a simple Thomas process which 

incorporates one critical scale of clustering. This point process consists of a number of 

randomly and independently distributed clusters.  

(ii) Double-cluster process: This point process has two critical scales of clustering and 

the only difference is that the cluster centers are not randomly distributed but are assumed 

to follow a Thomas process with one critical scale of clustering.  
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(iii) Double-cluster-isolation superposition: Finally, we used a point process 

composed by a Thomas process with two critical scales of clustering and an independent 

superposition of an isolated pattern. 

 

o Bivariate analysis of spatial association 

To quantify spatial associations (positive, negative, or neutral) of mammal feces and of 

mammal feces and adult dwarf palms in each study site (Table S1.1), we used the bivariate 

pair-correlation function g12(r) (Wiegand and Moloney, 2013). Specifically, we analyzed 

whether there was spatial association between: (i) the feces (with and without seeds) in 

both seed dispersal seasons (i.e. 2017 vs. 2018); (ii) the accumulated feces (with and 

without C. humilis seeds) during both dispersal seasons pooled together (i.e. 2017 + 2018) 

and adult palms; and (iii) the accumulated feces with C. humilis seeds and adult palms. First, 

to quantify whether the feces are spatially associated between seed dispersal seasons, the 

feces of 2017 represent the spatial pattern 1 and the feces of 2018 represent the spatial 

pattern 2 for the bivariate pair correlation function g12(r). The spatial pattern 1 is a fixed 

pattern whereas the spatial pattern 2 moves according to the simplest null model fitted by 

Thomas cluster processes (Table 1.2). Thus, we can detect ecological patterns (e.g. 

consistency between dispersal seasons in areas used for defecation) through analyses of 

spatial association. Second, to quantify whether the accumulated feces are spatially 

associated with the spatial distribution of adult palms, the spatial pattern 1 is the observed 

distribution of adult palms, and the spatial pattern 2 are the accumulated feces. Like above, 

while adult palms represent a fixed pattern, the accumulated feces through both dispersal 

seasons move according the simplest null model (Table 1.2). In this manner, we can assess 

whether the spatial patterns of defecation of different species of C. humilis’ consumers 

(independently they disperse or not its seeds) are spatially associated with adult palms. 

Third, to quantify whether the accumulated feces with C. humilis seeds are spatially 

associated with the adult palms, the spatial patterns 1 and 2 are represented by the spatial 

distributions of adult palms and the C. humilis seed rain, respectively. Similarly, the 

observed distribution of adult palms is a fixed pattern and the feces with C. humilis seeds 

move according to the simplest null model fitted by Thomas cluster process (Table 1.2). 
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Thus, we can detect positive, negative, or neutral associations between the observed 

distribution of adult palms and the defecation patterns of C. humilis’ dispersers. In all these 

analyses, if the bivariate pair correlation function g12(r) yields departures above the top or 

below the bottom simulation envelopes indicate higher (i.e. positive association) or lower 

(i.e. negative association) than expected spatial association of both specific spatial patterns, 

respectively. Observed values within the simulation envelopes indicate neutral association. 

 

o Statistical details of spatial analyses 

To test the fit of data with the point process models, we conducted 199 simulations of the 

fitted point processes and estimated envelopes with an approximate error rate of α = 0.05 

(Stoyan and Stoyan, 1994), which are the fifth lowest and highest values of the summary 

statistics of the simulated point process. To test the fitted univariate and bivariate cluster 

processes and departures from the null model, we used simulation envelopes and 

goodness-of-fit test (see additional details in Supplement S1). Observed values above the 

top or below the bottom simulation envelopes indicate higher or lower than expected 

spatial association, respectively. Observed values within the simulation envelopes indicate a 

level of spatial association compatible with the stochasticity of the point process model. For 

all point pattern analyses, we used the grid-based software Programita (Wiegand and 

Moloney, 2013). 

 

Table 1.2. Summary of the null models constructed for the spatial distribution of mammal feces (together and 
separately) in each study site (Matasgordas and Reserva) and each seed dispersal season (2017 and 2018). 
These null models were fitted with the Thomas cluster process (DC: double-clustered; SC: single-clustered). 
Note: N = total number of feces; Nisol = number of feces in isolated pattern; Pc = proportion of feces in isolated 
pattern; Pc2= the square of Pc; Subscripts 1 and 2 indicate large and small cluster size, respectively;  Aρ1 = the 
number of large clusters in the study site of area A; 2σ1 (m) = the size of large clusters; Aρ2 = the number of 
small clusters in the study site of area A; 2σ2 (m) = the size of small clusters; μ1, μ2 = average number of feces in 
one large-scale and one small-scale cluster, respectively; ρ2/ρ1 = average number of small clusters in one large 
clusters; σ1/σ2 = the size of large clusters relative to the size of small clusters. †Wild boar and red deer feces 
are grouped into ‘ungulates’. ‡Feces with Chamaerops humilis seeds
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             Large clusters  Small clusters        

Matasgordas 
Thomas 
process 

N Nisol Pc Pc2  Aρ1 2σ1 (m) μ1  Aρ2 2σ2 (m) μ2 
 

ρ2/ρ1 σ1/σ2 

All mammal species 17 & 18 DC (ring = 3) 892 310 0.65 0.43  36.36 37.10 24.54  80.89 6.15 11.03  2.22 6.03 

All mammal species 17 DC (ring = 3) 702 250 0.64 0.41  45.56 20.82 15.41  106.46 4.34 6.59  2.34 4.80 

All mammal species 18 DC (ring = 3) 190 60 0.68 0.47  17.93 32.62 10.60  154.25 3.70 1.23  8.61 8.82 

†Ungulates 17 & 18 DC (ring = 5) 716 225 0.69 0.47  24.37 40.32 29.38  1208.33 7.24 0.59  49.58 5.57 

Ungulates 17 DC (ring = 5) 546 190 0.65 0.43  26.86 39.99 20.32  827.09 10.67 0.66  30.79 3.75 

Ungulates 18 DC (ring = 5) 170 45 0.74 0.54  15.23 36.48 11.16  303.20 5.08 0.56  19.91 7.18 

Badger 17 & 18 DC (ring = 3) 175 10 0.94 0.89  10.35 10.62 16.91  15.85 3.43 11.04  1.53 3.10 

Badger 17 DC (ring = 3) 155 10 0.94 0.88  11.36 11.66 13.65  13.51 3.71 11.47  1.19 3.14 

Badger 18 SC (ring = 3) 20 2 0.90 0.81  4.14 3.16 4.83  None None -  - - 

‡Feces with seeds 17 & 18 DC (ring = 3) 174 20 0.89 0.78  8.08 11.66 21.52  13.05 3.71 13.33  1.61 3.14 

Reserva                              

All mammal species 17 & 18 DC (ring = 3) 777 290 0.63 0.39  6.49 93.26 119.66  117.03 4.70 6.64  18.02 19.84 

All mammal species 17 DC (ring = 3) 502 130 0.74 0.55  2.45 212.00 204.97  228.06 6.00 2.20  93.12 35.33 

All mammal species 18 DC (ring = 3) 275 80 0.71 0.50  9.04 67.61 30.42  51.74 3.33 5.32  5.72 20.30 

Ungulates 17 & 18 DC (ring = 5) 678 170 0.75 0.56  9.21 82.60 73.60  244.21 10.03 2.78  26.51 8.24 

Ungulates 17 DC (ring = 5) 444 70 0.84 0.71  9.45 100.50 46.98  380.38 8.08 1.17  40.25 12.44 

Ungulates 18 DC (ring = 5) 234 40 0.83 0.69  19.91 41.94 11.76  344.08 6.49 0.68  17.29 6.46 

Badger + Red fox 17 & 18 SC (ring = 3) 99 25 0.75 0.56  4.37 3.52 22.66  None None -  - - 

Badger + Red fox 17 SC (ring = 3) 58 22 0.62 0.39  6.05 3.84 9.59  None None -  - - 

Badger + Red fox 18 SC (ring = 3) 41 9 0.78 0.61  1.53 3.11 26.82  None None -  - - 

Badger 17 & 18 SC (ring = 3) 68 12 0.82 0.68  2.51 3.50 27.10  None None -  - - 

Badger 17 SC (ring = 3) 33 10 0.70 0.49  2.67 3.63 12.35  None None -  - - 

Badger 18 SC (ring = 3) 35 2 0.94 0.89  1.62 3.10 21.63  None None -  - - 

Red fox 17 & 18 DC (ring = 7) 31 - - -  37.73 20.32 0.82  106.90 4.39 0.29  2.83 4.63 

Red fox 17 DC (ring = 7) 25 - - -  15.85 69.33 1.58  54.85 4.97 0.46  3.46 13.95 

Feces with seeds 17 & 18 SC (ring = 3) 48 15 0.69 0.47  3.20 3.10 15.00  None None -  - - 
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 Dispersal kernels analyses. 

To estimate whether seedling tended to survive more often close or away from adult 

mother plants, we inferred minimum dispersal distances (i.e. linear distance to the nearest 

adult reproductive female palm) for emerged and surviving C. humilis seedlings within 

mammal feces. In other words, we estimated ‘basic’ and ‘effective’ dispersal kernels of 

emerged and surviving seedlings, respectively. To this aim, first, we monthly monitored all 

excluded feces from January 2018 to December 2019 (i.e. the end of the study) in each site. 

We counted emerged seedlings and marked them with colored plastic straws identifying 

their month of emergence (Figure S1.3). Seedling mortality was also recorded monthly and 

most often was due to desiccation (generally during summer), although some apparently 

desiccated seedlings (32.8%; N = 1604) resprouted after the first fall rains. Then, we 

calculated the accumulated number of both emerged and surviving C. humilis seedlings of 

each studied cohort (i.e. dispersed in 2017 and 2018) by the end of the study (December 

2019). Second, we calculated (using QGIS software) a distance matrix comprised of the 

linear distance from each seedling to its nearest female dwarf palm. Then, we fitted 

probability density functions (Normal, t-Student, log-Normal, Weibull, exponential, gamma 

and Cauchy) to describe mathematically dispersal distributions. We estimated their 

parameters using maximum-likelihood estimation. Because empirical distance distributions 

showed multiple peaks, we fitted mixture distributions following the method implemented 

by González-Varo et al. (2013). Specifically, we partitioned the data into unimodal 

distributions based on visual inspection of distance intervals. Then, we fitted the probability 

density functions to each these data partitions separately (i.e. each peak or distance 

interval). Finally, we fitted mixture distributions using the parameters estimated of best-

fitting unimodal distributions as starting points. We used Akaike’s Information Criterion 

(AIC; Burnham et al., 2011) for model selection of unimodal distributions. Whereas, in the 

multimodal distributions, we selected the best model by comparing AIC of unimodal and 

multimodal density functions. We fitted all dispersal kernels using R packages fitdistrplus 

(Delignette-Muller et al., 2011), bblme (Bolker and Bolker, 2020), and emdbook (Bolker, 

2011). 

 



89 
 

 Assessment of Janzen-Connell and facilitative effects 

To assess potential Janzen-Connell and/or facilitative effects, we related seedling survival to 

the distance to the nearest female palm by fitting logistic regressions (alive and dead 

seedlings were coded as 1 and 0, respectively). Additionally, we calculated the percentage 

of surviving seedlings by the end of the study for intervals of increasing distance from the 

nearest female palm (i.e. 0 – 25 m, 25 – 50 m, 50 – 75 m, and 75 – 100 m). 

 

Results 
 

 The spatial pattern of mammal feces and their spatial association between 

dispersal seasons. 

We found species and site-specific differences in the spatial distribution of mammal feces 

(Table 1.2). Overall, the spatial distribution of feces was described by either single- or 

double-clustered pattern with an isolated component pattern. The summary functions 

showed simultaneous good agreement for almost all species, and departures of observed 

values from model-predicted ones were always small (Table S1.2). 

 Feces (with and without C. humilis seeds; Table 1.3) of all mammal species (together 

and separately) were positively associated between seed dispersal seasons in Matasgordas 

(Figure S1.4), with the spatial scale of such association being species-specific. For ungulates 

(i.e. red deer and wild boar), the level of spatial association (i.e. the observed values of 

g12(r)) was between 1.5 and 3.8 times greater than the expected ones, with the scale of 

positive seasonal association up to 50 m. For badger feces the observed values of g12(r) 

were 17.2- and 561.9-folds greater than the expected ones for scales up to 14 m.  

In Reserva, we also found species-specific differences in the spatial scale and the 

strength of mammal feces seasonal association (Figure S1.5). Thus, considering ungulates 

feces, the scale of association was up to 50 m, with observed values of g12(r) between 1.4- 

and 2.6-folds greater than the expected ones. As above, we found strong positive spatial 

seasonal association of badger feces at short scales. Specifically, badger feces from both 
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seed dispersal seasons were associated up to 8 m, with the observed values of g12(r) ranging 

between 5.1- and 2666.6-folds greater than expected. When badger and red fox feces were 

analyzed together, their seasonal association (also for scales up to 8 m) was between 10.6 

and 166.9 times greater than the expected. 

 

 Spatial association between mammal feces and adult dwarf palms. 

There were marked site-specific differences in the spatial associations between the feces 

(accumulated during both dispersal seasons) and the distribution of adult palms (Figure 1.2). 

In Matasgordas, the fecal marking behavior of badgers yielded strong positive spatial 

associations (P < 0.03) at short scales (Figure 1.2c). Conversely, ungulates feces (almost all 

without C. humilis seeds; Table 1.3) did not show significant spatial association with adult 

dwarf palms (Rank = 149, P = 0.26; Figure 1.2b). In Reserva, we found no significant spatial 

associations (Rank ≥ 97, P ≥ 0.15) between the accumulated feces of all mammal species 

and the distribution of adult palms (Figure 1.2d-h). Interestingly, we found some significant 

evidences of positive spatial associations (Rank ≥ 196, P ≤ 0.03) between badger feces 

(either including or not red fox feces) and adult dwarf palms at large scales (45 – 50 m; 

Figure 1.2f and 1.2g). 

 

 Spatial association between feces with C. humilis seeds and adult dwarf palms. 

When considering only the subset of mammal feces containing C. humilis seeds, we found 

site-specific differences for their spatial association with adult dwarf palms. In Matasgordas, 

there was a strong positive spatial association up to 6 m, with observed values of g12(r) 

between 6.0 and 28.2 times greater than the expected (Figure 1.3a). In other words, feces 

with C. humilis seeds (N = 174; nbadger = 170, nwild boar = 3, nred fox = 1; Table 1.3) were more 

spatially aggregated with adult palms at short scales than expected. In contrast, in Reserva, 

we only found slight but significant positive associations between 45 and 50 m (Rank = 192, 

P = 0.045), with observed values of g12(r) between four and five times greater than the 
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expected (Figure 1.3b). That is, feces with C. humilis seeds (N = 48; nbadger = 41, nred fox = 7; 

Table 1.3) were spatially aggregated with adult palms at a larger scale than in Matasgordas. 

 

 

Figure 1.2. Bivariate analyses between null models of mammal feces (together and separately) and the spatial 
distribution of adult palms in Matasgordas (a-c) and Reserva (d-h). For each summary function it showed the 

bivariate pair-correlation function g12(r) of the data (dotted black line), the expected function of the null model 
(dashed line), and the corresponding simulation envelopes (grey area; the 5th lowest and highest values for 

each summary function created by 199 simulations of the null model). 
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Figure 1.3. Bivariate analyses between null models of mammal feces with Chamaerops humilis seeds and the 
spatial distribution of adult palms in Matasgordas (a) and Reserva (b). For each summary function it showed 
the bivariate pair-correlation function g12(r) of the data (dotted black line), the expected function of the null 

model (dashed line), and the corresponding simulation envelopes (grey area; the 5th lowest and highest values 
for each summary function created by 199 simulations of the null model). 

 

 

 

Table 1.3. Sample sizes and other descriptive information for each mammal’s species, seed dispersal season, 
and study site. Note: TNF = total number of feces; TNFnSD = total number of feces without seeds; TNFwSD = 
total number of feces with seeds; TNFwSL = total number of feces with seedlings; TNESL = total number of 
emerged seedlings; NESLF = mean number (± SE) of emerged seedlings per feces; TNSSL = total number of 
surviving seedlings; NSSLF = mean number (± SE) of surviving seedlings per feces; DFnSD = mean distance (m) 
(± SE) of feces without seeds to the nearest female dwarf palm; DFwSD = mean distance (m) (± SE) of feces 
with seeds to the nearest female dwarf palm; DFwSL = mean distance (m) (± SE) of feces with seedlings to the 
nearest female dwarf palm.
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Study site Season Mammal species TNF TNFnSD TNFwSD TNFwSL TNESL NESLF TNSSL NSSLF DFnSD DFwSD DFwSL 

Matasgordas 2017 Cervus elaphus 511 511 0 0 0 0 0 0 57.2 ± 2.5 0 0 

  Sus scrofa 35 32 3 0 0 0 0 0 53.7 ± 10.4 51.6 ± 28.3 0 

  Meles meles 155 0 155 97 1279 13.2 ± 1.9 320 6.4 ± 0.9 0 24.8 ± 2.0 25.7 ± 2.6 

  Vulpes vulpes 1 0 1 0 0 0 0 0 0 12.4 0 

              

 2018 Cervus elaphus 161 161 0 0 0 0 0 0 68.8 ± 4.9 0 0 

  Sus scrofa 9 9 0 0 0 0 0 0 63.3 ± 16.1 0 0 

  Meles meles 20 5 15 4 13 3.3 ± 0.5 5 1.7 ± 0.3 43.0 ± 13.1 25.4 ± 7.5 5.8 ± 2.2 

  Vulpes vulpes 0 0 0 0 0 0 0 0 0 0 0 

              

Reserva 2017 Cervus elaphus 427 427 0 0 0 0 0 0 52.7 ± 1.4 0 0 

  Sus scrofa 17 17 0 0 0 0 0 0 46.6 ± 7.7 0 0 

  Meles meles 33 2 31 21 306 14.6 ± 2.5 54 4.2 ± 1.4 25.8 ± 7.4 30.3 ± 3.3 31.1 ± 4.3 

  Vulpes vulpes 25 20 5 2 3 1.5 ± 0..5 0 0 58.4 ± 6.6 29.4 ± 10.4 15.4 ± 2.6 

              

 2018 Cervus elaphus 216 216 0 0 0 0 0 0 53.6 ± 2.0 0 0 

  Sus scrofa 18 18 0 0 0 0 0 0 55.7 ± 5.2 0 0 

  Meles meles 35 25 10 2 3 1.5 ± 0.5 0 0 27.5 ± 3.0 30.4 ± 7.0 32.7 ± 0.1 

  Vulpes vulpes 6 4 2 0 0 0 0 0 34.7 ± 12.9 3.1 ± 0.3 0 
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 Relationship between dispersal distances and seedling emergence and survival. 

In Matasgordas, we inferred minimum dispersal distances (i.e. from the nearest dwarf palm 

female) for the overall number of emerged (N = 1292) and surviving (N = 325) C. humilis 

seedlings within mammals’ feces (Table 1.3). The number of emerged seedlings per fecal 

sample ranged from 1 to 121 seedlings (Table 1.3). We estimated an average minimum 

dispersal distance of 22.4 ± 0.6 m (median = 15.2 m; range = 0.4 – 84.4 m) (Table 1.3; Figure 

1.4a). The basic dispersal kernel for emerged seedlings was characterized by the presence of 

several peaks (Table S1.3; Figure S1.6). The range of surviving seedlings per fecal sample by 

the end of the study was between 1 and 26 seedlings (Table 1.3). We estimated an average 

minimum dispersal distance of 15.4 ± 0.7 m (median = 14.5 m; range = 0.4 – 79.7 m) (Table 

1.3; Figure 1.4c). The effective dispersal kernel for the accumulated surviving seedlings was 

also characterized by the presence of several peaks (Table S1.3; Figure S1.7). The 

percentage of emerged seedlings that survived by the end of the study was much higher for 

short-distance dispersal events (being 29.1%, 17.3%, 15.9%, and 0.08%, for the intervals 0 – 

25 m, 25 – 50 m, 50 – 75 m, and 75 – 100 m, respectively). The probability of seedling 

survival significantly decreased as the distance to the nearest female palm increased (χ2 = 

0.004, P < 0.001; Figure 1.5). 

 In Reserva, there emerged a total of 312 C. humilis seedlings, ranging from 1 to 45 

seedlings per fecal sample (Table 1.3). The estimated average minimum dispersal distance 

of emerged seedlings was 29.01 ± 1.06 m (median = 33.08 m; range = 6.04 – 91.05 m) (Table 

1.3; Figure 1.4b). As above, the basic dispersal kernel for the accumulated emerged 

seedlings was characterized by the presence of several peaks (Table S1.3; Figure S1.8). 

Overall, 54 seedling survived by the end of the study, with 1-20 surviving seedling per fecal 

sample (Table 1.3). The average minimum dispersal distance of surviving seedlings was 

35.26 ± 2.85 m (median = 35.51 m; range = 6.04 – 91.05 m) (Table 1.3; Figure 1.4d). The 

effective dispersal kernel for the accumulated surviving seedlings was also characterized by 

the presence of several peaks (Table S1.3; Figure S1.9). In contrast to findings from 

Matasgordas, the percentage of surviving seedlings was higher for larger distance dispersal 

events (being 13.5%, 12.4%, 32.3%, 33.3%, and for the intervals 0 – 25 m, 25 – 50 m, 50 – 75 

m, and 75 – 100 m, respectively). The greater the distance to the nearest female palm, the 
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greater the probability of seedling survival being such positive relationship significant (χ2 = 

2.65, P < 0.01; Figure 1.5). 

 

Figure 1.4. Seed dispersal kernels for the accumulated number of both emerged and surviving Chamaerops 
humilis seedlings in Matasgordas (a, c) and Reserva (b, d), respectively. Numbers above bars represent 

observed frequency distributions; solid lines represent the best-fitting probability density functions, and 
dashed lines represent the median distances to the nearest dwarf palm female (i.e. the minimum seed 

dispersal distance). 

 

Figure 1.5. Logistic regressions for the probability of Chamaerops humilis seedling survival with respect to the 
distance of feces to the nearest female palm in Matasgordas (a) and Reserva (b). Dots represent alive (1) or 

dead (0) seedlings. Grey areas represent 95% confidence intervals. 
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Discussion 

 

We found strong differences between study sites in the strength and scale of spatial 

associations of mammal feces with adult dwarf palms. Further, there were some site-

specific evidence of both Janzen-Connell and facilitative effects as indicated by variation in 

the percentage of seedling survival with dispersal distance. Interestingly, the relationship 

between seedling survival and dispersal distance was negative in one study site 

(Matasgordas) while positive in the other one (Reserva), suggesting context-dependency in 

the outcome of the interaction between Chamaerops humilis and its seed disperses (Perea 

et al., 2013). Altogether, our results help us to improve the comprehension of central 

ecological processes in the natural (re)colonization of Mediterranean human-altered 

ecosystems (e.g. old-fields) such as seed dispersal, and the underlying mechanisms driving 

spatial and demographic patterns. 

 

 Spatial associations between mammal feces and between mammal feces and adult 

dwarf palms. 

We revealed strong positive spatial associations of mammal feces from both monitored 

seed dispersal seasons. Thus, we elucidated the potential role of frugivorous mammals in 

plant (re)colonization of vacant human-altered areas by promoting a continued seed arrival 

through time (Howe et al., 2000; Beckman and Rogers, 2013). Likely, the sustained use of 

habitat across both dispersal seasons by our target frugivores, independently of whether 

they disperse C. humilis seeds or not, generated these spatial patterns of positive 

association. Importantly, we detected a much lower fecal deposition of some mammal 

species during the dispersal season 2018 as compared to 2017 (e.g. red deer in both study 

sites, red fox in Reserva, or badger in Matasgordas). These changes might be partially due to 

local displacements of mammals to other habitats (e.g. pine forests) within study areas 

which could relate to the observed decrease in C. humilis fruiting (Authors, unpublished 

data) and/or to an increase in availability of other fleshy-fruited species during the second 

dispersal season (e.g. R. ulmifolius, P. bourgaeana; Garrote et al., 2018). Despite these inter-
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annual variation, the important role of these frugivores as seed dispersers relates not only 

with C. humilis but also with the intense and consistent seed dispersal of multiple woody 

and herb species (Perea et al., 2013; Loayza et al., 2020; Selwyn et al., 2020).  

 The overall aggregation pattern between dispersal seasons was consistent between 

study sites. The differences between study sites in the number of feces from different 

mammal species were likely due to contrasting mammal abundances in each area. For 

instance, we only found a single red fox fecal sample in Matasgordas during both dispersal 

seasons. In this area, the red fox population has been historically reduced by human-related 

causes (e.g. illegal poaching, road-kills; Fedriani et al., 2020). Besides, we cannot rule out the 

possibility of predation of some red foxes by Iberian lynxes in this study site. Thus, we 

apparently detected the virtual loss of an important ecosystem service (i.e. seed dispersal) 

provided by red foxes, with potential detrimental effects on plant recruitment, 

establishment, and distribution (Caughlin et al., 2015; Pires et al., 2018). 

 The spatial association between feces and adult dwarf palms varied in sign and 

strength depending on the mammal species and the study site. Nonetheless, our results 

clearly emphasize the important role of badgers in the (re)colonization of Mediterranean 

human-altered landscapes by reinforcing those habitat patches dominated by a keystone 

pioneer palm. Moreover, the well-known role as legitimate seed disperser of badgers 

(Fedriani and Delibes, 2008; López-Bao and González-Varo, 2011), together with the strong 

facilitative effects exerted by the dwarf palm on the seedling survival and establishment of 

several late-successional species (Garrote et al., 2019; 2021), could trigger crucial nucleation 

processes for the improvement of natural (re)colonization (Pausas et al., 2006; Holl et al., 

2020). Finally, we did not observe significant spatial associations between ungulate feces 

(i.e. red deer and wild boar) and the spatial distribution of adult dwarf palms. Even though, 

both red deer and wild boar usually browse and eat dwarf palm fruits (Selwyn et al., 2020), 

they do not show fecal marking of their home ranges (in contrast with carnivores) but they 

usually defecate as they walk and therefore, such spatial associations are less probable. 

Further, we found they practically did not disperse any C. humilis seed in their feces given 

that they mainly act as seed predators. Nonetheless, these wild and some domestic (e.g. 

horse, cow) ungulate species often disperse seeds of a large number of woody and herb 

species (Fedriani and Delibes, 2008; Suárez-Esteban et al., 2013; Petersen and Bruun, 2019). 
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Therefore, additional studies are required to fully disentangle the role of both wild and 

domestic ungulates as seed dispersers in human-altered habitats (e.g. via regurgitation from 

the cud; Castañeda et al., 2018). 

 

 Seed dispersal was spatially associated with adult dwarf palms. 

Despite some differences between sites in the scale and strength of spatial associations 

between feces with C. humilis seeds and adult dwarf palms, there were also some invariant 

patterns. Thus, in both study sites, badgers were the main animal responsible for the 

detected spatial patterns. Although we focused on C. humilis seeds due to the ecological 

importance of this keystone palm (Muñoz-Gallego et al., 2019; Garrote et al., 2019; 2021; 

Selwyn et al., 2020; González et al., in review), badgers (and to a lesser extent red foxes and 

wild boars) often disperse numerous late-successional plant species. Indeed, we also 

detected seeds of fleshy-fruited species such as P. bourgaeana, O. europaea var. sylvestris, 

and R. ulmifolius in mammal feces (Fedriani and Delibes, 2008). Importantly, the fact that 

they can disperse seeds in a spatially contagious fashion (Fedriani and Wiegand, 2014) may 

have both positive (e.g. associational resistance) and negative effects (e.g. associational 

susceptibility) (Barbosa et al., 2009) not only in the seed stage but also in subsequent plant 

life stages such as seedlings and saplings (Wang and Smith, 2002). 

Regarding the differences between both sites, the fecal marking behavior of badgers 

(i.e. latrines) determined the spatial associations with adult dwarf palms. On the one hand, 

the strong spatial aggregation of feces with adult dwarf palms in Matasgordas was likely due 

to badgers often placing their latrines close to their main seasonal feeding resources (i.e. C. 

humilis fruits). Thus, badgers could reinforce habitat patches dominated by this keystone 

pioneer palm. On the other hand, badger latrines in Reserva were farther from adult dwarf 

palms than in Matasgordas. Therefore, in Reserva badgers have a greater potential to 

eventually create new dwarf palm patches. Nonetheless, the several peaks of dispersal 

kernels indicate that badgers in both study sites (by delivering feces in latrines located in a 

range of distances from adult dwarf palms) can potentially either reinforce existing C. 

humilis patches or create new ones. Interestingly, badgers usually deflesh fruits during their 
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partial digestion and then, most often deposit their feces with seeds in small holes they 

excavate in the sandy substrate (about 10 cm deep) and bury them shallowly with loose 

sand (Fedriani and Delibes, 2011). Likely, that burial increases seed survival by preventing 

attacks by invertebrates and by ameliorating microclimatic conditions. Most (83% and 75% 

in Reserva and Matasgordas, respectively) C. humilis seedlings that emerged from badger 

feces died by the end of the study. This is, however, a relatively high seedling survival since 

unburied C. humilis seeds rarely thrive in Doñana (Authors, unpublished data).  

Seedling emergence and survival can be also affected in different ways by the 

presence of adult conspecifics throughout either Janzen-Connell (sensu Connell, 1971; 

Janzen, 1971) or facilitative effects (sensu Callaway, 2007). Indeed, we found evidences of 

both facilitative and Janzen-Connell effects depending on the study site. Thus, in 

Matasgordas, the greater proportion of surviving seedlings near to adult plants suggest 

facilitative effects (e.g. Garrote et al., 2022). By contrast, in Reserva, the greater seedling 

survival far from adult plants suggest Janzen-Connell effects. Microgeographic variations in 

the Doñana area in post-dispersal seed predation by beetles and rodents (Rodríguez et al., 

2010; Garrote et al., 2022), sapling herbivory by ungulates (Castilla et al., 2019), or even 

trampling by livestock could contribute to the detected between sites differences. Field 

experiments must be designed specifically to identify the causes underlying the change 

between study sites in the type of effects. Finally, in a stressful environment such as the 

Mediterranean basin (Pugnaire and Valladares, 2007; Morán-Ordoñez et al., 2021) the 

suitability of microhabitat where seeds arrive is critical for the seedling survival and 

establishment (Schupp, 2007; García-Cervigón et al., 2018). Generally, the most suitable 

microhabitat where plant species such as C. humilis, P. bourgaeana, or Q. suber in Doñana 

reach the greatest recruitment rates is the Mediterranean scrubland although occasionally 

some species such as C. humilis can establish in open pasturelands. Indeed, in Matasgordas, 

there was a positive correlation between the percentage of microhabitat (1-m radius) 

occupied by shrubs around the mammal feces and the proportion of emerged seedlings that 

survived by the end of the study (Fig. S1.10). This correlation was not found in Reserva likely 

because there was not much variation in the microhabitat of seed deposition (i.e. 80% of 

feces was deposited in open microhabitat without shrubs). 
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 Concluding remarks. 

We disentangled the spatial patterns of the seed rain of a pioneer palm with a keystone role 

in the (re)colonization of Mediterranean human-altered landscapes. We emphasize the 

central role of Eurasian badgers over other frugivorous mammals (e.g. red fox, ungulates) by 

dispersing large number of seeds during (re)colonization events. The local virtual loss of 

seed dispersal service provided by red foxes highlights the negative consequences of recent 

human-driven defaunation. Finally, we stress the importance of context-dependency (e.g. 

dispersal seasons, sites, frugivores species) in understanding the underlying mechanisms 

and processes driving the early (re)colonization of human-impacted habitats.  
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Table S1.1. Summary of univariate and bivariate analyses for spatial association of mammal feces per species per study site and per seed dispersal season. 

(i) Null models constructed by univariate Thomas cluster point processes   

Matasgordas  Reserva 

All mammal species 17 & 18 Badger 17 & 18  All mammal species 17 & 18 Badger + Red fox 17 & 18 

All mammal species 17 Badger 17  All mammal species 17 Badger + Red fox 17 

All mammal species 18 Badger 18  All mammal species 18 Badger + Red fox 18 

Ungulates 17 & 18 Feces with seeds 17 & 18  Ungulates 17 & 18 Badger 17 & 18 

Ungulates 17   Ungulates 17 Badger 17 

Ungulates 18   Ungulates 18 Badger 18 

   Red fox 17 & 18 Feces with seeds 17 & 18 

   Red fox 17  

     

(ii) Bivariate analysis of spatial association between feces with and without C. humilis seeds in both dispersal seasons 

Matasgordas  Reserva 

Spatial pattern 1 Spatial pattern 2  Spatial pattern 1 Spatial pattern 2 

All mammal species 17 All mammal species 18  All mammal species 17 All mammal species 18 

Ungulates 17 Ungulates 18  Ungulates 17 Ungulates 18 

Badger 17 Badger 18  Badger + Red fox 17 Badger + Red fox 18 

   Badger 17 Badger 18 

          

(iii) Bivariate analysis of spatial association between accumulated feces with and without C. humilis seeds and adult palms 

Matasgordas  Reserva 

Spatial pattern 1 Spatial pattern 2  Spatial pattern 1 Spatial pattern 2 

Dwarf palms All mammal species 17 & 18  Dwarf palms All mammal species 17 & 18 

Dwarf palms Ungulates 17 & 18  Dwarf palms Ungulates 17 & 18 

Dwarf palms Badger 17 & 18  Dwarf palms Badger + Red fox 17 & 18 

   Dwarf palms Badger 17 & 18 

   Dwarf palms Red fox 17 & 18 

          

(iv) Bivariate analysis of spatial association between accumulated feces with C. humilis seeds and adult palms 

Matasgordas  Reserva 

Spatial pattern 1 Spatial pattern 2  Spatial pattern 1 Spatial pattern 2 

Dwarf palms Feces with seeds 17 & 18  Dwarf palms Feces with seeds 17 & 18 
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Table S1.2. Summary of statistics functions of univariate null models from Thomas cluster process. 

     Summary statistics functions           

     g(r) L(r) HS(r) D(r) 

Matasgordas Thomas process ring N N isol Rank p-value Rank p-value Rank p-value Rank p-value 

All mammal species 17 & 18 DC (15,50) 3 892 310 200 0.005 28 0.87 197 0.02 200 0.005 

All mammal species 17 DC (8,50) 3 702 250 172 0.15 44 0.79 197 0.02 200 0.005 

All mammal species 18 DC (7,50) 3 190 60 178 0.12 40 0.81 119 0.41 183 0.09 

Ungulates 17 & 18 DC (12,50) 5 716 225 56 0.73 85 0.58 173 0.14 200 0.005 

Ungulates 17 DC (12,50) 5 546 190 82 0.6 131 0.35 173 0.14 200 0.005 

Ungulates 18 DC (9,50) 5 170 45 4 0.99 42 0.8 154 0.24 188 0.07 

Badger 17 & 18 DC (9,50) 3 175 10 153 0.24 34 0.84 31 0.85 176 0.13 

Badger 17 DC (7,50) 3 155 10 152 0.25 10 0.96 52 0.75 169 0.16 

Badger 18 SC (1,50) 3 20 2 13 0.94 4 0.99 115 0.43 18 0.92 

Feces with seeds 17 & 18 DC (10,50) 3 174 20 155 0.23 138 0.32 175 0.13 200 0.005 

Reserva                         

All mammal species 17 & 18 DC (11,50) 3 777 290 88 0.57 20 0.91 177 0.12 200 0.005 

All mammal species 17 DC (12,50) 3 502 130 28 0.87 2 0.99 140 0.31 200 0.005 

All mammal species 18 DC (7,50) 3 275 80 200 0.005 7 0.97 162 0.2 200 0.005 

Ungulates 17 & 18 DC (18,50) 5 678 170 29 0.86 58 0.72 126 0.38 185 0.08 

Ungulates 17 DC (14,50) 5 444 70 5 0.98 24 0.89 163 0.19 190 0.06 

Ungulates 18 DC (11,50) 5 234 40 118 0.42 84 0.59 150 0.26 185 0.08 

Badger + Red fox 17 & 18 SC (1,50) 3 99 25 24 0.89 81 0.6 186 0.08 184 0.09 

Badger + Red fox 17 SC (1,50) 3 58 22 81 0.6 4 0.99 131 0.35 184 0.09 

Badger + Red fox 18 SC (1,50) 3 41 9 161 0.2 182 0.1 40 0.81 192 0.05 

Badger 17 & 18 SC (1,50) 3 68 12 132 0.35 156 0.23 134 0.34 184 0.09 

Badger 17 SC (1,50) 3 33 10 86 0.58 119 0.41 174 0.14 172 0.15 

Badger 18 SC (1,50) 3 35 2 179 0.11 190 0.06 160 0.21 183 0.09 

Red fox 17 & 18 DC (10,50) 7 31 - 8 0.97 16 0.93 144 0.29 59 0.71 

Red fox 17 DC (10,50) 7 25 - 1 1 2 0.99 77 0.62 16 0.93 

Feces with seeds 17 & 18 SC (1,50) 3 48 15 59 0.71 17 0.92 132 0.35 180 0.11 
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Table S1.3. Best-fitting probability density functions to seedling emergence (AIC = 5462.64) and survival (AIC = 
1329.04) in Matasgordas, and seedling emergence (AIC = 1334.71) and survival (AIC = 191.22) in Reserva. Note 
the Proportion of the whole mixture distribution accounted by each single function. 

 

Study site Seedling 
Peak: 

Function 
Range 

(m) 
Proportion Parameter 1 (±SE) Parameter 2 (±SE) 

Matasgordas Emergence 1: Normal 0 - 5 0.16 mean = 2.409 (0.053) sd = 0.764 (0.037) 

  2: Normal 5 -25 0.62 mean = 14.430 (0.094) sd = 2.668 (0.067) 

  3: log-Normal 25 - 50 0.06 mean = 3.453 (0.004) sd = 0.035 (0.003) 

  4: Cauchy 50 - 60 0.04 
location = 53.633 

(0.015) scale = 0.086 (0.042) 

  5: Cauchy 60 - 100 0.11 
location = 79.499 

(0.091) scale = 0.856 (0.113) 

       

 Survival 1: Normal 0 - 5 0.1 mean = 2.264 (0.168) sd = 0.967 (0.119) 

  2: Weibull 5 -20 0.81 shape = 6.966 (0.342) scale = 14.474 (0.135) 

  3: Weibull 20 - 40 0.04 
shape = 52.437 

(12.112) scale = 32.915 (0.176) 

  4: Weibull 40 - 70 0.03 
shape = 161.342 

(41.908) scale = 53.640 (0.105) 

    5: log-Normal 70 - 100 0.01 mean = 4.373 (0.002) sd = 0.003 (0.001) 

              

Reserva Emergence 1: Normal 0 - 20 0.47 mean = 12.377 (0.237) sd = 2.889 (0.168) 

  2: log-Normal 20 - 40 0.31 mean = 3.537 (0.003) sd = 0.034 (0.002) 

  3: t-Student 40 - 80 0.2 df = 390.088 (87.142) ncp = 54.609 (0.281) 

  4: t-Student 80 - 100 0.02 df = 1.354e+08 ncp = 9.105e+01 

       

 Survival 1: Normal 0 - 20 0.37 mean = 12.259 (0.779) sd = 3.483 (0.551) 

  2: Weibull 20 - 40 0.22 
shape = 55.082 

(13.417) scale = 35.501 (0.195) 

  3: t-Student 40 - 60 0.37 df = 1.299e+08 ncp = 5.277e+01 

    4: t-Student 60 - 100 0.04 df = 1.354e+08 ncp = 9.105e+01 
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Figures 

 

Figure S1.1. Final picture of the total number of 
daily field surveys (black lines) undertook for 

searching fresh mammal feces in Matasgordas (a) 
and Reserva (b). Yellow points represent ‘starting 

points’ where we started field surveys. 

 

 

 

 

 

 

 

 

 

 

 

Figure S1.2. Example of one excluded feces by a wire mesh 
cage with C. humilis seeds (a) and seedlings (b) as well as the 
flag with the exclusive identification code (c). 
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Figure S1.3. 
Examples of 
two 
monitored 
feces in which 
have emerged 
C. humilis 
seedlings. 
Note the 
different color 
plastic straws 
indicating the 
emergence 
month. The 
enclosure for 
vertebrate 
herbivores 
were removed 
to count 
detailed the 
seedlings. 

 

Figure S1.4. Bivariate analyses of spatial association 
of mammal feces between seed dispersal seasons in 
Matasgordas. For each summary function it showed 
the bivariate pair-correlation function g12(r) of the 
data (dotted black line), the expected function of the 
null model (dashed line), and the corresponding 
simulation envelopes (grey area; the 5th lowest and 
highest values for each summary function created by 
199 simulations of the null model). 
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Figure S1.5. Bivariate analyses of spatial association of mammal feces between seed dispersal seasons in 
Reserva. For each summary function it showed the bivariate pair-correlation function g12(r) of the data (dotted 
black line), the expected function of the null model (dashed line), and the corresponding simulation envelopes 
(grey area; the 5th lowest and highest values for each summary function created by 199 simulations of the null 

model). 

 

Figure S1.6. Best-fitting unimodal and multimodal (2-5 peaks) density functions to the empirical emerged C. 
humilis seedlings distribution in Matasgordas. Mixture distributions were fitted to those empirical distance 
distributions that, based on visual inspection, showed multiple peaks. Bars represent observed frequencies 

and lines the best-fitting probability density curves. AIC-values and the density function of each peak are 
showed; the lowest AIC-value is showed within a square. 
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Figure S1.7. Best-fitting unimodal and multimodal (2-5 peaks) density functions to the empirical surviving C. 
humilis seedlings distribution in Matasgordas. Mixture distributions were fitted to those empirical distance 
distributions that, based on visual inspection, showed multiple peaks. Bars represent observed frequencies 

and lines the best-fitting probability density curves. AIC-values and the density function of each peak are 
showed; the lowest AIC-value is showed within a square. 

 

Figure S1.8. Best-fitting unimodal and multimodal (2-4 peaks) density functions to the empirical emerged C. 
humilis seedlings distribution in Reserva. Mixture distributions were fitted to those empirical distance 

distributions that, based on visual inspection, showed multiple peaks. Bars represent observed frequencies 
and lines the best-fitting probability density curves. AIC-values and the density function of each peak are 

showed; the lowest AIC-value is showed within a square.  
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Figure S1.9. Best-fitting unimodal and multimodal (2-4 peaks) density functions to the empirical surviving C. 
humilis seedlings distribution in Reserva. Mixture distributions were fitted to those empirical distance 

distributions that, based on visual inspection, showed multiple peaks. Bars represent observed frequencies 
and lines the best-fitting probability density curves. AIC-values and the density function of each peak are 

showed; the lowest AIC-value is showed within a square.

 

 

Figure S1.10. Pearson’s correlations between the percentage of shrub within a 1-m microhabitat around 

mammal feces and the proportion of emerged seedlings that survived by the end of the study in Matasgordas 

(a) and Reserva (b). 
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Chapter 2 
 

Examining the spatiotemporal variation of genetic diversity and genetic rarity 

in the natural plant (re)colonization of human-altered areas 
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Abstract 

 

The spatiotemporal genetic variation at early plant life stages may substantially affects the 

natural (re)colonization of human-altered areas, which is crucial to understand plant and 

habitat conservation. In animal-dispersed plants, dispersers’ behavior may critically drive 

the distribution of genetic variation. Here, we examine how genetic variation is spatially and 

temporally structured in seedlings of a keystone pioneer palm (Chamaerops humilis) and 

how this genetic variation affects plant recruitment. We intensively monitored the seed rain 

mediated by two medium-sized carnivores during two consecutive seasons in a 

Mediterranean human-altered area (SW Spain). We genotyped 143 out of 309 detected 

seedlings using 12 microsatellite markers. We assessed genetic diversity and rarity, fine-

scale genetic spatial structure (FSGS), sibling relationships, and the spatiotemporal pattern 

of rare genotypes. We also evaluated the effects of spatial and temporal variation of genetic 

rarity on seedling survival. Seedlings emerged from carnivore-dispersed seeds showed 

moderate to high levels of genetic diversity and no evidence of inbreeding. We found 

inflated kinship among seedlings emerged from seeds within a single carnivore fecal sample, 

but a dilution of such FSGS at larger spatial scales (e.g. latrine). Rare genotypes arrived later 

throughout the dispersal season and tended to be spatially isolated. However, genetic rarity 

did not influence seedling survival. Our results suggest strong plant resilience to genetic 

bottlenecks due to human disturbances. We highlight the study of plant-animal interactions 

from a genetic perspective since it provides crucial information for plant conservation and 

the recovery of genetic plant resilience. 

 

Keywords 

Seed clumping; fine-scale spatial genetic structure; siblings; genetic rarity; inflated kinship; 

latrines; seedling recruitment. 
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Introduction 

 

The understanding of ecological processes driving the natural (re)colonization of human-

altered areas is fundamental for the conservation of sensitive, endangered, and keystone 

species as well as for their ecosystem services (Egoh et al., 2007; Turner et al., 2007). In 

particular, seed dispersal is one of the most critical factors during the (re)colonization by 

ensuring seed arrival to these altered areas (e.g. Escribano-Ávila et al., 2014; Cancio et al., 

2017; Martínez-Baroja et al., 2019). Interestingly, the genetic composition of recruits may 

substantially affect long-term (re)colonization fate. For instance, the genetic variation of 

recruits will ultimately influence future fine-scale spatial genetic structure (FSGS, hereafter) 

and can potentially impact individuals' reproductive success (Choo et al., 2012; Castilla et 

al., 2019). Similarly, recent studies have demonstrated that seedlings’ genetic rarity (sensu 

Browne and Karubian, 2016) affect their survival (Browne and Karubian, 2018; Tito de 

Morais et al., 2020). However, few studies have examined how genetic variation in space 

and time of naturally established seedlings is generated within human-altered areas and its 

potential consequences on plant recruitment (Gelmi-Candusso et al., 2017; Aguilar et al., 

2019; but see Santos et al., 2016; Ismail et al., 2017). Therefore, comprehending how 

genetic variation may influence the fate of natural (re)colonization may be central for plant 

biodiversity conservation, especially in a rapidly changing environment (Frankham et al., 

2010; Kramer and Havens, 2009; Kardos et al., 2021). 

In animal-dispersed plants, dispersers’ behavior can affect spatial genetic structure 

of (re)colonizing plant populations (Jordano, 2010; García and Grivet, 2011). For instance, 

animal mobility can critically influence the intensity and shape of seed rains into target 

areas. In this regard, some studies have shown that large- and medium-sized mammals are 

highly mobile and play effective roles in the (re)colonization of human-altered areas by 

facilitating greater long-distance dispersal with respect to other functional groups of seed 

dispersers (e.g. Escribano-Ávila et al., 2014; Tsunamoto et al., 2020). Usually, frugivore 

mammals markedly differ in their relative abundance, mobility, level of frugivory and fecal 

marking behavior (Fragoso and Huffman, 2000; Fedriani and Wiegand, 2014, Sakamoto and 

Takatsuki, 2015). Interestingly, whether disperser species-specific patterns in seed 

deposition affect or not the genetic makeup of seedlings has been a seldom explored 
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question. In particular, species defecating in latrines (i.e. set of several feces aggregated at 

scales of few meters) may yield disproportionate seed clumps with potential genetic 

implications. For instance, recurrent mammal seed dispersal into latrines could dilute the 

fine-scale genetic spatial structure (FSGS) of populations due to the genetic admixture 

throughout dispersal season (Vekemans and Hardy, 2004; Giombini et al., 2016).  

Additionally, the study of sibling relationships among seedlings may be relevant for 

understanding the spatial structure of genetic variation in (re)colonizing plant populations. 

This information can assist in detecting positive FSGS hotspots where kinship is inflated and 

thus lead to the implementation of actions to alleviated inbreeding (e.g. translocation of 

particular genotypes). 

From a temporal perspective, how the genetic composition of seed rain varies 

through dispersal season has been scarcely analyzed, probably because it requires high 

time-consuming field monitoring. Given that seedling emergence and survival can be 

affected by their genetic makeup (e.g. Fedriani et al., 2019), it is important to identify the 

timing when potential successful genotypes reach (re)colonizing populations. Although a 

number of recent studies have found that genetically rare seedlings can impact plant 

recruitment (Browne and Karubian, 2016; 2018; Tito de Morais et al., 2020), the timing of 

rare seedlings arrival remains unexplored. Under this scenario, identifying the temporal 

variation of seedlings’ genetic makeup and its potential consequences on demographic 

processes such as seedling emergence, survival and recruitment may provide critical 

information for plant conservation. 

Here, we investigate how the genetic diversity of naturally established seedlings and 

its spatiotemporal structure could affect plant recruitment in human-altered habitats. To 

this end, we intensively monitored the seed rain of the pioneer Mediterranean dwarf palm 

(Chamaerops humilis, Arecaceae) during two consecutive dispersal seasons (October-

December 2017 and 2018). We focused on a historically human-altered area (the Doñana 

National Park, SW Spain), where this dioecious palm is mainly dispersed by Eurasian badgers 

(Meles meles) and in a lesser extent by red foxes (Vulpes vulpes) (Fedriani and Delibes, 2011; 

Selwyn et al., 2020). These medium-sized carnivores are highly mobile, being able to daily 

cover several kilometers across their large home-ranges (López-Martín, 2017; Virgós, 2017). 

Importantly, both species differ in their fecal marking behaviors, with badgers concentrating 
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their feces at latrines, whereas red foxes’ defecating is a most scattered fashion (Fedriani 

and Wiegand, 2014).  

 We hypothesized seed dispersal by both carnivore species would impose some FSGS 

on C. humilis populations and that such genetic structure would have important 

consequences on early demographic processes. This trend may be particularly marked for 

badgers due to their recurrent use of latrines and the potential higher contribution to seed 

rain regarding red foxes (Fedriani and Wiegand, 2014). Specifically, we examine: (i) the 

genetic diversity of C. humilis seedlings emerged from carnivore dispersed seeds and the 

presence or absence of inbreeding evidences; (ii) the fine-scale spatial genetic structure of 

seedlings; (iii) the sibling relationships at several hierarchical spatial scales; (iv) the temporal 

variation of genetic rarity of seedlings through dispersal season; and finally, (v) the influence 

of genetic rarity and the spatiotemporal variation of seed dispersal on seedling survival. 

 

Materials and Methods 
 

 Study area and species. 

Chamaerops humilis is an endemism of the Western Mediterranean basin (Guzmán et al., 

2017). This pioneer palm plays a keystone role on the natural (re)colonization of human-

altered areas by triggering positive spatial associations with multiple woody plant species 

(Garrote et al., 2021) and offering important feeding resources to a wide mammals’ 

assemblage (Muñoz-Gallego et al., 2019; Selwyn et al., 2020). The species is dioecious with 

male and female plants coexisting within populations and blooms in the spring (March-

May). It exhibits a nursery-pollination system involving the specialist weevil Derelomus 

chamaeropsis (Anstett, 1999; Dufaÿ and Anstett, 2004) and the beetle Meligethinus 

pallidulus (García et al., 2018). Fruits are polydrupes comprised of one to three drupes and 

are attached to dense infrutescences of up to 30 cm long (7-120 fruits per infrutescence; 

Selwyn et al., 2020; Figure S2.1). In the Doñana area, seeds (0.6-0.8 g, 16.3 x 11.0 mm 

average size; Muñoz-Gallego et al., 2019) are dispersed by medium-sized carnivores such as 

Eurasian badgers (M. meles) and red foxes (V. vulpes) (Fedriani and Delibes, 2011). Both 



123 
 

species deliver seeds during the whole dispersal season (October-December). Badgers 

usually defecate at latrines where they partially or totally bury their feces. Red foxes mark 

their territories defecating at highly prominent sites (e.g. edge of unpaved roads; Suárez-

Esteban et al., 2013) in a rather scattered spatial fashion (Fedriani and Wiegand, 2014). 

Chamaerops humilis seed germination is hypogeal, with most seedlings emerging during the 

first spring-early summer. Although seedling mortality seems to be high during the first 

summer due to desiccation (approx. 70-80 %), ~50-60 % of these desiccated seedlings 

resprout after the fall rains (unpublished data). 

The study was conducted at the Doñana National Park (37°9’N, 6°26’W; SW Spain) 

from October 2017 to December 2019. The climate is Mediterranean sub-humid and 

characterized by hot and dry summers, and mild-wet winters. Summers are characterized by 

extreme droughts whereas most of the rain falls during fall and winter (Żywiec et al., 2017). 

The Doñana area is a humanized and fragmented landscape, in which suitable habitat 

patches are isolated from one another by cropland, towns, marshes, or dunes. We set a 22-

ha (800 x 300 m2) study plot in an area that has long experienced intensive human-

management for decades. In particular, to create open areas of pasture for livestock 

ranching and cultivations, tree stands and scrubs were removed and soil rotation applied 

every 25 years during the early 20th century (Garrote et al., 2019). The study plot (called 

Martinazo) is characterized by scattered Quercus suber and Olea europaea var. sylvestris 

trees within a dense Mediterranean scrubland dominated by Halimium halimifolium, 

Stauracanthus genistoides and Ulex spp. and a wide pastureland with very few shrubs 

limited on the east by marshland. Chamaerops humilis density within our study plot was of 

8.4 individuals per ha. 

 

 Field sampling. 

During two consecutive seasons (October-December of 2017 and 2018), we conducted 

repeated transects (range = 0 – 4 per day) searching for fresh feces of badgers and foxes. 

This sampling method allowed us to track the temporal pattern of feces deposition (i.e. the 

timing of feces deposition). We made an intense effort to evenly distribute transects within 
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the whole study plot. To this end, we set 15 ‘starting points’ regularly distributed around the 

study plot perimeter. During each transect, an observer walked from a starting point (which 

changed among consecutive surveys by rotating them clockwise) to the opposite side of the 

plot following a non-fixed zigzag path. Then, the observer came back following a different 

path leading to a departure point different from the starting one (Fedriani and Wiegand, 

2014). Each survey took about 1 hour and the average length was 1.9 ± 0.1 km. Altogether, 

we conducted 97 surveys (N = 65 and 32 in 2017 and 2018, respectively) covering 176 km 

(Figure S2.2). During each transect, all recorded fresh feces were georeferenced using a 

submetric GPS Leica 1200 (Leyca Geosystems, Switzerland), tagged (sampling day, transect, 

as well as whether contained C. humilis seeds or not), and excluded with wire mesh cages 

(10 x 10 x 9 cm3) (Figure 2.1) to prevent trampling by ungulates. 

From January 2018 to December 2019, we monthly monitored seedling emergence 

and survival in the enclosed carnivore feces. Each emerged seedling was marked with an 

exclusive colored numbered ring (Figure 2.1). We collected leaf material (3 cm in length) 

from seedlings when they had reached about 10 cm in height. Importantly for our study, to 

confirm that leaf material removal did not affect seedling survival, we conducted a parallel 

field experiment outside the study plot from 

May to October of 2018. We excluded 100 

seedlings of similar size (ca. 10 cm) that had 

emerged within 12 badger feces. We clipped 

50 seedlings (randomly selected) removing 

from each a similar amount of leaf material 

than that used for the genotyping (3 cm). The 

50 remaining seedlings were left intact as the 

control treatment. The proportion of seedlings 

alive after the first summer (i.e. the strongest 

mortality cause) did not differ between 

treatments (11 / 50 clipped vs. 13 / 50 control: 

χ2 = 0.047, d.f. = 1, P = 0.83). 

Figure 2.1. Detail of exclusive colored numbered rings 
used for individual identification of seedlings (a). 
Excluded feces with a wire mesh cage (b) and the flag with its exclusive code (c). 
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 Seedling genotyping. 

The procedure for DNA extraction and microsatellite genotyping is detailed in Jácome-Flores 

et al. (2019). Briefly, total genomic DNA was extracted following the manufacturer’s 

protocol from approximately 25 mg of leaf material using Isolate II plant DNA kit (Bioline, 

London, UK). All individuals were screened at 12 microsatellite markers and genotyped on 

an ABI PRISM 3130 × 1 DNA Sequencer (Applied Biosystems, Foster City, CA, USA). Alleles 

were scored manually using GeneMapper 3.7® (Applied Biosystems). Genotyping error rate 

of our set of microsatellite markers was calculated by running repeated, independent 

analyses for a total of 22 randomly chosen seedlings. Genotyping error (0.004 %) was 

calculated as the ratio between observed number of allelic differences and total number of 

allelic comparisons (Bonin et al. 2004) (Table S2.1). We also calculated the allelic dropout 

rates (0.055%) from the genotypes of 143 seedlings using MicroDrop (Wang and Rosenberg, 

2012) (Table S2.1). 

 

 Population genetics analyses. 

o Genetic diversity and inbreeding 

We obtained estimates of the genetic diversity of seedlings using the software INEST 2.2 

(Chybicki and Burczyk, 2009). INEST provides empirical Bayes estimates of observed and 

expected heterozygosity corrected for null alleles. INEST also provides unbiased multilocus 

estimates of inbreeding within a population, which are robust to the presence of null alleles. 

Specifically, INEST offers two approaches: PIM and IMM based on maximum likelihood and a 

Bayesian framework, respectively. We estimated the frequency of null alleles in our markers 

separately using both analytical approaches. Using the Bayesian approach (individual 

inbreeding model), INEST was run using nfb (null alleles, inbreeding coefficients and 

genotyping failures) and nb (null alleles and genotyping failures) models to detect the 

existence of inbreeding using 106 cycles, a thinning of 100 and a burning of 105. The 

deviance information criterion was used to determine the best model.  
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o Fine-scale spatial genetic structure (FSGS) 

We estimated the pairwise kinship coefficient (Fij; Loiselle et al., 1995) among all pairs of 

seedlings and examined the FSGS using spatial autocorrelation analyses implemented in 

SPAGEDI 1.5 (Hardy and Vekemans, 2015). Kinship coefficients estimated by SPAGEDI can be 

sensitive to the presence of null alleles in the markers. Therefore, we ran the analysis 

including eight markers without evidence of null alleles. Tests for statistical significance of 

mean kinship coefficient values in each spatial distance class was conducted by (a) random 

shuffling (5,000 times) individual geographical locations to define the upper and lower 

bounds of the 95% confidence interval around the null hypothesis that Fij and pairwise 

spatial distances were uncorrelated, and (b) estimating 95% confidence intervals around 

mean Fij values by bootstrapping loci (5,000 times). Analyses were performed using ten 

distance classes for which the number of pairwise comparisons was approximately constant. 

By default, SPAGEDI creates the first distance class for the spatial groups of seedlings 

sharing spatial coordinates (i.e. seedlings within the same scat). Besides this first distance 

class encompassing seedlings with identical geographic coordinates, we set ten additional 

distance classes maximizing the number of pairwise comparisons. We also computed the Sp 

statistic as Sp = -b/(1-F1), where b is the slope of the regression of Fij on ln(distance), and F1 

is the mean Fij between individuals in the first distance class. The Sp statistic is a synthetic 

way of calculating the strength of the fine-scale spatial genetic structure (Vekemans and 

Hardy, 2004).  

 

o Sibship reconstruction 

We estimated sibling relationships among seedlings using COLONY 2.0.6.4 (Jones and Wang, 

2010). Dyads seedlings were classified as full-sibs (sharing both parents), half-sibs (sharing 

only one of two parents), or non-sibs (sharing no parents) based on the parental 

identifications given in the best configuration. We estimated the proportion of these three 

sibship groups at three spatial scales: (i) within individual feces, distinguishing between 

those isolated (≥ 69.0 m from the nearest neighbor) and those placed at latrines (spatially 
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aggregated, from 0.1 to 21.3 m from neighbors), (ii) within latrines, and (iii) whole 

population. 

 

o Phenology of the genetic rarity 

To estimate individual-level genetic rarity of seedlings, we calculated a genetic rarity index 

(Browne and Karubian, 2016). First, we determined the corresponding relative frequency for 

each allele in each seedling. Then, we averaged across the relative frequencies of alleles 

within each locus with diploid genotype a, b to estimate the value of the genetic rarity index 

for seedling I: 

Genetic rarity indexi = 
∑ (𝑝𝑎+𝑝𝑏)𝑙

𝐿
𝑙=1

2𝐿
 

where L is the total number of loci, and pa and pb are the frequencies of alleles a and b at 

locus l. Note that pa and pb are equal in the case of homozygotes. Lower values of the 

genetic rarity index correspond to seedlings with genotypes containing rare, low frequency 

alleles. 

We evaluated the effect of the timing of deposition and the spatial isolation of the 

feces on the genetic rarity of seedlings. We fitted a generalized linear model using Gaussian 

error distribution and identity link implemented in the R package stats (R Development Core 

Team, 2021). The timing of feces deposition (i.e. for each seedling, we counted the number 

of days since the first monitoring day until we detected the corresponding feces in the field), 

and the spatial isolation of seedlings (i.e. within isolated feces or within feces placed at 

latrines, see above) were included as the explanatory variables in the model.  We tested 

whether the variables were significant based on Likelihood Ratio test with χ2 distribution 

implemented in the R package lmtest (Hothorn et al., 2015). We computed predicted 

marginal effects of the explanatory variables on the genetic rarity using the function 

ggpredict from the R package ggeffects (Lüdecke, 2018). 
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o Genetic rarity, spatiotemporal variation and seedling survival 

To assess whether seedlings’ genetic rarity, spatial isolation, timing of feces deposition, and 

timing of seedling emergence (i.e. covariates) affected seedling survival by the end of the 

monitoring (i.e. after two years), we fitted Cox proportional-hazard regression models using 

the coxph function from R package survival (Therneau, 2021).  We used the number of 

months between seedling emergence and death as response variable, which was modeled 

as right-censored since remaining seedlings (i.e. survivors) could eventually die after the end 

of our study. We included feces identity as a frailty (i.e. random) factor to control for 

potential heterogeneity. We fitted from the null to the full model which included all 

covariates and their second-order interactions to define the best predictors of seedling 

survival. The most parsimonious candidate model was selected by a stepwise method based 

on Akaike’s Information Criterion (AIC; Burnham et al., 2011) using the function stepAIC 

from R package MASS (Ripley et al., 2013). The significance of Cox proportional-hazard 

regression model was confirmed by LRT. 

 

Results 
 

 Seed rain and genetic diversity of seedlings. 

We found a total of 48 feces containing C. humilis seeds (36 in 2017 and 12 in 2018). After 

two years of monitoring, we detected 309 emerged seedlings in 23 out of 41 badgers’ feces 

and three seedlings in two out of seven red foxes’ feces. Overall, we were able to genotype 

143 seedlings (45.8%) without compromising their survival (see Methods). From these 

seedlings, 104 were detected within feces at latrines whereas 39 were found within isolated 

feces. The average number (±1SE) of genotyped seedlings per feces was 7.53 ± 1.63 (range = 

1 – 25). 

The overall population Fis did not overlap zero (0.152 ± 0.063), this pattern being 

mostly driven by four markers (Table 2.1).  Indeed, we found evidence for null alleles in 

these four markers (Table 2.1). Furthermore, the model without inbreeding performed 

better (nb; DIC 1 = 5062.794) than the model with inbreeding (nfb; DIC 1 = 5065.468). These 
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results support a lack of inbreeding in seedlings after accounting for the presence of null 

alleles in our markers. Expected and observed heterozygosity corrected for the presence of 

null alleles were similar (Table 2.1). Expected heterozygosity ranged from 0.162 to 0.896 

across our markers, with an average (± 1SE) of 0.637 ± 0.060 (Table 2.1). The mean number 

of alleles per locus was 5.8 ± 1.0 (range = 2 – 15) (Table 2.1). 

 

 Fine-scale spatial genetic structure. 

Our results revealed positive FSGS, that is, inflated kinship among seedlings within the same 

feces (i.e. the first distance class), being 700-folds greater than expected under the null 

hypothesis of lack of genetic structure (Figure 2.2). The mean kinship within fecal samples 

was more than 32-folds times higher than that in the second distance class (i.e. 

approximately within the latrine; Figure 2.2). The strength of the FSGS is estimated by the Sp 

statistic which was 0.134 for the spatial groups of seedlings sharing spatial coordinates (i.e. 

seedlings within feces). 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Fine-scale spatial genetic structure of Chamaerops humilis’ seedlings with accounting for null 
alleles. Correlograms from spatial autocorrelation analysis using the Loiselle kinship coefficient and eleven 

distance classes being the first one those seedlings placed within feces. The number of pairwise comparisons is 
approximately constant for such distance classes. Black dots represent the mean kinship for each distance 

class. Grey area represents the 95% confidence intervals around the null hypothesis of lack of spatial genetic 
structure (i.e. the dashed line). Whiskers around average Fij values in each distance class represent 95% 

confidence intervals generated by jackknifing loci. Observed kinship greater than expected is indicated with 
asterisks (*** P < .001).
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Table 2.1. Genetic diversity for each microsatellite marker of Chamaerops humilis seedlings. A, number of alleles per locus; AF, average of allelic frequencies; He and Ho, 

expected and observed heterozygosity accounting for null alleles; Fis, inbreeding coefficient estimated without accounting for null alleles; nullPIM and nullIMM are the 

estimates of null allele frequency given the PIM-based estimator (i.e. frequentist approach) and IMM-based estimator (i.e. Bayesian approach), respectively. For each 

estimate of genetic diversity, mean and ±1SE is provided. Minimum and maximum values are in brackets. Statistically significant are indicated in bold. 

Locus A AF He Ho Fis nullPIM nullIMM 

CH26 15 0.066 (0.007 – 0.157) 0.896 (0.884 - 0.906) 0.876 (0.839 - 0.919) 0.049 0.027 (0.010 - 0.045) 0.014 (0.000 - 0.043) 

CH13 3 0.261 (0.175 – 0.357) 0.728 (0.708 - 0.746) 0.707 (0.615 - 0.783) 0.484 0.231 (0.202 - 0.259) 0.218 (0.156 - 0.282) 

CH19 4 0.244 (0.007 – 0.913) 0.162 (0.084 - 0.268) 0.140 (0.098 - 0.245) 0.083 0.023 (0.000 - 0.047) 0.023 (0.000 - 0.083) 

CH14 6 0.108 (0.019 – 0.224) 0.772 (0.733 - 0.812) 0.750 (0.685 - 0.828) 0.490 0.330 (0.280 - 0.380) 0.353 (0.230 - 0.441) 

CH7 3 0.323 (0.038 – 0.478) 0.561 (0.521 - 0.602) 0.563 (0.511 - 0.643) 0.039 0.004 (0.000 - 0.036) 0.030 (0.000 - 0.073) 

CH21 2 0.405 (0.212 – 0.598) 0.558 (0.496 - 0.611) 0.530 (0.413 - 0.629) 0.511 0.204 (0.172 - 0.236) 0.190 (0.116 - 0.262) 

CH15 10 0.099 (0.010 – 0.197) 0.850 (0.838 - 0.862) 0.868 (0.846 - 0.902) -0.003 0.005 (0.000 - 0.020) 0.014 (0.000 - 0.036) 

CH6 5 0.197 (0.010 – 0.398) 0.726 (0.694 - 0.750) 0.767 (0.748 - 0.804) -0.045 0.000 - 0.013 (0.000 - 0.038) 

CH3 9 0.098 (0.007 – 0.312) 0.821 (0.797 - 0.841) 0.818 (0.755 - 0.874) 0.201 0.120 (0.090 - 0.150) 0.120 (0.066 - 0.172) 

CH25 5 0.198 (0.042 – 0.726) 0.451 (0.379 - 0.520) 0.440 (0.426 - 0.486) -0.005 0.000 - 0.008 (0.000 - 0.033) 

CH5 3 0.327 (0.149 – 0.492) 0.618 (0.580 - 0.656) 0.664 (0.629 - 0.720) -0.045 0.000 - 0.020 (0.000 - 0.056) 

CH17 5 0.197 (0.007 – 0.670) 0.497 (0.431 - 0.559) 0.466 (0.441 - 0.532) 0.070 0.003 (0.000 - 0.021) 0.014 (0.000 - 0.048) 

Mean ± 1SE 5.8 ± 1.0 0.210 ± 0.029 0.637± 0.060 0.633± 0.062 0.152 ± 0.063    
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 Sibship reconstruction. 

Sibling relationships among seedlings (N = 10,153 pairs of seedlings) varied within individual 

feces, within latrines and at the whole population (Figure 2.3). Feces were differentiated 

between isolated (n = 4) and aggregated in latrines (n = 3, 4, and 7, within 3 latrines) (Figure 

2.3a). We found a greater average proportion of half-sibs within isolated feces than within 

feces at latrines (53% vs. 20.8%; n= 108 and 93 pairs, respectively; Figure 2.3b). In contrast, 

seedlings within feces at latrines showed a greater average proportion of full- (29.1% 

vs.12.2%, n= 132 and 29 pairs) and non-sibs (50.1% vs. 34.8%, n= 390 and 190 pairs; Figure 

2.3b) than those within isolated feces. At larger spatial scales, latrines and population 

showed marked increases in the average proportions of non-sibs (85.1% and 91.6%, n= 1887 

and 9300 pairs, respectively) regarding the full- and half-sibs (Figure 2.3b). 

 

Figure 2.3. Study plot (grey solid line) 
showing the seed rain of Chamaerops 
humilis during two consecutive seed 
dispersal seasons (2017 and 2018) by 
Eurasian badger (grey dots) and red 
fox (black dots). Pie charts represent 
feces with genotyped seedlings and 
the proportion of their sibling 
relationships: full-sibs in orange, half-
sibs in yellow and non-sibs in blue. 
Note the green dashed squares 
focusing on feces placed at latrines 
(a). Average proportion of sibling 
relationships under relaxed 
confidence level (80%) at three 
spatial levels: (i) within isolated feces 
vs. within feces placed at latrines, (ii) 
at latrines, and (iii) at the whole 
population. Numbers over bars 
represent the feces at each level (b).  



132 
 

 Phenology of the genetic rarity. 

The genetic rarity index of seedlings ranged from 0.25 to 0.45, showing an average of 0.374 

± 0.003 (CV = 9.27%). The timing of feces deposition showed a significant effect on genetic 

rarity (LRT: χ2 = 4.04, P = 0.04). The genetic rarity index decreased as the seed dispersal 

season progressed, being 1.05-folds greater at the beginning than at the end (Figure 2.4a). 

In other words, seedlings within feces deposited later during the seed dispersal season 

exhibited slightly rarer genotypes. The spatial isolation also had a significant effect on 

genetic rarity (LRT: χ2 = 8.05, P = 0.005). Specifically, seedlings within isolated feces 

exhibited a lower genetic rarity index than those within feces at latrines (0.95-folds lower; 

Figure 2.4b). That is, seedlings within isolated feces exhibited slightly rarer genotypes than 

those ones within feces deposited at latrines. 

 

 

Figure 2.4. Model-predicted mean effects (white points) of timing of feces deposition (i.e. the day from the 
beginning of the seed dispersal season in which the legitimate disperser delivered seeds) (a), and spatial 

isolation of seedlings (i.e. seedlings within isolated feces vs. seedlings within feces at latrines) on the genetic 
rarity of Chamaerops humilis’ seedlings (b). Confidence intervals (95%) of prediction showed as grey area in (a) 

and as whiskers in (b). Note that the lower the genetic rarity index the greater the rarity of seedlings. 
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 Genetic rarity, spatiotemporal variation and demographic patterns. 

We monitored the survival of 105 out of 143 genotyped seedlings for two years. We lost 38 

seedlings during the monitoring period due to ungulates trampling of our wire mesh cages. 

On average, seedlings survived for 9.45 ± 0.47 months since they emerged. Up to 81 out of 

105 seedlings (77.1%) died before the end of the monitoring, surviving on average 8.63 ± 

0.53 months. The remaining 24 seedlings (22.9%) were alive by the end of the monitoring 

(surviving on average 12.17 ± 0.53 months). The covariates of the best model explaining 

seedling survival were genetic rarity, spatial isolation, timing of seedling emergence, and the 

second-order interactions between rarity and isolation as well as between emergence and 

isolation (LRT: χ2 = 35.6; P < 0.0001) (Table 2.2). From these covariates, only timing of 

seedling emergence (χ2 = 8.45, P = 0.004) and the interaction between emergence and 

isolation (χ2 = 12.58, P = 0.0004) showed significant effects on seedling survival. Specifically, 

as timing of seedling emergence increased one month, the hazard reduced by a factor of 

46% (95% CI = 36 – 82%; Table 2.3) promoting a higher seedling survival. The significant 

interaction between timing of seedling emergence and spatial isolation suggested that 

seedling survival varied between isolated feces and feces at latrines depending on seedling 

emergence. Thus, as seedlings within feces at latrines emerged one month later regarding 

those within isolated feces, the hazard increased by a factor of 47% (95% CI = 19 – 82%; 

Table 3) promoting a lower seedling survival. Finally, genetic rarity (P = 0.12), spatial 

isolation (P = 0.48) and the interaction between rarity and isolation (P = 0.14) did not show 

any significant effect on seedling survival (Table 2.3). 
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Table 2.2. Model selection based on Akaike’s Information Criterion for seedling survival analyses (Cox 
proportional-hazard regression model). Seedling survival was measured as the number of months between 
seedling emergence and death. Rarity: genetic rarity index; Isolation: spatial isolation; Phenology: timing of 
feces deposition; Emergence: months between seed dispersal and seedling emergence. Feces were included as 
frailty (i.e. random) factor in all candidate models. Asterisks mark second-order interactions between 
variables. The best candidate models are in bold. 

Candidate Models Df Deviance Resid. Df Resid. Dev AIC 

Rarity + Isolation +  
Phenology + Emergence + 
Rar*Iso + Rar*Phen + Rar*Eme + Iso*Phen + 
Iso*Eme + Phen*Eme 

  71 585.14 605.14 

Rarity + Iso + Phen + Emergence 
Rar*Iso + Rar*Phen + Iso*Phen + Iso*Eme + 
Phen*Eme 

1 0.026 72 585.17 603.17 

Rarity + Iso + Phen + Emergence 
Rar*Iso + Rar*Phen + Iso*Phen + Iso*Eme  

1 0.035 73 585.20 601.20 

Rarity + Iso + Phen + Emergence 
Rar*Iso + Iso*Phen + Iso*Eme 

1 1.409 74 585.61 600.61 

Rarity + Iso + Phen + Emergence 
Rar*Iso + Iso*Eme 

1 1.457 75 585.07 600.07 

Rarity + Iso + Emergence 
Rar*Iso + Iso*Eme 

1 0.536 76 585.60 598.60 

 

 

Table 2.3. Results of Cox proportional-hazard model for seedling survival (i.e. months between seedling 
emergence and death). Rarity: genetic rarity index; Isolation: spatial isolation; Emergence: number of months 
between seed dispersal and seedling emergence. Feces were included as random factor (i.e. frailty). Asterisks 
mark second-order interactions between covariates. Statistically significant covariates are in bold. 

Covariates Coefa exp(coef)b SE (coef) χ2 P-value 

Rarity 31.47 4.64e+13 20.08 2.46 0.12 

Isolation 2.76 15.86 3.88 0.51 0.48 

Emergence -0.61 0.54 0.21 8.45 0.004 

Rar * Iso -15.97 1.16e-07 10.65 2.25 0.13 

Iso * Eme 0.39 1.47 0.11 12.58 0.0004 

Frailty(Feces)    0 0.93 

a Regression coefficients. Positive sign means a higher hazard and thus the prognosis worse, for subjects with 

higher value of that covariate. 
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Discussion 

 

The assessment of spatiotemporal variation of genetic diversity during natural plant 

(re)colonization events may significantly contribute to the conservation of ecological 

processes underlying the recovery of human-altered regions. By combining genetic analyses 

and intensive field monitoring during two consecutive seed dispersal seasons, we revealed 

significant spatiotemporal genetic structure in seedlings of a keystone plant species for the 

(re)colonization of Mediterranean human-altered areas (Garrote et al., 2021, 2022). In 

particular, we found that seedlings from single dispersal bouts (i.e. within the same fecal 

sample) had inflated kinship, but this positive FSGS diluted beyond their immediate 

neighborhood of plants. Furthermore, our results showed that the arrival of distinct 

genotypes was not constant throughout the seed dispersal season, with rare genotypes 

being more frequently recruited late in the season. Despite the observed spatiotemporal 

genetic structure, seedlings exhibited moderate to high genetic diversity levels and no 

inbreeding evidences. Therefore, our results suggested substantial C. humilis resilience to 

genetic impoverishment due to human disturbances. However, additional biotic and abiotic 

factors may heavily influence the fate of plant recruitment beyond the genetic makeup of 

seedlings.  

 

 Lack of extensive spatial genetic structure in Chamaerops humilis seedlings. 

Our results revealed that seed dispersers inflated kinship in single dispersal events but 

facilitated genetic admixture beyond the immediate neighborhood through a recurrent 

spatial and temporal seed delivery. Badgers primarily drove this overall genetic pattern, 

given that this species deposited the vast majority of seeds. In contrast, red foxes 

contributed to a minor fraction of seed rain. Our results align with previous work reporting a 

minor contribution of red foxes within the frugivore assemblage of C. humilis (Jácome-Flores 

et al., 2020).  

Even dispersers with the potential to cover long distances, such as primates, birds, or 

bats can exhibit spatially distinctive deposition patterns that result in the aggregation of 
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genetically related seedlings (Bialozyt et al., 2014; González-Zamora et al., 2014; Ottewell et 

al., 2018; Sugiyama et al., 2018). We also found that seedlings from the same dispersal bout 

(i.e., seedlings with identical geographic coordinates) exhibited higher kinship than expected 

by chance. We posit that this inflated kinship among seedlings from the same dispersal 

event is driven by kin-structured dispersal (Torimaru et al., 2007), given the abundance of 

half-sibs detected at the feces level. In this regard, monitoring of seed disperser visitation 

rates has shown that dispersers often consume multiple fruits daily from a reduced sample 

of maternal plants in the population (M. Selwyn, personal communication).  

Interestingly, our results did not support positive fine-scale spatial genetic structure 

beyond the immediate neighborhood of seedlings belonging to a single dispersal event. 

Indeed, the proportion of genetically unrelated seedlings increases as we increase the 

spatial extent of our sampling. The lack of positive FSGS could be due to the admixture of 

diverse genotypes by recurrent defecation events of the highly mobile badgers over time 

and space. This genetic pattern is similar to one found by Giombini et al. (2016) for seedlings 

of the tropical palm Syagrus romanzoffiana within tapir latrines in the southern limit of the 

Upper Paraná Atlantic Forest of South America. Indeed, these authors suggested that the 

saplings recruited, even if spatially aggregated, will probably show low genetic kinship due 

to the contribution of numerous feces over time (but see Karubian et al., 2015).  

Independently of the explanatory mechanisms, our results suggest substantial 

resilience of C. humilis to face potential genetic bottlenecks during (re)colonization events. 

For instance, we found moderate to high levels of genetic diversity in C. humilis seedlings 

and a lack of evidence for inbreeding. Furthermore, the quick genetic build-up seems 

apparent since the early stages of the natural (re)colonization as reflected by the similar 

genetic diversity in the current reproductive population (He adults = 0.65 ± 0.05 and He 

seedlings = 0.64 ± 0.06; unpublished data). The remarkable genetic diversity detected in 

seedlings can result from the seed dispersal ability of medium-sized dispersers and 

substantial genetic variation in the reproductive populations. Previous studies have found 

medium-sized seed dispersers play an essential role in recolonizing human-altered areas by 

pioneer plant species (e.g. Peredo et al., 2013; Escribano-Ávila et al., 2014; Fedriani et al., 

2018). Our study species is primarily dispersed by similar medium-size carnivores (Fedriani 

and Delibes, 2011), which often cover long distances in their daily movements (López-
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Martín, 2017; Virgós, 2017). Accordingly, previous studies in the study region found low 

genetic differentiation among populations of C. humilis, suggesting substantial gene flow in 

the study region (Jácome-Flores et al., 2018; 2019). Thus, these carnivore seed dispersers 

seem to be playing a central role in the genetic admixture of recolonizing plant populations 

by promoting high levels of genetic diversity and low or nil inbreeding rates. Similarly, the 

pollinators D. chamaeropsis and M. pallidulus likely contribute to mixing genotypes and 

thus, stimulating the gene flow (Anstett, 1999; Dufaÿ and Anstett, 2004; García et al., 2018) 

in such human-impacted C. humilis populations.  

Facing our findings, we emphasize the importance of conserving dispersal processes 

that promote high levels of genetic diversity and nominal inbreeding rates in recolonizing 

plant populations. These genetic attributes eventually provide resistance facing rapid 

environmental changes, constituting the basis for future evolutionary processes and 

contributing to the maintenance of biological diversity (Laikre, 2010; Hoban et al., 2013). 

However, human activities (e.g. habitat degradation, illegal hunting) may disrupt the seed 

dispersal process and thus cause a genetic impoverishment compromising the final fate of 

recolonizing plant populations (Frankham et al., 2010; Markl et al., 2012; McConkey and 

O’Farrill, 2016). Therefore, we urgently claim actions to conservationists and policy makers 

that are pointed to ensure viable populations of seed dispersers and to facilitate the 

connectivity between source and recolonizing plant populations (e.g. carnivores; Draper et 

al., 2022). 

 

 Genetic rarity did not impact seedling survival. 

As far we know, we provided the first evidence of how rare genotypes are recruited in space 

and time within plant populations. Specifically, our results revealed that rare genetic 

variants tend to arrive later in the dispersal season and be more spatially isolated (i.e. lower 

conspecific density). We posit two alternative explanatory mechanisms for the reported late 

arrival of rare genetic variants. First, it could be related to the scarcity of fruits by the end of 

the season. This scarcity can force seed disperses to visit multiple populations to meet their 

energetic demands, increasing migration rates. A second no exclusive mechanism would 
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consist in asynchrony in fruiting phenology facilitating the late arrival of rare genotypes in 

our recolonizing population. For instance, if our recolonizing population reaches a fruiting 

peak earlier, migration from other C. humilis populations reaching their peak later in the 

season could bring new genetic variants. The spatial isolation of rare genotypes may also 

result from those long-distance movements of seed dispersers among plant populations. 

Thus, badgers can deliver a certain proportion of feces with seeds isolated and far away 

from their habitual latrines (Fedriani et al., 2018).  

Recently, it has been demonstrated that genetic rarity may have either positive or 

negative consequences on seedling survival and recruitment (Browne and Karubian, 2016, 

2018; Tito de Morais et al., 2020). Thus, while Browne and Karubian (2016, 2018) provided 

solid empirical evidences of rare genotypes advantage for seedling survival, Tito de Morais 

et al. (2020) found that less genetically related seedlings (i.e. rarer) had inflated mortality. 

These studies conducted sowing field experiments with seeds collected from mother plants 

(Browne and Karubian, 2016), tracked the recruitment of naturally dispersed seeds collected 

in seed traps (Browne and Karubian, 2018), and monitored the growth and survival of 

naturally established seedlings beneath mother plants (Tito de Morais et al., 2020). In 

contrast, we monitored the survival of naturally established seedlings dispersed by 

carnivores with only minor seed manipulation. In this regard, we propose combining sowing 

field experiments with monitoring natural recruitment as a powerful tool to evaluate the 

genetic makeup of recolonizing plant populations. 

In our study system, other ecological variables, such as the spatial isolation and the 

timing of seedling emergence, instead of genetic rarity, influenced seedling survival. Overall, 

the late emergence of seedlings was associated with lower survival (Verdú and Traveset, 

2005). This reduction may be explained by a loss of seed viability, for instance, due to 

desiccation or pathogens attack. Interestingly, genetically rare seedlings could benefit from 

their spatial isolation since they can escape from potential negative frequency- and density-

dependent selection processes (Comita et al., 2014) that eventually occur in 

disproportionate seed clumps such as latrines (e.g. post-dispersal seed predation; Srbek-

Araujo et al., 2017). Taken together, our results highlight the importance of intensive 

monitoring of seed rain throughout the dispersal season to record in detail how the genetic 

makeup is temporarily and spatially shaped in plant populations. 
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 Concluding remarks. 

By exploring the spatiotemporal variation of genetic diversity and genetic rarity of pioneer 

plant populations, we shed light to the mechanisms underlying the natural (re)colonization 

of Mediterranean human-altered areas and their effects on recruitment and seedling fate. 

The study of plant-animal interactions from a genetic perspective provides crucial 

information for plant conservation and the recovery of genetic plant resilience. Certainly, 

pioneer plants can have robust dispersal vectors to facing potential genetic bottlenecks 

during (re)colonization events of human-altered habitats. Therefore, the conservation of 

dispersal vectors and the connectivity between plant populations seem indispensable for 

the improvement of genetic plant resilience (García-Dorado and Caballero, 2021; DeWoody 

et al., 2021; but see Teixeira and Huber, 2021) and the expansion of plant ranges facing the 

alarming future predictions of global warming (IPCC ,2018; González-Varo et al., 2021).  
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Tables 

Table S2.1. Allelic dropout and Allele typing error for our set of 12 microsatellite markers. Allelic dropout rates 
were calculated from the genotypes of the 143 seedlings using the software MicroDrop. We employed the 
default setting for the analysis. Genotyping error was calculated by running repeated, independent analyses 
for a total of 22 randomly chosen seedlings. Specifically, it was calculated as the ratio between observed 
number of allelic differences and total number of allelic comparisons. 

 

Locus Allelic dropout Genotyping rate 

CH26 0 0 

CH13 0.176 0 

CH19 0.007 0 

CH14 0.387 0.025 

CH7 0.000 0 

CH21 0.152 0 

CH15 0 0 

CH6 0 0.026 

CH3 0.077 0 

CH25 0 0 

CH5 0 0 

CH17 0 0 

TOTAL 0.055 0.004 
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Figures 

 

Figure S2.1. Fruit arrangement of Chamaerops humilis.  

 

 

Figure S2.2. Study site map with the total number of daily transects (black lines) conducted during seed 
dispersal seasons of 2017 and 2018. Orange points represent the 15 starting points. 
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Chapter 3 
 

Coping with changing plant-plant interactions in restoration ecology: effect 

of species, site, and individual variation 
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Abstract 

 

Nurse-beneficiary plant interactions are often used to restore degraded habitats. However, 

whether and how shifts of plant-plant interactions along the facilitation-competition 

continuum alter revegetation success has been seldom considered. To test whether and 

how shifts in plant-plant interactions (due to woody species identity, study site, early life 

stage, and individual nurse) might alter plant recruitment and thus the success of 

revegetation projects, we chose the system comprised of the Mediterranean dwarf palm 

(Chamaerops humilis) and seven common woody species. We carried out several well-

replicated field experiments to compare plant performance (seed survival, seedling 

emergence, seedling survival, seedling recruitment) in the presence and absence of the 

dwarf palm in two degraded sites of southwestern Spain. The dwarf palm had marked 

effects on woody species performance that, however, changed among life stages. 

Depending on woody species identity, seed survival was up to 193 times greater in adjacent 

open spaces than beneath dwarf palms. Conversely, seedling survival and recruitment were 

up to 19 times greater beneath dwarf palm than in open spaces. Importantly, none of the 

studied woody species showed greater accumulated recruitment in open spaces than 

beneath dwarf palms. Interestingly, we found strong inter-individual palm variation in the 

sign and strength of their effect on woody plant performance. We found strong seed-

seedling conflicts whose strength was species-specific. The strong inter-individual palm 

variation depicts a facilitation-competition continuum with important implications in 

restoration. We propose several management recommendations across different 

hierarchical levels (i.e. from individuals to communities) that may increase plant recruitment 

and therefore, the success of revegetation projects. Our results are particularly relevant for 

restoring arid, semi-arid and alpine landscapes worldwide where the nurse-beneficiary plant 

interactions are critical to ameliorating stressful conditions. 

 

Keywords 

Facilitation-competition continuum; nurse-beneficiary interactions; relative interaction 

index; revegetation; seed-seedling conflicts; seed survival; seedling facilitation 
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Introduction 

 

Rather than being fixed, most ecological interactions can vary in sign and strength 

depending on the balance between benefits and costs for the involved partners (Bronstein, 

2001; Fedriani and Delibes, 2011; Michalet et al., 2011; Schöb et al., 2014). Identifying these 

trades-offs between benefits and costs is essential to comprehensively understand changing 

interactions along the mutualism-antagonism continuum and their potential ecological, 

evolutionary, and applied implications (Perea et al., 2013; Bronstein, 2015; Gómez et al., 

2019). Plant-plant interactions (Callaway, 2007; Brooker et al., 2008; Pugnaire, 2010) are 

crucial to increasing revegetation success of restoration programs (Gómez-Aparicio et al., 

2004; Rey-Benayas et al., 2008; Jankju, 2013; Torroba-Balmori et al., 2015; Costa et al., 

2017; Fedriani et al., 2019; Ibáñez and Rodríguez, 2020; Castro et al., 2021; Díaz-Hernández 

et al., 2021; but see Noumi et al., 2015). These interactions are known to change from 

facilitation to competition (and vice versa) depending on the ecological context (Brooker et 

al., 2008; Michalet et al., 2014; Chaieb et al., 2021). Therefore, detecting whether and how 

the outcome of presumed nurse-beneficiary plant interactions shifts along a facilitation-

competition continuum may be crucial for successful ecological restoration. 

Extreme droughts and high temperatures are strong environmental filters for plant 

species in arid and semiarid landscapes (Pugnaire and Valladares, 2007). Early plant life 

transitions such as seed survival, seedling emergence and seedling survival are usually the 

most critical stages for microhabitat-dependent recruitment (Schupp, 2007; Pérez-Ramos et 

al., 2012). On this matter, improved microhabitat suitability (e.g. microclimatic conditions) 

beneath shrubs with respect to adjacent open spaces may be favorable for seedling survival 

and recruitment in arid and semiarid landscapes as those occurring in the Mediterranean 

basin. On the contrary, shrubs may be also unfavorable microsites for these early plant life 

stages such as seed survival due to seed predation, yielding seed-seedling conflicts (sensu 

Schupp, 1995; Drezner, 2015). Further, plant-plant interactions may differ in sign and 

strength depending on the identity of interacting species, the biotic and abiotic conditions 

where such interactions occur, and even the characteristics of nurse individuals (Violle et al., 

2012; Costa et al., 2017; Miranda-Jácome and Flores, 2018; Díaz-Hernández et al., 2021; but 

see Holland and Molina-Freaner, 2013). For instance, Schöb et al. (2013) found that 
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compact and large individuals of a nurse cushion species in the Sierra Nevada Mountains (SE 

Spain) showed stronger facilitative effects, in terms of beneficiary species richness, than 

loose and small ones (see also Alday et al., 2014). Accounting for context-dependency and 

potential seed-seedling conflicts in plant-plant interactions could be critical for guiding 

restoration actions (Larkin et al., 2019; Jones et al., 2019). 

Many Mediterranean nurse plants are small-sized, compact and/or thorny shrubs 

that provide shade, ameliorating the prevailing severe climatic conditions, among other 

positive effects (Filazzola and Lortie, 2014). These shrubs usually represent favorable 

microhabitats for seedling emergence, survival, and recruitment of many woody plant 

species, though they may be also preferred sites for multiple seed predators such as 

granivore rodents (Rey and Alcántara, 2000; Alday et al., 2014; but see Ziffer-Berger et al., 

2017). In this sense, previous studies have found conflicts or shifts from facilitative to 

inhibition of sequential life stages in single nurse-beneficiary pairs of species (Castanho et 

al., 2015; Loayza et al., 2017; Fujita and Yamashina, 2018). However, rigorous evaluations of 

such conflicts throughout several early life stages at the plant community-level are still 

scarce (Schiffers et al., 2006; Paterno et al., 2016; Bruno et al., 2017). Even less common are 

studies that investigate how the nature of these plan-plant interactions changes among 

interacting individuals (but see Anthelme et al., 2017). 

The Mediterranean dwarf palm (Chamaerops humilis) plays a keystone role in the 

(re)colonization of human-driven degraded areas by facilitating the establishment of diverse 

woody plant species (Garrote et al., 2021). Specifically, we recently found strong positive 

spatial associations with adult plants of several recolonizing woody species (Garrote et al., 

2019a). Such spatial associations possibly relate to the shading microenvironment and 

numerous needle-sharp thorns of this palm that facilitate plant recruitment (Saiz and 

Alados, 2012) through the strong alleviation of abiotic stress regarding adjacent open spaces 

and the protection against vertebrate herbivores as a mechanical barrier (e.g. ungulates and 

rabbits). Nonetheless, this shrubby palm could also represent a selected microhabitat for 

granivore rodent, potentially limiting local woody recruitment (Brown and Kotler, 2004). 

Here, we chose the system comprised of this dwarf palm and seven common woody species 

to test how shifts in plant-plant interactions (due to species identity, study site, early life 

stage, and individual nurse) may alter plant recruitment and thus the success of 
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revegetation projects. To this end, we conducted seed survival and sowing field experiments 

using seven woody species in the presence and absence of the dwarf palm in two degraded 

sites of southwestern Spain. Specifically, we seek to answer the following three questions: 

(i) Does dwarf palm effect on woody species performance vary throughout early life stages 

(i.e. from seed survival to seedling recruitment)? (ii) Does the cumulative probability of 

establishment (i.e. the accumulated effect after all life stages) of woody species vary with 

dwarf palm presence? and, if so, is such variation consistent across woody species identity, 

study sites, and/or individual nurse? and, finally, (iii) To what extent does the potential 

inter-individual variation in the interaction between the dwarf palm and woody plants 

depict a facilitation-competition continuum? 

 

Materials and Methods 
 

 Study area and focal species. 

The study was conducted at Doñana National Park (37°9’N, 6°26’W) in southwestern Spain 

from October 2018 to December 2019. The climate is Mediterranean sub-humid (537.7 ± 

30.7 mm; mean ± 1 SE), with dry (8.4 ± 1.4 mm) and hot summers (38.5 ± 0.3 °C and 10.7 ± 

0.2 °C; maximum and minimum, respectively). The remaining seasons are cooler and wetter 

than summer. The mean maximum and minimum temperatures were 20.5 ± 0.2 °C to 29.2 ± 

0.4 °C (spring) and 0.1 ± 0.3 °C to 4.8 ± 0.3 °C (winter). Most of the rain falls during winter 

(74.0 ± 7.3 mm) and autumn (87.6 ± 7.6 mm). The accumulated precipitation during our 

study period (i.e. October 2018-December 2019) was 420.9 mm. Therefore, we can consider 

this period relatively dry regarding historical averages (Percentile 24; N = 40) (1979-2019, 

Data from Natural Processes Monitoring Group, Doñana Biological Station).  

The Doñana area is an anthropogenic and fragmented landscape, where habitat 

patches of Mediterranean scrubland, oak and pine forests are isolated by cropland, towns, 

marshes, or dunes. To evaluate possible between sites variations, we set the field 

experiments at two degraded sites (Matasgordas and Reserva) located ten kilometers apart. 

Both sites have similar climatic conditions due to their proximity. Both sites have been 
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intensively exploited for livestock ranching and cultivations that have degraded their original 

state for decades, although there were some differences between sites in the human 

management (Garrote et al., 2019a). Specifically, in Matasgordas all shrubs and most trees 

were mechanically removed in 1970 to create an open area of pastureland with scattered 

cork oak trees and sparse patches of scrubland. The area was used for intensive cow grazing 

until 1996, when the land was expropriated, the cows removed and, afterward, protected 

by the Spanish National Park Service.  Historically, in Reserva the human management of 

vegetation has been more prolonged, intensive and harsher. Thus, most cork oak and wild 

olive trees were cut down and controlled rotating applied every 25-30 years. In 1964, the 

area was declared Biological Reserve and therefore, cultivations as well as livestock ranching 

were finished. Nowadays, there is still cattle grazing in this area, though it is not as intensive 

as it was few decades ago. Besides, both sites show differences in terms of nutrients 

content of topsoil being the double in Reserva than in Matasgordas for organic matter, 

phosphorus and nitrogen (Table S3.1) as well as for the availability of groundwater, being 

more superficial in Reserva (2.39 m) than in Matasgordas (4.56 m) (CHG, 2019). 

Many animal-dispersed native plants such as C. humilis, Asparagus spp., Pyrus 

bourgaeana, Rubus ulmifolius, Phillyrea angustifolia and others are currently recolonizing 

these human-degraded areas since their protection within National Park boundaries. Fruits 

of these fleshy-fruited species include drupes (Daphne gnidium, P. angustifolia and Pistacia 

lentiscus), berries (Asparagus aphyllus) or pomes (P. bourgaeana). These fruits ripe from 

August to December and contain seeds which mass varies in several orders of magnitude 

(Table 3.1). These plant species are bird-dispersed except P. bourgaeana, which in Doñana is 

mainly dispersed by mammals (Table 3.1). Seed dispersal of these woody plants into human-

perturbed habitats is increased by the ‘perching effect’ (sensu Debussche et al., 1982) 

exerted by C. humilis (González et al., in review). Dispersed seeds in Doñana are often 

consumed by rodent species such as Apodemus sylvaticus, Mus spretus and Rattus spp. 

(Suárez-Esteban et al., 2018; Fedriani et al., 2020). Seedlings usually emerge during the late 

winter and the spring and most of them die during summer due to extreme drought and 

severe temperatures. 
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Table 3.1. Woody plant species used during field experiments. 

Woody Plant 
Species 

Family Fruit 
Seed Dry 
Mass (g) 

Seed 
Disperser 

Positive Spatial 
Association with  
Dwarf Palmd 

Asparagus 
aphyllus 

Asparagaceae Black berry 0.019a Birds Yes (Matasgordas) /  
Yes (Reserva) 

      
Daphne 
gnidium 

Thymelaeaceae Orange drupe 0.008a Birds Yes / No 

      
Olea europaea 
var. sylvestris 

Oleaceae Black drupe 0.221b Birds Yes / No 

      
Phillyrea 
angustifolia 

Oleaceae Blue drupe 0.029a Birds No / No 

      
Pistacia 
lentiscus 

Anacardiaceae Black drupe 0.025a Birds Yes / No 

      
Pyrus 
bourgaeana 

Rosaceae Green pome 0.087c Mammals Yes / No 

      
Rubus 
ulmifolius 

Rosaceae Black 
polydrupe 

0.002a Birds No / No 

a Data from Jordano (1995) 

b Data from Perea et al. (2013) 

c Data from Garrote et al. (2019b) 

d Data from Garrote et al. (2019a). These spatial associatioins were detected using Spatial Point Pattern 
Analysis techniques (see Chapter 4) 

 

 Seed survival experiment. 

To assess the effect of dwarf palm (regarding adjacent open spaces) on seed survival of our 

target woody plant species (Table 3.1), we offered seeds beneath dwarf palm and in 

adjacent open spaces at both study sites in October 2018 and 2019. To capture spatial 

variation mostly on abiotic conditions, we delimited 15 blocks (adjacent blocks were ~20 m 

apart) in each study site. Each block included one dwarf palm individual and one adjacent 

open space (~5 m apart). We selected these microhabitats because together include 63.1 % 

(N = 2426) of seedlings, saplings, and adults of all woody species occurrences in the study 

sites (Garrote et al., 2019a). In each block, we placed six Petri dishes (one per studied woody 

species) with ten fresh seeds (i.e. collected that year) per dish at each microhabitat (i.e. 

beneath dwarf palm and in open space; Figure S3.1). Due to the limited abundance of P. 
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angustifolia at Matasgordas and P. lentiscus at Reserva, we offered seeds from P. 

angustifolia and P. lentiscus only at Reserva and Matasgordas, respectively. In total, we 

offered 7,200 seeds (3,600 seeds per year; Figure S3.1). Each year, we recorded the number 

of remaining seeds early in the morning during four consecutive (non-rainy) days (see 

Supplement S1 for additional details). Based on observations of hulls from predated seeds, 

rodent droppings, and the absence of elaiosome in offered seeds, we assumed that seed 

removal was equivalent to seed predation (Suárez-Esteban et al., 2018; but see Vander Wall 

et al., 2005). 

 

 Seedling emergence and survival experiment. 

To assess the effect of dwarf palm (regarding adjacent open spaces) on seedling emergence 

and survival of our target woody species, we conducted a sowing experiment using the 

same 15 experimental blocks. In November 2018, seeds were shallowly (~5 mm depth) 

covered using in situ sandy substrate. Prior to the experiment start, we carefully checked 

the sand substrate on a flat surface and removed by hand any non-experimental seeds (or 

fruits) present in the sowing locations. It was not necessary to sieve the sand substrate since 

seeds from our target woody species were visually detectable given their size (from R. 

ulmifolius with ~4-5 mm to O. europaea var. sylvestris with ~1 cm). To prevent predation by 

vertebrates, we covered all sowing locations (both beneath dwarf palm and in open space) 

with a wire 1-cm mesh cage (28 x 18 x 13 cm). We monitored emergence and survival of 

seedlings in both microhabitats once a month from November 2018 to December 2019. 

Overall, we sowed 3,600 seeds (Figure S3.1). Also, we recorded both maximum and 

minimum daily temperatures from January to December 2019 by setting (~1 cm depth) four 

Hobo Pendant UA-002-08 data loggers (two beneath dwarf palms and two in adjacent open 

spaces) to verify a milder micro-environment beneath dwarf palms (Figure 3.1). Further, we 

measured the temperature beneath every individual palm (n = 30) and at their adjacent 

open spaces (n = 30) with a 62459 LACOR thermometer during the monthly checking from 

April to October 2019 (Figure S3.2). We recorded the temperature of the top sandy 

substrate (2-3 cm depth) for both microhabitats (Figure S3.3). 
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Figure 3.1. Daily range of 
temperatures of top-soil in Doñana 
National Park from February to 
December 2019 beneath 
Mediterranean dwarf palms (green) 
and in adjacent open spaces 
(yellow) recorded with four Hobo 
Pendant UA-002-08 data loggers. 

 

 

 

 

 Transition probabilities and Relative Interaction Intensity. 

We calculated four transition probabilities (TPs) and the cumulative probability of 

establishment (CPE) for the woody species in both microhabitats and in the two study sites. 

TPs were calculated as the proportion of individuals (i.e. seeds or seedlings) completing a 

life stage with respect to the number of individuals entering that same stage (Fedriani et al., 

2012). Specifically, we calculated the following TPs from a dispersed seed: (i) seed survival 

(surviving seeds / offered seeds), (ii) seedling emergence (emerged seedlings / sown seeds), 

(iii) early seedling survival (surviving seedlings before the summer / emerged seedlings), and 

(iv) late seedling survival (surviving seedlings by the end of the study / surviving seedlings 

before the summer). Then, we calculated CPE as the product of all stage-specific TPs. We 

also calculated accumulated seedling recruitment after one year as surviving seedlings by 

the end of the study regarding sown seeds. 

To evaluate the consistency of the dwarf palm effect among woody plant species 

identity, study sites, life stages, and blocks (i.e. dwarf palm-open space pairing), we 

estimated its effect on such species using adjacent open spaces as ‘controls’ and calculating 

the Relative Interaction Index for each palm-woody plant pair (RII; Armas et al., 2004): 
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RII =  
𝐵𝑤 −  𝐵0

𝐵𝑤 +  𝐵0
 

where Bw and B0 denote the number of individuals (seeds or seedlings) for each woody 

species beneath dwarf palm and in adjacent open spaces (i.e. ‘controls’), respectively 

(Paterno et al., 2016). This index ranges between -1 (maximum competition) and 1 

(maximum facilitation). 

 

 Statistical analyses. 

We evaluated the effect of the dwarf palm (regarding adjacent open spaces) on seed 

survival and seedling performance (i.e. emergence, early and late survival, and recruitment). 

We modelled the following response variables: seed survival (surviving seeds by the end of 

the field experiment / offered seeds), seedling emergence (emerged seedlings / sown 

seeds), early seedling survival (surviving seedlings before the summer / emerged seedlings), 

late seedling survival (surviving seedlings by the end of the study / surviving seedlings 

before the summer), and accumulated seedling recruitment (surviving seedlings by the end 

of the study / sown seeds). We fitted generalized linear mixed models using the R lme4 

package (Bates et al., 2015) with a binomial error distribution and logit link function. We 

included woody species identity, microhabitat, study site, and their second- and third-order 

interactions as fixed factors for all models. Year, and block nested within study site were 

included as random factors. We tested whether the variables were significant based on the 

Likelihood Ratio test with χ2 distribution. The number of surviving seedlings was zero for 

some species; in these cases, we examined differences between microhabitats in seedling 

performance using Chi-square tests. Finally, we calculated estimated marginal means and 

standard errors. To compare different levels of any significant factor, we calculated Tukey’s-

adjusted p-values for all pairwise comparisons with the R emmeans package (Lenth and 

Lenth, 2018). Additionally, to estimate the relative importance of woody species identity, 

microhabitat, study site, and experimental blocks on seed and seedling performance, we 

estimated the variance partitioning among-woody species, among-microhabitats, among-

study sites, and among-individuals using the standard analyses of the variance components 
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described by Quinn and Keough (2002). To do this, and in contrast with GLMM analyses, we 

considered all these variables as random effects, as required for variance partitioning. 

Finally, to assess whether the potential variation among blocks in seed and seedling 

performance was mostly related to the variation among dwarf palms or to the variation 

among adjacent open spaces, we calculated the variance of each life stage (i.e. seed 

survival, seedling emergence, early and late seedling survival, and accumulated seedling 

recruitment) in both microhabitats. All statistical analyses were conducted using the R 

environment (R Core Team, 2021). 

 

Results 
 

 Transition probabilities and cumulative probability of establishment. 

Seed and seedling survival were the most critical stages for the cumulative probability of 

establishment (CPE) for all woody species at least by the end of the first year of seedlings 

life. On the one hand, the transition probability to seed survival in open spaces was up to 

10.2 times (P. angustifolia in Reserva) greater than beneath dwarf palm (Figure 3.2). On the 

other hand, early seedling survival beneath dwarf palm showed transition probabilities up 

to 6.1-folds (A. aphyllus in Matasgordas) greater than that found in open spaces. This trend 

was true for all woody species except P. bourgaeana, which showed a slightly greater 

seedling survival probability in open spaces from Reserva (Figure 3.2). Finally, the CPE by the 

end of the experiment was on average 2.5-folds greater beneath dwarf palm than in open 

spaces (Figure 3.2). For instance, the CPE of A. aphyllus in Matasgordas was 5.9 times 

greater beneath dwarf palm. There was also a non-negligible inter-block variation; for 

instance, some dwarf palm individuals did not recruit any A. aphyllus seedling whereas 

others individuals recruited up to 10 seedlings (100% of sown seeds). 
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Figure 3.2. Diagram of the propagule fate of woody species showing the proportion of seeds and seedlings 
moving from one life stage to the next (i.e. transition probabilities [TP]; values next to the arrows) and the 
proportion of the initial propagules still alive at each life stage (values inside the boxes). Overall cumulative 
probability (CP) of establishment for each treatment combination (i.e. study site and microhabitat) is also 

shown. Dashed arrows and boxes indicate zero propagules. 

 

 Seed survival. 

Some 4,125 out of the 7,200 offered seeds (57.2%) survived by the end of the field 

experiment. The proportion of seed survival strongly varied among microhabitat (P < 0.001), 

woody species identity (P < 0.001), and study sites (P < 0.05; Table 3.2). Interestingly, the 

second- and third-order interactions had strong significant effects on seed survival (Table 
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3.2). Specifically, microhabitat interacted with woody species identity (P < 0.001) being the 

proportion of surviving seeds between 2.1 (D. gnidium) and 5.6 times (A. aphyllus) greater in 

open spaces than beneath dwarf palms (Figure S3.4a). We also found significant differences 

in the seed survival between study sites depending on woody species identity (P < 0.001), 

being A. aphyllus and P. bourgaeana the species with the greatest differences: the triple in 

Matasgordas than in Reserva (Figure S3.4b). The differences in seed survival between both 

microhabitats varied strongly between study sites (P < 0.001), being the proportion of 

surviving seeds in open spaces regarding dwarf palms almost five times greater in Reserva 

than in Matasgordas (Figure S3.4c). Together among-blocks and among-microhabitats 

variance explained most of the total variance in seed survival (35.1% and 36.3%, 

respectively; Figure 3.3). The strong variation among blocks in seed survival was due to 

variance among open spaces (σ =14.9) and among dwarf palms (σ = 12.7). 

 

 

Figure 3.3. Proportion of variance in seed survival, seedling emergence, (early and late) seedling survival as 
well as accumulated recruitment explained by variation among experimental blocks (i.e. dwarf palms-open 

space pairings), microhabitats, study sites and woody species identity. 
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Table 3.2. Likelihood ratio tests for generalized linear mixed models testing the effects of microhabitat (MH), woody species (WS), and study sites (SS), and their second- 
and third-order interactions on seed survival, seedling emergence and survival, as well as on overall seedling recruitment after one-year monitoring. Significant results (p < 
0.05) are shown in boldface. 

 Seed Survival Seedling Emergence Early Seedling Survival Late Seedling Survival Seedling Recruitment 

 df χ2 p df χ2 p df χ2 p df χ2 p df χ2 p 

Microhabitat (MH) 1 772.3 <0.001 1 1.5 0.23 1 158.9 <0.001 1 9.5 <0.01 1 81.5 <0.001 

Woody Species (WS) 4 117.9 <0.001 3 305.5 <0.001 3 74.4 <0.001 2 55.5 <0.001 2 53.2 <0.001 

Study Site (SS) 1 4.9 <0.05 1 6.3 <0.05 1 46.9 <0.001 - - -† - - -† 

MH * WS 4 66.7 <0.001 3 25.3 <0.001 3 39.3 <0.001 1 8.9 <0.01 1 13.9 <0.001 

SS * WS 4 101.2 <0.001 3 42.4 <0.001 3 11.8 <0.01 - - -† - - -† 

MH * SS 1 131.0 <0.001 1 4.6 <0.05 1 19.2 <0.001 - - -† - - -† 

MH * WS * SS 4 16.4 <0.01 - - -† - - -† - - -† - - -† 

 

†Models with these variables did not converge. 
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 Seedling emergence. 

We counted 1,031 emerged seedlings from the 3,600 sown seeds (28.6%). Woody species 

had a strong significant effect on seedling emergence (p < 0.0001; Table 3.2). Microhabitat 

as main factor did not have any effect on seedling emergence (P = 0.23), but it significantly 

interacted with woody species identity (P < 0.001) (Table 3.2). This interaction indicates that 

while for most species there were not differences in emergence between microhabitats, 

emergence of O. europaea var. sylvestris beneath dwarf palms was 3.7 times greater than in 

open spaces, and emergence of D. gnidium was 1.2 times greater in open spaces than 

beneath dwarf palms (Figure S3.5a). Microhabitat also interacted with study site (P < 0.05) 

being the seedling emergence in Matasgordas 1.2-folds greater beneath dwarf palms than 

in open spaces whereas in Reserva there were no differences between microhabitats (Figure 

S3.5b). Woody species identity (P < 0.001) and study sites (P < 0.05) showed significant 

effects on seedling emergence both separately and interacting between them (P < 0.001; 

Table 3.2). For example, seedling emergence of A. aphyllus and P. bourgaeana in 

Matasgordas doubled that found in Reserva (Figure S3.5c). While the 70% of the total 

variance was explained by variation among woody species, the 17.6% and 12.15% were due 

to among-study sites and among-blocks variation, respectively (Figure 3.3). The variance in 

seedling emergence among dwarf palms (σ = 7.7) was similar to variance among adjacent 

open spaces (σ = 6.8). 

 

 Early seedling survival. 

Only 413 out of 1,031 emerged seedlings (40.1%) survived before the summer (until May 

2019). The proportion of surviving seedlings before the summer varied significantly among 

microhabitats (P < 0.001), woody species identity (P < 0.001), and study sites (P < 0.001; 

Table 3.2). The second-order interactions between them had strong significant effects on 

seedling survival (Table 3.2). The interaction between microhabitat and woody species 

identity influenced the seedling survival in different ways (P < 0.001). For instance, whereas 

for O. europaea var. sylvestris the proportion of surviving seedlings was 9.6-folds greater 

beneath dwarf palms than in open spaces, for P. bourgaeana there were no differences 
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between microhabitats (Figure S3.6a). Similarly, seedling survival of our target woody 

species significantly varied between study sites (P < 0.001), being always greater in Reserva 

(between 2.3 and 3.9 times) than in Matasgordas (Figure S3.6b). The significant interaction 

between study site and microhabitat (P < 0.001; Table 3.2) indicated that whereas in 

Matasgordas the proportion of surviving seedlings beneath dwarf palms was 10 times 

greater than in open spaces, in Reserva this difference was only 1.8 times greater (Figure 

S3.6c). Among-microhabitats variation accounted for the 56.5% of the total variance for 

early seedling survival whereas the remaining 43.5% was explained in similar proportions by 

the variation among blocks, study sites, and woody species (Figure 3.3). The variance in 

seedling recruitment before the summer was 2.3 times greater among dwarf palms (σ = 4.5) 

than among adjacent open spaces (σ = 1.9). 

 

 Late seedling survival. 

We only counted 164 out of the 413 seedlings surviving before the summer (40.0%) survived 

by the end of the experiment. Microhabitat significantly affected late seedling survival (P < 

0.01; Table 3.2), being the overall proportion beneath dwarf palms 799.4 times greater than 

in open spaces. The woody species also had a significant effect on late seedling survival (P < 

0.001). The interaction between microhabitats and woody species was significant (P < 0.01), 

indicating that whereas for some species (A. aphyllus, D. gnidium and P. lentiscus) late 

survival was up to 3.8 times greater beneath dwarf palms, for others (O. europaea var. 

sylvestris and P. bourgaeana) there were no differences between microhabitats in late 

survival (Figure S3.7a). Among-woody species and among-blocks variation account for up to 

48.1% and 37.0% of the total variance, respectively (Figure 3.3). We found the variance in 

seedling survival by the end of the experiment was 6.6 times greater among dwarf palms (σ 

= 2.6) than among adjacent open spaces (σ = 0.4). 
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 Accumulated seedling recruitment.  

Finally, we counted 164 surviving seedlings from the 4,200 sown seeds (3.9%) by the end of 

the experiment (i.e. recruits after one year). Microhabitat (P < 0.001), woody species 

identity (P < 0.001), and their second-order interaction (P < 0.001) showed significant effects 

on the proportion of recruited seedlings (Table 3.2). No species recruited more individuals in 

open spaces than beneath dwarf palms at least by the end of the first year of seedlings life. 

Asparagus aphyllus, D. gnidium and P. lentiscus showed a proportion of seedling 

recruitment up to 10.6 times greater beneath dwarf palms than in open spaces (Figure 

S3.7b). Still others such as O. europaea var. sylvestris and P. bourgaeana showed no 

recruitment differences between both microhabitats (Figure S3.7b). The 77.1% of the total 

variance of accumulated seedling recruitment was explained by among-woody species 

(45.7%) and among-microhabitats (31.4%) variation (Figure 3.3). The 19.6% of the total 

variance was explained by the variation among blocks (Figure 3.3). Interestingly, the 

variance in the accumulated seedling recruitment was 6.7 times greater among C. humilis 

individuals (σ = 2.9) than among adjacent open spaces (σ = 0.4). 

 

 Relative Interaction Intensity. 

The relative interaction intensity (RII) varied throughout the life stages and woody species 

identity from strongly negative (seed survival) to strongly positive effects (late seedling 

survival) (Figure 3.4). Overall, the accumulated RII was generally from neutral to positive 

after one monitoring year in both sites (Figure 3.4). Some exceptions with negative 

accumulated RII were A. aphyllus in Reserva and P. bourgaeana in both sites. Interestingly, 

we also found wide ranges of RII depicted by inter-block variation across all life stages 

(Figure 3.4). For instance, RII varied between -1 and 0.56 for D. gnidium seed survival and 

between -1 and 1 for P. lentiscus seedling emergence among different blocks. Therefore, 

depending on the dwarf palm-open space pairings their interactions with woody plants 

shifted along the facilitation-competition continuum as life stages progress. For instance, 

the interactions for seed survival generally tended to be competitive (i.e. RII negative) 

whereas for seedling emergence and survival the interactions were generally positive (i.e. 
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RII positive) (Figure 3.4). Finally, we found neutral interactions during the late life stages 

(late seedling survival and accumulated recruitment) which likely were due to the 

progressive decreasing in the number of surviving seedlings. 

 

 

Figure 3.4. Relative Interaction Intensity (RII) between the dwarf palm and target woody plant species in 
Matasgordas (a) and Reserva (b) through the studied early life stages. Density function represents the 

facilitation-competition continuum from -1 (maximum competition in red) to 1 (maximum facilitation in blue). 
Dwarf palm individuals-adjacent open spaces pairings (points) interacting with woody species are placed along 
the continuum depending on the effect sign. Points location yield peaks in the density functions. The asterisks 

mark life stages with no surviving seedlings and therefore without density functions 

 

. 
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Discussion 

 

Using field experiments, we revealed that the sign and strength of the dwarf palm effect on 

seven woody plants was rather species-specific and varied strongly throughout the woody 

plant life stages as well as between study sites. The fact that woody species explained half 

or more of the variance in the seedling emergence, late seedling survival, and accumulated 

recruitment strongly suggests a unique relationship for each species. Moreover, the 

substantial variation among dwarf palms in the sign of studied plant-plant interactions 

depicts a shift from facilitation to competition along the continuum as life stages progress 

(Perea et al., 2013; Gómez et al., 2019; Jácome-Flores et al., 2020). These shifts along the 

continuum should be accounted for guiding revegetation projects. 

 

 Seed-seedling conflicts. 

Microhabitat suitability is crucial for plant recruitment in arid and semiarid landscapes, but 

it is strongly context-dependent (Pérez-Ramos et al., 2012). We found seed-seedling 

conflicts (Schupp, 1995; Drezner, 2015) beneath dwarf palm for seven Mediterranean 

woody plant species. On the one hand, the higher seed survival in adjacent open spaces 

regarding beneath dwarf palms was primarily due to rodents, which usually predate seeds 

beneath shrubs (Suárez-Esteban et al., 2018; Fedriani et al., 2020). The thorny and shading 

microhabitat beneath dwarf palm represents a safe site for rodents by sheltering them from 

predators (Brown and Kotler, 2004; but see Ziffer-Berger et al., 2017).  

 Conversely, the dwarf palm effect on seedling survival depended on the life stage 

and the identity of woody species. The strength of the facilitative effect of the dwarf palm 

on seedling survival was greater before the summer (until May) than by the end of the 

experiment (until December). Such facilitative effect was likely related to a strong alleviation 

of thermic stress by high temperatures (e.g. Caldeira et al., 2014) and consequently, the 

direct or indirect prevention of driving evaporative demand up and driving soil moisture 

down through higher temperatures. For instance, Rey and colleagues (2004) found that the 

major mortality cause for O. europaea var. sylvestris seedlings was water stress. 
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Interestingly, we could expect a greater positive effect of dwarf palm on seedling survival 

during the summer since it can alleviate strongly the severe temperatures. However, our 

results suggest that summer is still a significant bottleneck for plant recruitment in 

Mediterranean areas even after accounting for facilitative effects of nurse species. In fact, 

despite the limitations of one-year studies of plant recruitment, especially in dryland 

regions, our study period was relatively dry with respect historical local precipitation. 

Alternatively, and especially in the Reserva site, the amelioration of environmental 

conditions by dwarf palm might not be enough to satisfy the water requirements of woody 

seedlings during stressful periods (e.g. two consecutive high summer droughts; Torroba-

Balmori et al., 2015). Taking together our findings, we encourage restoration practitioners 

to conduct sowing field experiments evaluating whether the outcome of these plant-plant 

interactions is consistently positive throughout early life stages. Finally, we did not 

investigate here the facilitative role of dwarf palms by protecting seedlings against 

vertebrate herbivores (e.g. ungulates and rabbits). Nonetheless, it is well-known that shrubs 

usually act as a mechanical barrier against ungulates which decreases browsing and rooting 

damage on seedlings (e.g. Perea and Gil, 2014; Torroba-Balmori et al., 2015; Alday et al., 

2016).  

 

 Changing plant-plant interactions. 

Plant-plant interactions may shift from facilitation to competition (and vice versa) 

depending on the ecological context (see recent reviews Soliveres et al., 2015; Lortie et al., 

2021 and references therein). Here, we found variation in dwarf palm-woody species 

interactions at three levels: plant community, study sites and inter-blocks. Overall, while A. 

aphyllus, D. gnidium and P. lentiscus recruited significantly more seedlings beneath dwarf 

palms, for the remaining species, seedling recruitment after one year was low or nil. 

Nonetheless, we frequently observe juvenile and adult individuals (i.e. different plant 

cohorts accumulated throughout time) of those three woody species spatially associated 

with dwarf palms (Garrote et al., 2019a). Our experimental results demonstrate, for the first 

time, that such spatial associations are at least partly due to the dwarf palm facilitation of 

such later-successional plant species. Besides, we have observed that several frugivorous 
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bird species tend to defecate seeds of these woody species while perching on the dwarf 

palm (González et al., in review), which may trigger nucleation processes (Pausas et al., 

2006; Holl et al., 2020). To thoroughly assess how plant-plant interactions vary at plant-

community level, the evaluation of several species (both nurses and beneficiaries) is 

mandatory (e.g. Castro et al., 2004). In this sense, we evaluated the effect of one nurse 

species (i.e. dwarf palm) and therefore, additional field experiments using other potential 

nurse shrub species present in the study areas (e.g. Halimium halimifolium and 

Stauracanthus genistoides) will likely confirm the changing nature of these plant-plant 

interactions. 

Accounting for context-dependency among sites is also crucial to guiding successful 

revegetation actions based on nurse-beneficiary plant interactions (Soliveres et al., 2015; 

Suding et al., 2015). In particular, nursing effect of dwarf palm had a stronger positive 

impact on seedlings of woody species in Matasgordas than in Reserva, which likely relates to 

a deficit of two major resources. First, the soil nutrient content (organic matter, phosphorus 

and nitrogen) for two microhabitats (open spaces and beneath shrubs) was on average the 

double in Reserva than in Matasgordas (Table S3.1). Second, the availability of groundwater 

was more superficial in Reserva (2.39 m) than in Matasgordas (4.56 m). Thus, although 

seedlings cannot develop roots to reach these depths in one year, seedlings growing in 

Reserva likely had greater water availability due to the greater soil moisture in topsoil than 

those growing in Matasgordas. For instance, Armolaitis et al. (2013) showed how a relatively 

higher groundwater level in Scots pine plantations favored most soil moisture conditions. 

However, the accumulated seedling recruitment was unexpectedly greater (especially 

beneath dwarf palm) in Matasgordas relative to Reserva, which is surprising given the lower 

nutrient and water availability in the former. Therefore, disentangling additional biotic and 

abiotic factors leading to these among-sites differences will require further experimental 

studies. Additionally, the different moment of human activities cessation in both sites 

(Reserva in 1964 and Matasgordas in 1996) could have led differences in the current stage 

of ecological succession. Thus, since activities in Matasgordas ended more recently, the 

succession is at initial phases when nursing effect of pioneer species on woody late-

successional plants are more frequent (Callaway, 2007). 
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Interestingly, we found strong variation in the relative interaction intensity among 

experimental blocks, i.e. among dwarf palm-open space pairings (Violle et al., 2012; 

Anthelme et al., 2017). This noticeable variation seems to be more related to the much 

higher variance in accumulated seedling recruitment beneath dwarf palms with respect to 

the recruitment variance in adjacent open spaces. Dwarf palm not only exert a strong 

temperature amelioration (Figure 3.1) but also other important facilitative effects such as 

protection against vertebrate herbivores (e.g. ungulates, lagomorphs; e.g. Perea and Gil, 

2014; Alday et al., 2016) and nutrients enrichment (e.g. through leaves, fruits, seeds and 

invertebrate decomposition; e.g. Rodríguez-Echeverría and Pérez-Fernández, 2003). 

Although we did not detect any significant relationship between the palm size and seedling 

performance (Authors, unpublished data), there was a positive relationship between palm 

size and its association to adult plants of several woody species (e.g. A. aphyllus or O. 

europaea var. sylvestris; Figure S3.8; see also Alday et al., 2014). This must be taken 

carefully given that it could be simply that, in principle, the greater the palm size the greater 

the probability of woody species presence beneath it. Nevertheless, these positive 

relationships were not linear and showed a size threshold from which the probability of 

woody species presence beneath the dwarf palms does not increase anymore. Taking into 

account these findings, the detected strong variation in seedling recruitment among 

individual palms supports that dwarf palm-woody species interactions shift along a 

facilitation-competition continuum (Bronstein, 2015). 

 

 Management implications. 

We highlight the importance for restoration practitioners of considering the possibility that 

the outcome of plant-plant interactions shifts in sign and strength along a facilitation-

competition continuum shaped by variation among individual plants. Indeed, our results 

exemplify a case in which it cannot be assumed that nurse plants always exert positive 

effects on beneficiary plants. For this reason, in large-scale restoration actions where high 

investment costs are budgeted, it might be more efficient to carry out small-scale field 

experiments to identify the species, restoration treatments and environmental conditions 

under which facilitative effects among target plants are most likely (e.g. Havrilla et al., 2020; 
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Ibáñez and Rodríguez, 2020). Furthermore, identifying which nurse plants’ phenotypes (e.g. 

size, shape) provide better results on putative beneficiary species (Violle et al., 2012) might 

also an important previous task in large-scale restoration programs. For instance, Pugnaire 

et al. (1996) found in a seminal study that the effects of nurse plant size on multiple 

variables such as beneficiary species diversity or soil composition were always positive (see 

also Losapio et al., 2018). Thus, an adequate plant species’ and phenotype selection may 

increase the revegetation success.  

We also revealed that the effect of the dwarf palm on woody species performance 

varied along the continuum depending on the plant life stage. In particular, seed survival 

and seedling emergence were the life stage showing the greatest shifts along the continuum 

due to the strong variation among blocks. Therefore, it would be highly recommendable to 

focus on these life stages during the selection of more positive nurse phenotypes and 

microhabitats. For instance, when managers use direct seeding beneath nurse plants (Palma 

and Laurance, 2015) the sowings should be protected (e.g. with wire mesh cages) to prevent 

seed predation by vertebrates (e.g. rodents; Torroba-Balmori et al., 2015; Díaz et al., 2021). 

Also, when the nurse-beneficiary plant association is positive, it may be worthwhile use 

seedlings from greenhouses which may be directly transplanted under nurse plants to avoid 

the cost of increased seed predation. 

Considering the strong variation in seedling establishment observed among target 

woody species, we suggest selecting carefully plant species (both nurse and beneficiary) 

during the decision-making of restoration projects. For instance, Navarro-Cano et al. (2019) 

suggested a trait-based species selection since the greater functional distance between 

nurse and beneficiaries, the greater the success of seedling establishment (see also Verdú et 

al., 2012; Ladouceur et al., 2021). Given that facilitative effects can be coupled with 

disproportionate seed arrival due to activity by frugivorous birds (i.e. perching effect; sensu 

Debussche et al., 1982) around and beneath nurse plants, restoration practitioners should 

account the potential generation of nucleation processes (Pausas et al., 2006; Holl et al., 

2020) which are key for the restoration of heavily degraded landscapes worldwide. Thus, 

they could design interconnected local networks of isolated nucleation patches choosing 

particular nurse-beneficiary species associations depending for instance, on which 

frugivorous species are present in the target area. 
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Finally, we strongly emphasize the importance of accounting with changing 

interactions between nurse and presumed beneficiary plants in revegetation actions given 

that the outcome of such interactions can shift along a facilitation-competition continuum 

and thus alter restoration success. Our recommendations could be relevant for many other 

potential nurse plant species present in multiple landscapes such as, for example, 

Myrcianthes coquimbensis in the hyper-arid Atacama Desert of Chile (Loayza et al., 2017), 

Larrea tridentata in the Mojave Desert of California (Mahall et al., 2017) or Azorella 

compacta in the dry, alpine tropics of Bolivia (Anthelme et al., 2017). Indeed, we expect that 

our results will motivate further similar studies involving other plant-plant interactions in 

degraded habitats worldwide. Thus, these research efforts will allow identifying how these 

changing interactions may influence the outcome of revegetation projects (Hobbs et al., 

2014) especially, in the ongoing Decade on Ecosystem Restoration 2021-2030 (UN, 2019; 

Aronson et al., 2020). 
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Seed survival experiment (additional details) 

To assess the effect of dwarf palm (regarding adjacent open spaces) on seed survival at the 

plant community level, we offered seeds from seven woody species (Asparagus aphyllus, 

Olea europaea var. sylvestris, Pyrus bourgaeana, Daphne gnidium, Phillyrea angustifolia, 

Pistacia lentiscus, and Rubus ulmifolius). Seeds were offered beneath dwarf palm and in 

adjacent open spaces at both study sites (Matasgordas and Reserva). In October 2018 and 

2019, we collected randomly local healthy fruits from mother plants discarding those 

infected by invertebrates, aborted or shrivelled. Then, we removed the fruit pulp, harvested 

only healthy, fully developed seeds. We kept the chosen seeds in paper envelopes that were 

stored at the laboratory under relatively constant conditions of humidity, temperature and 

darkness until the experiment. To prevent the potential issue of seeds losing their 

attractiveness to granivores over time, we used only seeds from the year when the 

experiment was conducted to avoid confounding effects by long-term storage. Also, to 

account for potential population effects, we collected seeds at the sites where they were 

subsequently offered. We established 15 blocks (~20 m apart) in each study site composed 

of two representative microhabitats (beneath dwarf palm and in adjacent open spaces) c. 5 

m apart. We selected these two microsites because together include 63.1 % (N = 2426) of 

seedlings, saplings, and adults of all woody species (the remaining 36.9 % occurred at two 

other shrub species: Stauracanthus genistoides and Halimium halimifolium). Some common 

grasses were present in open spaces and beneath dwarf palm but did not show interference 

with woody species. At each microhabitat, we placed seven Petri dishes (8.5 cm in diameter) 

along circular plots of 1 m in diameter. In each Petri dish, we offered 10 filled and fresh 

seeds (i.e., collected that year) from each woody species (Figure S3.1). To mimic their 

natural presentation, we presented seeds over a 1 cm-deep layer of local sandy substrate. 

Limited abundance of P. angustifolia at Matasgordas and P. lentiscus at Reserva prevented 

us from offering seeds of these species at both sites. Therefore, we offered seeds from P. 

angustifolia and P. lentiscus only at Reserva and Matasgordas, respectively. We overall 

offered 7,200 seeds. Each season, we recorded the number of remaining seeds early in the 

morning during four consecutive (non-rainy) days. To ensure that it would not rain during 

the experiment, we consulted the forecast every day during the previous week to the 

experiment. Based on personal observations of hulls from predated seeds, rodent droppings 
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and the absence of elaiosome in seeds of offered species, we assumed that seed removal is 

equivalent to seed predation (Suárez-Esteban et al., 2018; but see Vander Wall et al., 2005). 
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Tables 

Table S3.1. Physical and chemical soil properties measured both in open spaces and beneath shrubs in the two 

study sites. Standard errors are shown in brackets. 

Study site Microhabitat 
Sand 
(%) 

Clay 
(%) 

Silt 
(%) 

pH 
Organic 
matter 
(%) 

Phosphorus 
(mg/kg) 

Potassium 
(mg/kg) 

Nitrogen  
(%) 

Matasgordas 

Open space 97.1 
(0.3) 

0.8 
(0.0) 

2.1 
(0.3) 

6.1 
(0.2) 

0.8 (0.2) 1.9 (0.3) 69.4 (4.1) 0.03 (0.01) 

Beneath shrub 97.1 
(0.3) 

0.8 
(0.0) 

2.1 
(0.3) 

5.8 
(0.2) 

0.9 (0.2) 1.3 (0.2) 79.6 (9.1) 0.04 (0.01) 

Reserva 

Open space 97.6 
(0.1) 

0.7 
(0.0) 

1.6 
(0.1) 

5.1 
(0.1) 

1.8 (0.2) 4.2 (0.2) 38.2 (1.1) 0.06 (0.01) 

Beneath shrub 97.4 
(0.3) 

0.7 
(0.0) 

1.9 
(0.3) 

5.2 
(0.1) 

1.8 (0.2) 3.6 (0.8) 37.9 (2.8) 0.06 (0.01) 
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Figures 

 

Figure S3.1. Diagram of seed survival (a) and seedling emergence and survival (b) field experiments. Note that 
due to their limited abundances, we offered and sowed seeds from P. angustifolia and P. lentiscus only at 

Reserva and Matasgordas, respectively. 

 

 

Figure S3.2. Temperatures (°C) of each individual palm (a, b) and the adjacent open microhabitat (c, d) 
measured with a 62459 LACOR thermometer during the monthly checking from April to October 2019 in 

Reserva and Matasgordas. 
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Figure S3.3. Photographs of temperature 
measurements of the top sandy substrate beneath 
Chamaerops humilis (a) and in adjacent open space (b) 

with a 62459 LACOR thermometer (c). 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.4. Model-estimated mean 
proportions (±1 SE) of seed survival (removed 
seeds / offered seeds) for the second-order 
interactions between: woody plant species 
(Asparagus aphyllus, Olea europaea var. 
sylvestris, Pyrus bourgaeana, Daphne gnidium, 
Rubus ulmifolius, Phillyrea angustifolia, and 
Pistacia lentiscus) beneath Mediterranean 
dwarf palm (dark grey) and in adjacent open 
spaces (light grey) (a); woody plant species in 
Matasgordas (squares) and Reserva (circles) (b); 
and both microhabitats in both study sites (c). 
For seed removal of P. angustifolia and P. 
lentiscus was analysed the observed number 
and the significance level by Chi-square analysis 
are shown. (***: p < 0.001; ns: non-significant) 
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Figure S3.5. Model-estimated mean proportions 
(±1 SE) of seedling emergence (emerged seedlings 
/ sown seeds) for the second-order interactions 
between: woody plant species (A. aphyllus, O. 
europaea var. sylvestris, P. bourgaeana, D. 
gnidium, R. ulmifolius, P. angustifolia, and P. 
lentiscus) beneath Mediterranean dwarf palm 
(dark grey) and in adjacent open spaces (light 
grey) (a); both microhabitats in Matasgordas 
(squares) and Reserva (circles) (b); and woody 
plant species in both study sites (c). For seed 
removal of P. angustifolia and P. lentiscus was 
analysed the observed number and the 
significance level by Chi-square analysis are 
shown. (***: p < 0.001; *: p < 0.05;ns: non-
significant) 

 

 

 

 

Figure S3.6. Model-estimated mean proportions 
(±1 SE) of early seedling survival (early surviving 
seedlings / emerged seedlings) for the second-
order interactions between: woody plant species 
(A. aphyllus, O. europaea var. sylvestris, P. 
bourgaeana, D. gnidium, R. ulmifolius, P. 
angustifolia, and P. lentiscus) beneath 
Mediterranean dwarf palm (dark grey) and in 
adjacent open spaces (light grey) (a); woody plant 
species in Matasgordas (squares) and Reserva 
(circles) (b); and both microhabitats in both study 
sites (c). For seed removal of P. angustifolia and P. 
lentiscus was analysed the observed number and 
the significance level by Chi-square analysis are 
shown. (***: p < 0.001; **: p < 0.01; *: p < 0.05; 
ns: non-significant) 
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Figure S3.7. Model-estimated mean proportions 
(±1 SE) of late seedling survival (late surviving 
seedlings / early surviving seedlings) (a) and 
accumulated seedling recruitment (late surviving 
seedlings / sown seeds) for the second-order 
interactions between (b): woody plant species (A. 
aphyllus, O. europaea var. sylvestris, P. 
bourgaeana, D. gnidium, R. ulmifolius, P. 
angustifolia, and P. lentiscus) beneath 
Mediterranean dwarf palm (dark grey) and in 
adjacent open spaces (light grey). For seed 
removal of P. angustifolia and P. lentiscus was 
analysed the observed number and the 
significance level by Chi-square analysis are 
shown. (***: p < 0.001; **: p < 0.01; *: p < 0.05; 
ns: non-significant) 

 

 

 

 

Figure S3.8. Logistic regressions for the probability of presence of woody species beneath the dwarf palm. 
Dots represent the dwarf palm individuals with presence (1) or absence (0) of woody species beneath it. Grey 
areas represent 95% confidence intervals. These findings must be taken carefully given that it could be simply 
that the greater the palm size the greater the probability of woody species presence beneath it. Nevertheless, 

in spite of limitations, these positive relationships were not linear and showed a palm size threshold from 
which the probability of woody species presence beneath the dwarf palms does not increase. 
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Chapter 4 
 

The endemic Mediterranean dwarf palm boosts the (re)colonization of old-

fields: implications for restoration 
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Abstract 

 

Understanding the mechanisms underlying the (re)colonization of old-fields is critical to 

promote the recovery of the ecosystem functioning, particularly in regions where 

agricultural abandonment has increased in the last 60 years. Given that seed arrival and 

seedling survival often limit the (re)colonization process by woody species in many 

Mediterranean habitats, the ‘perching’ and 'nursing’ effects exerted by some pioneer 

species could be crucial for the restoration of such abandoned lands. We examined the role 

of an endemic Mediterranean palm (Chamaerops humilis) on the (re)colonization of old-

fields by woody species in southern Iberian Peninsula. We chose three independent old-

fields differing in their shrub encroachment levels. To identify potential facilitation by C. 

humilis, we used a spatially-explicit approach and analyzed its spatial associations with ten 

common woody species (e.g. Asparagus spp., Daphne gnidium, Olea europaea var. 

sylvestris, Pyrus bourgaeana). We detected positive spatial associations between C. humilis 

and woody species at small-scale (1-5 m) in the three plots. Most of such small-scale 

associations were linked to the bird-dispersal of woody species. Nonetheless, there were 

marked differences among plots in spatial associations between C. humilis and woody 

plants, being Asparagus spp. the only species positively associated with C. humilis within the 

three studied old-fields. These species-specific differences were likely related to variations 

among old-fields in encroachment level and the legacy of human management. Such small-

scales spatial associations between C. humilis and woody species across Iberian old-fields 

were linked to the perching and nursing effects exerted by the palm. We emphasize the 

strong potential of this pioneer Mediterranean palm for the restoration of native 

ecosystems and the recovery of ecosystems services. 

 

Keywords  

Plant-plant association; Mediterranean old-fields; spatial point pattern analysis; ecological 

restoration; nursing effect; perching effect. 
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Introduction 

 

Agricultural land abandonment is a prominent process with marked ecological 

consequences in numerous regions at a global scale (Rey-Benayas et al., 2007; Terres et al., 

2015). For instance, in southern Europe the agricultural area has decreased by 34.2% in the 

last 60 years (24.6% and 54.8% in Spain and Portugal; FAO, 2018), leading to a remarkable 

increase in the surface occupied by old-fields (Cramer et al., 2008; Queiroz et al., 2014; 

Lasanta et al., 2015). Depending of many factors and circumstances, land abandonment may 

result in woody encroachment and the regeneration of approximated pre-existing 

vegetation to human disturbances (Zakkak et al., 2018). Therefore, understanding the 

drivers and constrains of old-fields (re)colonization is crucial for the effective recovery of 

such perturbed habitats as well as many ecological processes and ecosystems services 

(Standish et al., 2007; Hobbs, 2012). The legacy of human impact and the time since 

perturbations critically define the biotic and abiotic environments within old-fields which in 

turn will impact natural (re)colonization processes and thus, the composition and structure 

of subsequent communities of living organisms. Therefore, a comprehensive understanding 

of the drivers and constraints of old-field (re)colonization requires the consideration of 

several abandoned lands characterized by contrasting levels of human impacts.  

Restricted seed rain into old-fields is an important factor limiting the (re)colonization 

of these human-altered areas (e.g. Verheyen et al., 2003). In this regard, fleshy-fruited 

pioneer species become a critical resource for many vertebrate frugivores within old-fields 

at early stages of the succession. These pioneer fruiting individuals can facilitate additional 

recruitment for the pioneer species and potentially the arrival of other animal-dispersed 

plant species (e.g. Escribano‐Ávila et al., 2014; García-Cervigón et al., 2017; Fedriani et al., 

2018). In addition, pioneer species can also facilitate subsequent seed rain of other later-

successional species into old-fields by acting as perches (sensu Debussche et al., 1982). Such 

‘perching effect’ often leads to heterospecific seed accumulation at the immediate 

neighborhood of the pioneer plants and eventually to recruitment and nucleation processes 

(e.g. Verdú and García-Fayos, 1996; García, 2001; Cavallero et al., 2013).  
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Plant recruitment is another decisive process influencing the (re)colonization of old-

fields (Mendoza et al., 2009). Seed germination, seedling recruitment and establishment are 

often limited by microhabitat suitability (e.g. Gómez-Aparicio et al., 2004; García-Cervigón 

et al., 2018). 'Nurse plants' can enhance the performance of spatially associated 

heterospecific seeds and seedlings (Callaway, 2007; Brooker et al., 2008; Filazzola and 

Lortie, 2014) directly (e.g. augmenting shade and soil moisture) but also indirectly by 

reducing herb competition (Cuesta et al., 2010). Since facilitative effects are more likely in 

harsher environments (Bertness and Callaway, 1994; Maestre et al., 2009), nurse plants may 

play a most key role in old-field (re)colonization at arid and semiarid environments (e.g. 

Mediterranean habitats; Armas and Pugnaire, 2005). However, factors such as the nature of 

the stress gradient studied (i.e. resource vs. non-resource) or variation among plant species 

(e.g. their level of competitiveness) can lead to negative or positive effects of neighbors at 

both ends of the gradient (Maestre et al., 2009; Gómez-Aparicio, 2009). Thus, facilitative 

effects should not be assumed even under stressful conditions.  

Both 'perching' and 'nursing' effects often lead to a small-scale positive spatial 

association between nurse and potential benefactor species (e.g. Tewksbury et al., 1999; 

Fujita, 2016). This pattern contrasts with plant species associations due to convergence in 

their habitat requirements, which usually take place at larger spatial scales (Bazzaz, 1991; 

Stein et al., 2014). Therefore, identifying the potential ecological processes underlying 

interspecific plant spatial associations requires spatially-explicit approaches (McIntire and 

Fajardo, 2009; Wiegand et al., 2009). In particular, recent extensions of Spatial Point Pattern 

Analysis (SPPA) constitute a powerful approach to quantify such plant spatial associations at 

a range of spatial scales (Illian et al., 2008; Wiegand and Moloney, 2013). SPPA allows the 

implementation of realistic null models by fitting cluster processes to the observed 

distribution patterns of species at a range of spatial scales (Wiegand et al., 2009) and then, 

to rigorously quantify potential species associations (Tirado and Pugnaire, 2003; Fajardo et 

al., 2008; Lyu et al., 2016). 

After land abandonment, the different phases of natural succession modify the state 

of those altered-human areas. First, pioneer species arrive at old-fields modifying and 

sometimes improving the environment for the arrival, establishment and survival (i.e. 

facilitative effect) of subsequent species (Connell and Slatyer, 1977). However, as woody 
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encroachment level progresses, more species with potential facilitative effects will join the 

emerging community, and consequently, the facilitative effect by pioneer species is 

expected to become diluted (e.g. Plieninger et al., 2010). In later stages of succession, 

facilitative effects may become competitive effects due to the amelioration of abiotic stress 

(Padilla and Pugnaire, 2006). Therefore, studies evaluating several abandoned lands at 

different encroachment levels are necessary to fully understand the role of pioneer species. 

In this study, we investigate the potential facilitative role of a pioneer palm, the 

Mediterranean dwarf palm Chamaerops humilis L. (Arecaceae). This palm is endemic to the 

Western Mediterranean basin (Herrera, 1989) showing a widespread distribution (Guzmán 

et al., 2017) but threatened and/or protected in countries such as France and Italy and 

regions such as Murcia and Balearic Islands in Spain. Although the facilitative role of C. 

humilis has been assumed rather than rigorously demonstrated (Navarro et al., 2006; Saiz 

and Alados, 2012; Fedriani et al., 2018), it has been often used in ecological restoration 

programs due to its high capacity of (re)colonizing perturbed habitats (García-Novo et al., 

2007; Olivares Vivos, 2015). Its role as nurse species facilitating seedling survival due to 

alleviation of abiotic stress under its canopy (e.g. high temperatures and summer droughts) 

and the protection against vertebrate herbivores by the presence of numerous sharp, 

needle-like spines has not been explored yet. Also, its role as perch attracting seed 

dispersers and consequently the nucleation process (e.g. Verdú and García-Fayos, 1996) in 

later stages of the encroachment process remains unexplored. This pioneering and 

protective nature of the dwarf palm could promote the establishment and persistence of 

other species in Mediterranean habitats (Alados et al., 2009). 

Here, we hypothesized a leading role of C. humilis in the (re)colonization of old-fields 

in southern Iberian Peninsula due to its potential facilitative effect (i.e. nursing and/or 

perching effects). To address our hypothesis, we selected three old-fields with different 

encroachment levels in southwestern Iberian Peninsula and used a spatially-explicit 

approach to investigate the spatial relationships between C. humilis and ten common 

woody species. We also expected that C. humilis-woody species associations will vary 

according to woody seed dispersal mechanisms (birds, mammals, or no animal-dispersal 

vector). Specifically, we seek to answer the following questions: (i) Are woody species 

spatially associated with C. humilis and, if so, at what spatial scale? (ii) Are the spatial 
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associations between C. humilis and different woody species consistent in sign and spatial 

scale among target old-fields? (iii) Does the association between the C. humilis and the 

woody species vary depending with the seed dispersal mechanism of beneficiary species? 

and finally, (iv) Is the facilitative effect of C. humilis stronger within old-fields under 

scenarios of reduced woody encroachment? 

 

Materials and Methods 
 

 Study sites and their human-management history. 

The study was carried out from September of 2017 to November 2018 in three sites of 

southwestern Iberian Peninsula ('Santa Rita', 'Matasgordas' and 'Reserva'), separated by 

distances ranging from 10 to 102 km (Figure 4.1). The Santa Rita plot (4.09 ha) is located in 

the Algarve area in the Ria Formosa Nature 2000 in Portugal (Table 4.1; Figure 4.1a). This 

humanized plot is dominated by pastureland with scattered patches of Mediterranean 

scrubland, including C. humilis, Genista spp., Quercus ilex and Asparagus spp. This area has 

been traditionally composed by a mosaic of temporal non-irrigated crops, olive and fruited-

trees groves (DGT, 1995, 2017; APA, 2016). The area was cultivated from 60’s until 90’s, and 

it is currently being colonized by Mediterranean native species such as C. humilis, Asparagus 

aphyllus and Asparagus albus. In this plot, we focus our analyses to A. aphyllus and A. albus 

as potential beneficiary species (hereafter grouped as Asparagus spp.) because other 

species (e.g. Quercus ilex) were too scarce. Matasgordas and Reserva plots were set at the 

Doñana National Park in SW Spain. The Matasgordas plot (64.51 ha) is covered by a ‘dehesa’ 

generated in 1970 when all shrubs and most trees were mechanically removed (Table 4.1; 

Figure 4.1b). This process yielded an open area of pastureland with scattered Quercus suber 

and Olea europaea var. sylvestris trees with sparse patches of understory of Mediterranean 

scrubland (Fedriani et al., 2018) and some areas prone to flooding. In 1996, when the land 

became owned by a governmental agency and under the protection of the limits of National 

Park, the intensive cattle grazing finished by the removal of the cows. Since then, animal-

dispersed native plants such as C. humilis, Pistacia lentiscus, Daphne gnidium or Pyrus 
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bourgaeana are recolonizing the area (Fedriani et al., 2018). Given the high population 

densities of A. aphyllus and Cistus salvifolius in Matasgordas, for these two species we 

focused our analyses within a subplot of 2.72 ha (Figure 4.1b). The Reserva plot (21.4 ha) is 

characterized by scattered Q. suber and O. europaea var. sylvestris trees within a dense 

Mediterranean scrubland dominated by Halimium halimifolium, Stauracanthus genistoides 

and Ulex spp. and an open area of pastureland with very few shrubs limited on the east by 

marshland (Table 4.1; Figure 4.1c). Historically, this area has been intensively managed by 

humans, being used for hunting and livestock ranching. Furthermore, most individuals of Q. 

suber and O. europaea var. sylvestris were cut down and controlled rotating was applied 

every 25-30 years (Granados et al., 1988). Since 1964 (when it was declared the Biological 

Reserve) it is being recolonized by native animal-dispersed plants such as C. humilis, Rubus 

ulmifolius, Phillyrea angustifolia or A. aphyllus. Due to A. aphyllus high population density in 

this site, we limited its study to a representative subplot of 7.49 ha (Figure 4.1c).  

 

Table 4.1. Attributes of the old-fields studied in southwestern Iberian Peninsula.  

Locality Coordinates Elevation Temperature Precipitation Encroachment 
Levelc 

Beneficiary Species 

Santa Rita 
37º10’N 
7º34’W 

85 m 
17.47±0.16 

ºCa 

511.4±26.7 
mma 

Genista spp. 
(20.8%) 

A. albus 
A. aphyllus 

Matasgordas 
37º6’N  

6º26’ W 
2 m 

17.02±0.12 
ºCb 

542.6±32.8 
mmb 

Halimium 
halimifolium 

(8.4%) 
 

Stauracanthus 
genistoides 

(4.8%) 

A. aphyllus 
C. salvifolius 
D. gnidium 

M. communis  
O. e. var. sylvestris 

P.angustifolia  
P.bourgaeana  

P. lentiscus 
R. ulmifolius 

Q. suber 

Reserva 
37º1’N 
6º26’W 

5 m 
17.02±0.12 

ºCb 

542.6±32.8 
mmb 

Halimium 
halimifolium 

(11.7%) 
 

Stauracanthus 
genistoides 

(18.2%) 

A. aphyllus 
D. gnidium 

M. communis  
O. e. var. sylvestris 

P.angustifolia  
P.bourgaeana  

P. lentiscus 
R. ulmifolius 

Q. suber 

 

a: Annual average temperature and precipitation (mean ± SE) for the period 1971-2017. Data at Faro Algarve 
Airport from Portuguese Institute for Sea and Atmosphere; https://www.ipma.pt/pt/oclima/monitorizacao 
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 b: Annual average temperature and precipitation (mean ± SE) for the period 1978-2017. Data from Monitoring 
Team of Natural Process of Doñana Biological Station; http://icts.ebd.csic.es/en/web/icts-ebd/monitoring-
program-physical-environment 

c: Percentage of the total area occupied by dominant shrubs species. Data from the combination of field 
transects and processing with QuantumGIS. 

 

 

 

Figure 4.1. The study plots. Santa Rita (a) is located in the Algarve area; Matasgordas (b) and Reserva (c) are 
situated within the Doñana National Park. In each plot were georeferenced all C. humilis individuals (black 

points) and all woody plants (white points). Because the large number of A. aphyllus and C. salvifolius 
individuals at Matasgordas (b) and  Reserva (c) plots prevented us for georeferrencing each individual in the 
whole plot; thus, we delimited representative subplots (dashed lines). An area flooded during winter (striped 

area) in Matasgordas plot (b) was excluded from the analyses because it was not suitable for any of the woody 
plant species. 

 

 Field surveys. 

To study the spatial distribution of C. humilis and its spatial relationship with the 

recolonizing woody plants (i.e. potential beneficiary species), we georeferenced (with a 

submetric GPS Leica 1200) all adult C. humilis individuals within each study plot (Santa Rita, 
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n = 120; Matasgordas, n = 621; Matasgordas subplot, n = 145; Reserva, n = 175; Reserva 

subplot, n = 118). In addition, for each potential beneficiary species, we georeferenced all 

individuals within each plot (or subplot) and estimated their height using three categories: 

(1) 0-25 cm, (2) 25-100 cm and (3) 100 cm-250 cm. For tree species (Q. suber and O. 

europaea var. sylvestris), we restricted our spatial analysis to saplings (height < 2.5 m) to 

avoid dubious interpretations regarding the identity of the nursing species.  

Furthermore, to study whether the seed dispersal mechanism relates to perching 

effect, we collected information about the major seed dispersers for all woody species. 

Specifically, Asparagus spp., D. gnidium, P. lentiscus, P. angustifolia and M. communis were 

dispersed by small and medium birds (Herrera, 1995; Jordano, 1995); O. europaea var. 

sylvestris and R. ulmifolius were dispersed by a mixed system involving birds and carnivores 

(Rey and Alcántara, 2000; Suárez-Esteban et al., 2013); P. bourgaeana were dispersed 

mainly by carnivores (Fedriani and Delibes, 2011); and C. salvifolius has not a specific seed 

dispersal mechanism (Bastida and Talavera, 2002; though occasionally can be dispersed by 

ungulates, Malo and Suárez, 1995). 

 

 Spatial pattern point analysis. 

To characterize the spatial distribution of individuals of each potential beneficiary species 

separately we used univariate cluster point process models. Then, we analyzed the spatial 

relationship between C. humilis and the potential beneficiary plant species using bivariate 

pair correlation functions. To test the fit of the point process models, we conducted 199 

simulations of the fitted point processes and estimated simulation envelopes with an 

approximate error rate of α = 0.05 (Stoyan and Stoyan, 1994), which are the fifth lowest and 

highest values of the summary statistics of the simulated point process. We evaluated the 

cluster processes using the goodness-of-fit (GoF) test that reduces the scale-dependent 

information contained in the test statistics into a single test statistic (see details in 

Supplement S4). For all point pattern analyses, we used the grid-based software Programita 

(Wiegand and Moloney, 2013). 
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o Analysis of clustering 

To analyze the univariate cluster point processes, we used four different summary functions 

(see details in Supplement S4): the pair correlation function g(r), the L-function L(r), the 

spherical contact distribution HS(r), and the nearest neighbor distribution function D(r) (Illian 

et al., 2008; Wiegand and Moloney, 2013). These functions together provide a good 

description of the potentially complex spatial structure of homogeneous patterns (Wiegand 

et al., 2013). 

The g(r) and L(r) can be calculated for the Thomas cluster point processes and are 

therefore traditionally used to fit their parameters (e.g. Diggle, 2013). Because the g(r) is 

especially sensitive to clustering at small scales and the L(r) is more sensitive to clustering at 

larger scales, their joined use yields an improved parameter fitting (Wiegand et al., 2009). 

However, both functions are usually not sufficient to characterize more complex spatial 

patterns and must be supplemented with functions that capture different types of spatial 

information such as the presence of gaps, isolated points or areas of low density of points 

(Wiegand et al., 2013). Thus, we used as additional summary functions the HS(r) and the 

D(r).  

We used these four functions within four cluster point process models to 

characterize the properties of the spatial patterns of C. humilis and the potential beneficiary 

species in each plot. For each species, we analyzed whether the four functions yielded a 

good agreement with the null model. The minimum number of points for these point 

processes is 100 (Wiegand et al., 2016; Żywiec et al., 2018), but within Matasgordas and 

Reserva there were several species with fewer individuals and therefore, were grouped into 

a category called ‘Other species’. The complexity of these processes increases since the 

simplest class of cluster processes with one critical scale of clustering up to the 

superposition of either a random component or a negative Binomial component on a 

double-clustered component (see details in Supplement S4). Then, we selected the simplest 

point process that fitted all four functions. 
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 Single-cluster process: First, we tested a simple Thomas process which incorporates 

one critical scale of clustering. This point process consists of a number of randomly 

and independently distributed clusters.  

 Double-cluster process: This point process has two critical scales of clustering and the 

only difference is that the cluster centers are not randomly distributed but are 

assumed to follow a Thomas process with one critical scale of clustering.  

 Generalized Double-cluster process: we generalized the double-cluster Thomas 

process to produce a pattern with the same second-order structure but more 

‘isolated’ plants. Thus, this was done by manipulating the distribution of the number 

of points over the clusters and by increasing the number of clusters.  

 Double-cluster-random superposition: Finally, we used a point process composed by 

a Thomas process with two critical scales of clustering and an independent 

superposition of a random pattern.  

 

o Analysis of C. humilis-potential beneficiary plant associations 

To quantify spatial interspecific associations (i.e. positive, negative, or neutral) between C. 

humilis (i.e. nurse plant) and woody plant species (i.e. potential beneficiary plants) within 

each study plot, we used the bivariate pair correlation function g12(r) where C. humilis 

represents the spatial pattern 1 and the woody plant species represents the spatial pattern 

2. We examined the simplest null model where the spatial distribution of the pattern 2 is 

fitted by Thomas cluster process (see above). Specifically, we analyzed the individuals of C. 

humilis as a fixed spatial pattern and the individuals of each woody plant as a random 

pattern which moves according to the simplest null model. If the bivariate pair correlation 

function g12(r) yields departures above the upper limit of the simulation envelopes, the 

woody plants is positively associated with C. humilis; whereas if the g12(r) yields departures 

below the lower limit of the simulation envelopes, the woody plants is negatively associated 

with C. humilis (i.e. spatial repulsion). To test these departures from the null model, we used 

simulation envelopes and the (GoF) test.  
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Results 
 

 Santa Rita. 

Both C. humilis (n = 120) and Asparagus spp. (n = 74) at Santa Rita plot showed a double-

clustered component spatial pattern with the superposition of a random component 

pattern (Table 4.2). In both cases, all four summary functions used to the construction of the 

null models yielded simultaneous agreement (Figure 4.2). Our bivariate analysis revealed 

strong spatial association between C. humilis and Asparagus spp. at short distances (1-3 m; 

Rank = 198, P = 0.015), matching with the critical scale of clustering found for both species. 

The observed values of g12(r) were from 4.6- up to 8.5-folds greater than those predicted by 

the model, indicating that Asparagus spp. individuals were positively associated with C. 

humilis individuals, though spatial aggregation markedly declined from 1 m to 3 m (Figure 

4.5a).  

 

 

Figure 4.2. Univariate cluster analysis at Santa Rita for C. humilis individuals (a-d) and Asparagus spp. 
individuals (e-h), showing the pair correlation function g(r), the L-function L(r), the spherical contact 

distribution HS(r), and the nearest neighbor distribution function D1(r). For each summary function it showed 
the observed function of the data (thick black line), the expected function of the null model (thin gray line), 
and the corresponding simulation envelopes (dashed black lines; the 5th lowest and highest values for each 

summary function created by 199 simulations of the null model). 
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 Matasgordas. 

At Matasgordas plot, the spatial patterns of C. humilis (n = 621), D. gnidium (n = 127), P. 

lentiscus (n = 112) and the group of ‘other species’ (i.e. R. ulmifolius, Q. suber, M. communis 

and P. angustifolia; n = 87) were described by a double-clustered component pattern with a 

random component pattern (Table 4.2). For P. bourgaeana (n = 58), our results supported a 

single-cluster process with a random component (Table 4.2). The summary functions 

showed simultaneous good agreement in almost all species, and departures from model-

predicted values were always small (Figure 4.3).  Olea europaea var. sylvestris (n = 48) 

showed a spatial pattern composed by a generalized double-clustered component pattern 

with a negative Binomial distribution component pattern (Table 4.2). At the Matasgordas 

subplot, C. humilis (n = 145) and A. aphyllus (n = 342) showed spatial patterns composed by 

double-clustered components whereas in the case of C. salvifolius (n = 269) it was 

composed by a generalized 

double-clustered component 

pattern and a negative 

Binomial distribution 

component pattern (Table 

4.2). The four summary 

functions yielded 

simultaneous good agreement 

for these species (Figure 4.3). 

 

Figure 4.3. Univariate cluster 
analysis at Matasgordas for C. 
humilis (a-d) O. europaea sylvestris 
(e-h), P. lentiscus (i-l), D. gnidium (m-
p), P. bourgaeana (q-t); and at 
Matasgordas subplot for C. humilis 
(u-x), A. aphyllus (y-ab) and C. 
salvifolius (ac-af), showing the pair 
correlation function g(r), the L-
function L(r), the spherical contact 
distribution HS(r), and the nearest 
neighbor distribution function D1(r). 
Conventions as in Figure 4.2. 
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All species were spatially associated with C. humilis, although the spatial scale varied 

between species. Specifically, the scales of association for O. europaea var. sylvestris (Rank = 

192, P = 0.045) and P. lentiscus (Rank = 200, P = 0.005) were 3 m and 7 m, respectively. The 

observed values of g12(r) were between 5.3- and 12.5-folds (O. europaea var. sylvestris; 

Figure 4.5b) and between 2.6- and 9.5-folds (P. lentiscus; Figure 4.5c) greater than the 

expected. On the other hand, D. gnidium (Rank = 200, P = 0.005) and P. bourgaeana (Rank = 

200, P = 0.005) were positively associated with C. humilis up to 45-50 m, being the observed 

values of g12(r) between 1.5- and 8.4-folds (D. gnidium; Figure 4.5d) and between 18.1- and 

5.2-folds (P. bourgaeana; Figure 4.5e) greater than those predicted by the null model. The 

'other species' (Rank = 200, P = 0.005) were positively associated with C. humilis up to 45-50 

m, being the observed values of g12(r) between 2.1- and 14.2-folds (Figure S4.1). In all the 

cases, the observed values of g12(r) exhibited a marked decreased regarding spatial distance, 

with strong effect at small scales and a progressive reduction at greater spatial scales. At the 

Matasgordas subplot, there was a positive spatial association between C. humilis and A. 

aphyllus (Rank = 196, P = 0.025) up to 12 m, with the observed values of g12(r) being 

between 1.8- and 2.7-folds (Figure 4.5f) greater than those predicted by the null model. In 

the case of Cistus spp. the positive association was only marginally significant (Rank = 184, P 

= 0.085; Figure 4.5g).  

 

 Reserva. 

The univariate spatial patterns of C. humilis (n = 175), R. ulmifolius (n = 202), O. europaea 

var. sylvestris (n = 404) and the group of ‘other species’ (i.e. D. gnidium, P. lentiscus, Q. 

suber, P. bourgaeana and M. communis; n = 79) at Reserva plot showed always a double-

clustered component pattern with a random component pattern (Table 4.2). All species, 

except C. humilis, showed the observed values for all four summary functions within the 

simulation envelopes of the null model (Figure 4.4). Thus, for C. humilis the three summary 

functions (g12(r), L(r) and HS(r)) but the observed values of D(r) at small scales (4-7 m) were 

slightly smaller than those predicted by the model, indicating that the observed pattern 

contained some more isolated individuals than the expected pattern (Figure 4.4d). Phyllirea 

angustifolia (n = 56) was the only species with a generalized double-clustered component 



204 
 

pattern and a negative Binomial distribution component pattern (Table 4.2). In the case of 

Reserva subplot, C. humilis (n = 118) showed a double-clustered component pattern and a 

random component pattern whereas A. aphyllus (n = 866) showed a generalized double-

clustered component pattern and a negative Binomial distribution component pattern 

(Table 4.2). 

 

Figure 4.4. Univariate cluster analysis at Reserva for C. humilis (a-d) R.ulmifolius (e-h), O. europaea sylvestris (i-
l), P.angustifolia (m-p), ‘Other species’ (q-t); and at Reserva subplot for C. humilis (u-x) and A. aphyllus (y-ab), 
showing the pair correlation function g(r), the L-function L(r), the spherical contact distribution HS(r), and the 

nearest neighbor distribution function D1(r). Conventions as in Figure 4.2. 
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In Reserva, the only species significantly associated with C. humilis was A. aphyllus 

(Rank = 194, P = 0.035). The bivariate analyses showed a spatial association up to scales of 4 

m, being the g12(r) from 4.1- up to 6.7-folds greater than the model-predicted value (Figure 

4.5l), indicating a strong positive association of A. aphyllus individuals to C. humilis 

individuals. The remaining bivariate analyses did not show any significant spatial association 

between C. humilis and R. ulmifolius, O. europaea var. sylvestris, P. angustifolia or the group 

of ‘other species’ (P > 0.31; Figure 4.5h-k).  

 

Figure 4.5. Bivariate analyses 
between null models of associated 
species and the corresponding 
pattern of C. humilis individuals. We 
contrasted the bivariate observed 
pair-correlation function g12(r) for 
Asparagus spp. at Santa Rita (a); for 
O. europaea var. sylvestris, P. 
lentiscus, D. gnidium and P. 
bourgaeana at Matasgordas (b-e), 
and for A. aphyllus and C. salvifolius 
at Matasgordas subplot (f-g); for R. 
ulmifolius, O. europaea var. 
sylvestris, P. angustifolia and ‘Other 
species’ at Reserva (h-k), and for A. 
aphyllus at Reserva subplot (l). 
Conventions as in Figure 4.2.



 
 

Table 4.2. Summary of the results of the associated plant species spatial distribution fitted with the Thomas cluster process. Note: N = total number of individuals; Nisol = 
number of individuals in isolated pattern; Pc = proportion of individuals in isolated pattern; K1 = distribution of the number of small clusters over the large clusters in the 
negative Binomial distribution; K2 = distribution of points over the small clusters in the negative Binomial distribution; Aρ1, 2σ1 (m) = fittest parameters of the large clusters 
being Aρ1, the number of large clusters in the study region of area A and 2σ1 (m) the size of large clusters; Aρ2, 2σ2 (m) = fittest parameters of the small clusters; μ1, μ2 = 
average number of individuals in one large-scale and one small-scale cluster, respectively; ρ2/ρ1 = average number of small clusters in one large clusters; σ1/σ2 = the size of 
large clusters relative to the size of small clusters.

              Large clusters Small clusters 

 N Nisol Pc Pc2 K1 K2 Aρ1 σsum 2σ1 (m) μ1 Aρ2 2σ2 (m) μ2 ρ2/ρ1 σ1/σ2 

Santa Rita                      

C. humilis 120 22 0.82 0.67 - - 9.72 9.15 8.33 12.35 38.70 3.78 3.10 3.98 2.20 

Asparagus spp. 74 24 0.68 0.46 - - 5.30 17.75 17.44 13.95 203.20 3.32 0.36 38.30 5.25 

Matasgordas                     

C. humilis 621 70 0.89 0.79 - - 14.57 39.59 39.13 42.62 295.74 6.02 2.10 20.29 6.50 

O. e. var. sylvestris 48 - - - 0.1 9999 7.10 36.42 36.22 6.76 162.70 3.83 0.30 22.92 9.46 

P. lentiscus 112 5 0.96 0.91 - - 9.59 40.48 40.14 11.68 177.61 5.22 0.63 18.52 7.69 

D. gnidium 127 20 0.84 0.71 - - 12.64 43.52 43.14 10.05 385.80 5.76 0.33 30.53 7.49 

P. bourgaeana 58 5 0.91 0.84 - - 2.25 - 40.14 25.73 None None - - - 
Others 

C. humilis subplot 
87 

145 
0 
0 

1.00 
1.00 

1.00 
1.00 

- 
- 

- 
- 

9.41 
3.11 

59.49 
35.56 

59.3 
35.08 

9.26 
46.62 

116.2 
52.52 

4.86 
5.83 

0.75 
2.76 

12.36 
16.89 

12.35 
6.02 

A. aphyllus subplot 342 0 1.00 1.00 - - 2.79 58.26 57.55 122.58 169.40 9.06 2.02 60.72 6.35 

C. salvifolius subplot 269 - - - 9999 0.1 1.37 58.73 57.62 196.35 6.76 11.34 39.79 4.93 5.08 

Reserva                               

C. humilis 175 40 0.77 0.60 - - 6.06 29.36 29.06 28.89 25.62 4.19 6.83 4.23 6.94 

R. ulmifolius 202 20 0.90 0.81 - - 8.25 33.98 33.21 24.49 172.59 7.18 1.17 20.93 4.63 

O. e. var. sylvestris 404 20 0.95 0.90 - - 6.14 46.50 45.91 65.76 316.57 7.40 1.28 51.53 6.20 

P. angustifolia 56 - - - 0.1 9999 5.22 47.46 47.19 10.73 395.40 5.09 0.14 75.75 9.27 

Others 79 10 0.87 0.76 - - 8.07 36.55 36.23 9.79 366.78 4.80 0.22 45.44 7.55 

C. humilis subplot 118 40 0.66 0.44 - - 2.60 27.26 26.94 45.31 9.46 4.19 12.47 3.63 6.43 

A. aphyllus subplot 866 - - - 0.1 9999 1.94 61.20 60.24 446.39 175.90 10.82 4.92 90.67 5.57 
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Discussion 

 

The understanding of the mechanisms underlying the (re)colonization of old-fields is 

essential for the recovery of ecological processes and ecosystems functioning of such 

human-altered landscapes (Hobbs, 2012). Using a spatially-explicit approach, we detected a 

number of positive spatial associations between the pioneer C. humilis (i.e. nurse plant) and 

ten woody plant species (i.e. beneficiary plant). These species-specific differences in the 

spatial associations seemed related to the seed dispersal mechanism of potential 

beneficiary species, with small scale associations being typical of bird-dispersed species and 

large scale associations corresponding to similar habitat requirements. Also, there were 

species-specific differences in the sign of the spatial associations among old-fields being 

Asparagus spp. the only species positively associated with C. humilis within the three 

studied old-fields. These differences among old-fields in plant spatial associations seemed 

related to their encroachment level and the legacy of human management. To our 

knowledge, our study is the first that investigates the spatial associations among C. humilis 

and numerous woody plant species using a spatially explicit approach and highlights the 

important role of this endemic Mediterranean palm in the natural (re)colonization and 

restoration of Iberian old-fields. 

 

 Among-species variation in the nursing effect of C. humilis and relationship with 

dispersal mechanisms. 

We found among-species differences in the spatial scale of the association with C. humilis. 

The strong positive association at small scales between C. humilis and species such as 

Asparagus spp., O. europaea var. sylvestris or P. lentiscus are likely related to a combination 

of both the perching effect (which increases seed arrival) and the nursing effect 

(amelioration of abiotic conditions) under their canopy (e.g. Cuesta et al., 2010), and the 

protection against herbivores such as ungulates and rabbits by sharp spines (e.g. Soliveres et 

al., 2010; Authors personal observations). However, identifying the relative importance of 

different mechanisms (e.g. perching vs. nursing effects) to the small-scale positive spatial 
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associations among target plants would require both spatial and experimental approaches 

(e.g. Lara-Romero et al., 2016). Currently, we are in a phase of on-going field experiments 

which will help to identify more precisely the importance of both mechanisms. The large-

scale aggregation between P. bourgaeana and C. humilis could be related to either similar 

habitat requirement of these species (Fedriani and Delibes, 2009; Fedriani et al., 2010) or 

co-dispersal by the same frugivores (see Albrecht et al., 2015 review). Indeed, Fedriani and 

Wiegand (2014) showed that seeds of both species were positively associated up to 60 m 

due to co-dispersal by red foxes and badgers matching with the spatial scale that we 

detected in our analyses. Specifically, badgers regularly use latrines where dispersed seeds 

of both species are regularly delivery within feces (Fedriani and Delibes, 2011; Suárez-

Esteban et al., 2013). Chamaerops humilis and D. gnidium were positively associated at both 

small and large spatial scales; however, the small-scale association (i.e. <5 m) was much 

stronger than the large-scale one suggesting a more relevant role of perching and/or 

nursing effects.  

The spatial association between C. humilis and the beneficiary species varied 

depending on seed dispersal mechanism. We suggest that seed dispersal by small- and 

medium-bodied birds (e.g. Asparagus spp., O. europaea var. sylvestris and P. lentiscus; 

Suárez-Esteban et al., 2013) lead to positive small-scale associations with C. humilis. In this 

regard, small- and medium-bodied frugivore birds such as Sylvia melanocephala or Turdus 

merula have been observed frequently perching, feeding or sheltering at C. humilis 

individuals (Pausas et al., 2006; Authors unpublished data). Also, shrub cover frequently 

attracts rodents (Muñoz and Bonal, 2007), which often predate on seeds under shrub 

canopy, but may also forget some seeds that eventually lead to some emerged seedlings 

(Vander Wall, 2005; Perea et al., 2011). More recently, the dispersal role of corvids has been 

revealed in agroecosystems and open landscapes (Castro et al., 2017). In fact, we recorded 

several (n = 10) Q. suber saplings (a well-documented species likely dispersed by corvids and 

rodents; Gómez, 2003; 2004) within C. humilis individuals in Matasgordas and Reserva. In 

contrast with these small-scale associations of species exhibiting bird-seed dispersal, other 

bird-dispersed species such as D. gnidium, showed large-scale aggregation with C. humilis, 

although the strong small-scale aggregation strongly suggests the importance of perching 

and/or nursing effects. Finally, the marginal spatial association of C. salvifolius (without a 
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specialized seed dispersal mechanism) with C. humilis at Matasgordas (Figure 4.5g) might be 

due to the occasional seed dispersal by ungulates (Suárez-Esteban et al., 2013) to resting 

and feeding sites where C. humilis are abundant. 

 

 Among-population variation in the nursing effect. 

We also found differences in the sign of the spatial associations among plots. Excepting for 

A. aphyllus, which was spatially associated with C. humilis in the three study plots, we found 

inconsistencies in spatial associations for the remaining species (Figure 4.5). Such among-

plots inconsistence in plant spatial associations could relate to the encroachment level of 

each old-field (Lasanta et al., 2015). Both Santa Rita and Matasgordas showed a lower 

encroachment level (Table 4.1) and positive spatial associations between C. humilis and 

woody plants. In contrast, most of the beneficiary species did not exhibit any spatial 

association with C. humilis in Reserva, the study site with the oldest human-management 

background and therefore, a greater encroachment level (Table 4.1). In this regard, the 

progress of encroachment has led to the establishment of additional shrub species such as 

H. halimifolium and S. genistoides, which could also be acting as nurse plants (e.g. Fedriani 

et al., 2019) and thus, the nursing effect is diluted among different shrub species in the 

community. Also, another non-mutually exclusive mechanism may be the differences in the 

propagule pressure among plots which would yield these inconsistences in the spatial 

associations (e.g. Andivia et al., 2017). Here, the propagule pressure remains unexplored 

although may be generating a greater seed arrival in Matasgordas than in Reserva. 

Therefore, based on seed arrival, we would expect a greater probability of positive plant-

plant spatial associations in Matasgordas. Alternatively, inconsistencies in spatial 

associations between plots could also be the result of differences in the availability of 

groundwater (water table ranges 8-20 m a.s.l.; ITGE, 1992). Small-scale variation in water 

table depth has been reported as an important driver of the response to drought by 

Juniperus phoenicea and P. bourgaeana juveniles between localities with similar 

environmental conditions (Lloret et al., 2013; Fedriani et al., 2019). Available groundwater is 

greater in Reserva than in Matasgordas and consequently, it is a less-stressed area where 

seedlings establish and survive also in open microhabitats (Authors, personal observations). 
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Therefore, according to the stress-gradient hypothesis (Maestre et al., 2009), the lack of 

spatial associations in Reserva could also be related to the fact that seedlings were less 

water-stressed than in Matasgordas (e.g. Fedriani et al., 2019).  

 

 Management implications. 

Mediterranean old-fields are an important target for restoration programs (Rey-Benayas et 

al., 2007; Standish et al., 2007; Terres et al., 2015; Fedriani et al., 2018). In this regard, the 

understanding of the state and the functioning of these ecosystems, the biotic and abiotic 

components and the interaction among them is strictly necessary to plan and to carry out 

effective restoration programs (Hobbs and Cramer, 2008). In this regard, Spatial Point 

Pattern Analysis (SPPA) is a promising tool which may assist to restorers with the 

understanding of the plant-plant associations at a range of spatial scales within 

Mediterranean old-fields. Investigating plant-plant associations using such a spatially-

explicit approach may help to decide which native plant species should be planted within 

old-fields and how to spatially associate.  

Traditionally, restorers of Mediterranean ecosystems have considered most shrubs 

species as potential competitors of target tree species (Mesón and Montoya, 1993; García-

Salmerón, 1995). However, several studies have demonstrated a nursing role for a number 

of native Mediterranean shrubs, highlighting their relevance for the restoration of degraded 

areas (Castro et al., 2004; Gómez-Aparicio et al., 2004; Padilla and Pugnaire, 2006). The 

utilization of pre-existing shrubs reduces the economic investment on land preparation, 

making available this economic investment for other tasks such as long-term monitoring 

(Castro et al., 2004; Gómez-Aparicio et al., 2004). Also, nurse shrubs increase the resistance 

to pathogens, herbivores or fires and decrease the soil erosion and the damage to native 

vegetation (Castro et al., 2004; Gómez-Aparicio et al., 2004).  Thus, according to our results 

managers should consider C. humilis within projects of restoration of areas where this 

Mediterranean dwarf palm is present. By creating favorable microhabitats for plant 

recruitment, C. humilis critically would ensure the survival of planted seedlings during the 

summer (e.g. Cuesta et al., 2010). Therefore, we suggest the sowing and/or plantation of 
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seeds and/or seedlings beneath C. humilis individuals in restoration programs for 

Mediterranean old-fields.  

The positive spatial associations at small-scales between C. humilis and several 

woody plants dispersed by small and medium frugivores suggest both the perching (by 

increasing the seed arrival) and nursing effects (by ameliorating the stress and thus 

increasing local recruitment). Therefore, managers should also take into account that the 

plantation of fleshy-fruited plants species beneath C. humilis may trigger the attraction of 

seed dispersers (Fedriani et al., 2018). Furthermore, the perching effect may be strongly 

increased by the installation of artificial perches within C. humilis individuals. This technique 

has been applied to restoration programs of tropical forests (Shiels and Walker, 2003; Zanini 

and Ganade, 2005; Lamb et al., 2005) and less often in Mediterranean human-altered 

landscapes (Vallejo et al., 2012). Joining both restoration tools (i.e. artificial perches plus 

nurse plants) would likely lead to synergistic effects increasing the seed arrival to suitable 

microhabitats facilitating the survival of seedlings. Thus, nucleation process around C. 

humilis (Verdú and García-Fayos, 1996; Pausas et al., 2006) would act in the restoration of 

Mediterranean old-fields leading the natural expansion and increase of shrub patches. 

According to the two phases’ restoration program suggested by Gómez-Aparicio (2009), we 

suggested the restoration of Iberian old-fields by using C. humilis individuals (phase 1) and 

the plantation of fleshy-fruited species and the installation of artificial perches beneath and 

within them respectively (phase 2). This restoration program accelerates the natural 

(re)colonization of Mediterranean old-fields and would avoid unnecessary gaps in the 

succession stages. Finally, these restoration actions must be planned under indispensable 

long-term monitoring for verifying the effectiveness and to correct those actions that are 

necessary (Gómez-Aparicio, 2009; Pueyo et al., 2009).  

 

 Concluding remarks. 

Taking into account that Mediterranean habitats represent a prominent hotspot of global 

warming (IPCC, 2014) and the pronounced increase of old-fields in southern Europe (FAO, 

2018), our study is the first stone to emphasize the general importance and the potentiality 
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of the pioneer and endemic C. humilis as nurse plant, food resource (leaves, flowers, fruits 

and seeds), perche for frugivorous birds or shelter for vertebrates and invertebrates. In 

other words, we emphasize the potential keystone role of this endemic Mediterranean palm 

which may provide a good opportunity for the revegetation of native ecosystems and the 

recovery of ecosystems services. 

  



213 
 

References 
 

Alados, C.L., Navarro, T., Komac, B., Pascual, V., Martinez, F., Cabezudo, B., Pueyo, Y., 2009. Do vegetation 

patch spatial patterns disrupt the spatial organization of plant species? Ecological Complexity, 6, 197–

207. 

Albrecht, J., Bohle, V., Berens, D.G., Jaroszewicz, B., Selva, N., Farwig, N., 2015. Variation in neighbourhood 

context shapes frugivore-mediated facilitation and competition among co-dispersed plant species. 

Journal of Ecology, 103, 526–536. 

Andivia, E., Villar-Salvador, P., Tovar, L., Rabasa, S., Rey-Benayas, J.M., 2017. Multiscale assessment of woody 

species recruitment in Mediterranean shrublands: facilitation and beyond. Journal of Vegetation 

Science, 28, 639-648. 

APA (Agência Portuguesa do Ambiente), Centro de Ecologia Aplicada ‘Prof. Baeta Neves’ (CEABN/InBio), 2016. 

Carta Agrícola e Florestal de Portugal Vectorizada, Continental 1950-1960. Lisboa. 

Armas, C., Pugnaire, F., 2005. Plant interactions govern population dynamics in a semi-arid plant community. 

Journal of Ecology, 93, 978–989.  

Bastida, F., Talavera, S., 2002. Temporal and spatial patterns of seed dispersal in two Cistus species (Cistaceae). 

Annals of Botany, 89, 427–434. 

Bazzaz, F.A., 1991. Habitat selection in plants. American Naturalist, 137, S116–S130.  

Bertness, M.D., Callaway, R., 1994. Positive interactions in communities. Trends in Ecology & Evolution, 9, 191–

193.  

Brooker, R.W., Maestre, F.T., Callaway, R.M., Lortie, C.L., Cavieres, L.A., Kunstler, G., Liancourt, P., Tielbörger, 

K., Travis, J.M.J., Anthelme, F., Armas, C., Coll, L., Corcket, E., Delzon, S., Forey, E., Kikvidze, Z., 

Olofsson, J., Pugnaire, F., Quiroz, […], Michalet, R., 2008. Facilitation in plant communities: the past, 

the present, and the future. Journal of Ecology, 96, 18–34.  

Callaway, R.M., 2007. Positive interactions and interdependence in plant communities. Springer. 

Castro, J., Zamora, R., Hódar, J.A., Gómez, J.M., Gómez-Aparicio, L., 2004. Benefits of using shrubs as nurse 

plants for reforestation in Mediterranean mountains: a 4-year study. Restoration Ecology, 12, 352–

358.  

Castro, J., Molina-Morales, M., Leverkus, A.B., Martínez-Baroja, L., Pérez-Camacho, L., Villar-Salvador, P., 

Rebollo S., Rey-Benayas, J.M., 2017. Effective nut dispersal by magpies (Pica pica L.) in a 

Mediterranean agroecosystem. Oecologia, 184, 183-192. 

Cavallero, L., Raffaele, E., Aizen, M.A., 2013. Birds as mediators of passive restoration during early post-fire 

recovery. Biological Conservation, 158, 342–350. 

Connell, J.H., Slatyer, R.O., 1977. Mechanisms of succession in natural communities and their role in 

community stability and organization. American Naturalist, 111, 1119–1144.  

Cramer, V.A., Hobbs, R.J., Standish, R.J., 2008. What’s new about old fields? Land abandonment and ecosystem 

assembly. Trends in Ecology & Evolution, 23, 104–112. 



214 
 

Cuesta, B., Villar‐Salvador, P., Puértolas, J., Rey-Benayas, J.M., Michalet, R., 2010. Facilitation of Quercus ilex in 

Mediterranean shrubland is explained by both direct and indirect interactions mediated by herbs. 

Journal of Ecology, 98, 687–696. 

Debussche, M., Escarré, J., Lepart, J., 1982. Ornithochory and plant succession in mediterranean abandoned 

orchards. Vegetatio, 48, 255–266. 

DGT (Direcção Geral do Território)., 1995. Carta de Uso e Ocupação de Solo de Portugal Continental – 1990. 

http://mapas.dgterritorio.pt/geoportal/catalogo.html Consulted on 12th June 2018. 

DGT (Direcção Geral do Território)., 2017. Carta de Uso e Ocupação de Solo de Portugal Continental – 2010. 

http://mapas.dgterritorio.pt/geoportal/catalogo.html Consulted on 12th June 2018. 

Diggle, P.J., 2013. Statistical analysis of spatial and spatio-temporal point patterns. Chapman and Hall/CRC. 

Escribano‐Ávila, G., Calviño‐Cancela, M., Pías, B., Virgós, E., Valladares, F., Escudero, A., 2014. Diverse guilds 

provide complementary dispersal services in a woodland expansion process after land abandonment. 

Journal of Applied Ecology, 51, 1701–1711. 

Fajardo, A., Quiroz, C.L., Cavieres, L.A., 2008. Spatial patterns in cushion‐dominated plant communities of the 

high Andes of central Chile: How frequent are positive associations? Journal of Vegetation Science, 19, 

87–96. 

FAO (Food and Agriculture Organization of the United Nations), 2018. FAOSTAT. 

http://faostat.fao.org/site/377/default.aspx. Consulted on 12th June 2018. 

Fedriani, J.M., Delibes, M., 2009. Seed dispersal in the Iberian pear, Pyrus bourgaeana: A role for infrequent 

mutualists. Ecoscience, 16, 311–321. 

Fedriani, J.M., Delibes, M., 2011. Dangerous liaisons disperse the Mediterranean dwarf palm: fleshy‐pulp 

defensive role against seed predators. Ecology, 92, 304–315. 

Fedriani, J.M., Wiegand, T., 2014. Hierarchical mechanisms of spatially contagious seed dispersal in complex 

seed‐disperser networks. Ecology, 95, 514–526. 

Fedriani, J.M., Wiegand, T., Delibes, M., 2010. Spatial pattern of adult trees and the mammal-generated seed 

rain in the Iberian pear. Ecography, 33, 545–555.  

Fedriani, J.M., Garrote, P.J., Calvo, G., Delibes, M., Castilla, A.R., Żywiec, M., 2019. Combined effects of seed 

provenance, plant facilitation, and restoration site on revegetation success. Journal of Applied 

Ecology, 56, 996-1006.  

Fedriani, J.M., Wiegand, T., Ayllón, D., Palomares, F., Suárez‐Esteban, A., Grimm, V., 2018. Assisting seed 

dispersers to restore oldfields: An individual‐based model of the interactions among badgers, foxes 

and Iberian pear trees. Journal of Applied Ecology, 55, 600–611. 

Filazzola, A., Lortie, C.J., 2014. A systematic review and conceptual framework for the mechanistic pathways of 

nurse plants. Global Ecology and Biogeography, 23, 1335–1345. 

Fujita, T., 2016. Relative importance of perch and facilitative effects on nucleation in tropical woodland in 

Malawi. Acta oecologica, 70, 45–52. 



215 
 

García-Cervigón, A.I., Velázquez, E., Wiegand, T., Escudero, A., Olano, J.M., 2017. Colonization in 

Mediterranean old-fields: the role of dispersal and plant–plant interactions. Journal of Vegetation 

Science, 28, 627–638.  

García-Cervigón, A.I., Żywiec, M., Delibes, M., Suárez-Esteban, A., Perea, R., Fedriani, J.M., 2018. Microsites of 

seed arrival: spatio–temporal variations in complex seed-disperser networks. Oikos, 127, 1001–1013. 

García, D., 2001. Effects of seed dispersal on Juniperus communis recruitment on a Mediterranean mountain. 

Journal of Vegetation Science, 12, 839–848. 

García-Novo, F., Escudero, J.C., Carotenuto, L., García, D., Fernández, R.P., 2007. The restoration of El Partido 

stream watershed (Doñana Natural Park): A multiscale, interdisciplinary approach. Ecological 

engineering, 30, 122–130. 

García-Salmerón, J. 1995. Manual de repoblaciones forestales II. Escuela Técnica Superior de Ingenieros de 

Montes, Madrid, Spain. 

Gómez, J.M., 2003. Spatial patterns in long-distance dispersal of Quercus ilex acorns by jays in a heterogeneous 

landscape. Ecography, 26, 573-584. 

Gómez, J.M., 2004. Importance of microhabitat and acorn burial on Quercus ilex early recruitment: non-

additive effects on multiple demographic processes. Plant Ecology, 172, 287–297.  

Gómez-Aparicio, L., 2009. The role of plant interactions in the restoration of degraded ecosystems: a meta-

analysis across life-forms and ecosystems. Journal of Ecology, 97, 1202–1214.  

Gómez-Aparicio, L., Zamora, R., Gómez, J.M., Hódar, J.A., Castro, J., Baraza, E., 2004. Applying plant facilitation 

to forest restoration: a meta-analysis of the use of shrubs as nurse plants. Ecological Applications, 14, 

1128–1138.  

Granados, M., Martín, A., García-Novo, F., 1988. Long-term vegetation changes on the stabilized dunes of 

Doñana National Park (SW Spain). Vegetatio, 75, 73–80. 

Guzmán, B., Fedriani, J.M., Delibes, M., Vargas, P., 2017. The colonization history of the Mediterranean dwarf 

palm (Chamaerops humilis L., Palmae). Tree Genetics & Genomes, 13, 24.  

Herrera, C.M., 1989. Frugivory and seed dispersal by carnivorous mammals, and associated fruit 

characteristics, in undisturbed Mediterranean habitats. Oikos, 55, 250–262. 

Herrera, C.M., 1995. Plant-vertebrate seed dispersal systems in the Mediterranean: ecological, evolutionary, 

and historical determinants. Annual Review of Ecology and Systematics, 26, 705–727. 

Hobbs, R.J., 2012. Old fields: dynamics and restoration of abandoned farmland. Island Press. 

Hobbs, R.J., Cramer, V.A., 2008. Restoration ecology: interventionist approaches for restoring and maintaining 

ecosystem function in the face of rapid environmental change. Annual Review of Environment and 

Resources, 33, 39–61. 

Illian, J., Penttinen, A., Stoyan, H., Stoyan, D., 2008. Statistical analysis and modelling of spatial point patterns. 

John Wiley & Sons. 

IPCC., 2014. Climate Change 2014: synthesis report. Contribution of Working Groups I, II and III to the Fifth 

Assessment Report of the intergovernmental panel on Climate Change. IPCC, Geneva, Switzerland. 



216 
 

ITGE., 1992. Hidrogeología del Parque Nacional de Doñana y su entorno. Serv. Publ. Min. Industria y Energía. 

Jordano, P., 1995. Angiosperm fleshy fruits and seed dispersers: a comparative analysis of adaptation and 

constraints in plant-animal interactions. American Naturalist, 145, 163–191.  

Lamb, D., Erskine, P.D., Parrotta, J.A., 2005. Restoration of degraded tropical forest landscapes. Science, 310, 

1628-1632. 

Lara-Romero, C., de la Cruz, M., Escribano-Ávila, G., García-Fernández, A., Iriondo, J.M., 2016. What causes 

conspecific plant aggregation? Disentangling the role of dispersal, habitat heterogeneity and plant-

plant interactions. Oikos, 125, 1304-1313. 

Lasanta, T., Nadal-Romero, E., Arnáez, J., 2015. Managing abandoned farmland to control the impact of re-

vegetation on the environment. The state of the art in Europe. Environmental Science & Policy, 52, 

99–109. 

Lloret, F., Granzow-de la Cerda, I., 2013. Plant competition and facilitation after extreme drought episodes in 

Mediterranean shrubland: does damage to vegetation cover trigger replacement by juniper 

woodland? Journal of Vegetation Science, 24, 1020–1032.  

Lyu, L., Zhang, Q.-B., Deng, X., Mäkinen, H., 2016. Fine-scale distribution of treeline trees and the nurse plant 

facilitation on the eastern Tibetan Plateau. Ecological Indicators, 66, 251–258.  

Maestre, F.T., Callaway, R.M., Valladares, F., Lortie, C.J., 2009. Refining the stress-gradient hypothesis for 

competition and facilitation in plant communities. Journal of Ecology, 97, 199–205.  

Malo, J.E., Suárez, F., 1995. Herbivorous mammals as seed dispersers in a Mediterranean dehesa. Oecologia, 

104, 246–255. 

McIntire, E.J.B., Fajardo, A., 2009. Beyond description: the active and effective way to infer processes from 

spatial patterns. Ecology, 90, 46–56. 

Mendoza, I., Gómez-Aparicio, L., Zamora, R., Matías, L., 2009. Recruitment limitation of forest communities in 

a degraded Mediterranean landscape. Journal of Vegetation Science, 20, 367–376.  

Mesón, M., Montoya, M., 1993. Selvicultura mediterránea. Mundi Prensa, Madrid. 

Navarro, T., Alados, C.L., Cabezudo, B., 2006. Changes in plant functional types in response to goat and sheep 

grazing in two semi-arid shrublands of SE Spain. Journal of Arid Environment, 64, 298–322.  

Olivares Vivos, 2015. Olivares vivos. Hacia el diseño y la certificación de Olivares reconciliados con la 

biodiversidad. LIFE14 NAT/ES/001094. 

Padilla, F.M., Pugnaire, F.I., 2006. The role of nurse plants in the restoration of degraded environments. 

Frontiers in Ecology and the Environment, 4, 196–202. 

Pausas, J.G., Bonet, A., Maestre, F.T., Climent, A., 2006. The role of the perch effect on the nucleation process 

in Mediterranean semi-arid oldfields. Acta oecologica, 29, 346–352.  

Plieninger, T., Rolo, V., Moreno, G., 2010. Large-scale patterns of Quercus ilex, Quercus suber, and Quercus 

pyrenaica regeneration in central-western Spain. Ecosystems, 13, 644–660.  



217 
 

Pueyo, Y., Alados, C.L., García-Ávila, B., Kéfi, S., Maestro, M., Rietkerk, M., 2009. Comparing direct abiotic 

amelioration and facilitation as tools for restoration of semiarid grasslands. Restoration Ecology, 17, 

908–916. 

Queiroz, C., Beilin, R., Folke, C., Lindborg, R., 2014. Farmland abandonment: threat or opportunity for 

biodiversity conservation? A global review. Frontiers in Ecology and the Environment, 12, 288–296.  

Rey-Benayas, J.M., Martins, A., Nicolau, J.M., Schulz, J.J., 2007. Abandonment of agricultural land: an overview 

of drivers and consequences. CAB reviews: Perspectives in agriculture, veterinary science, nutrition 

and natural resources, 2, 1–14. 

Rey, P.J., Alcántara, J.M., 2000. Recruitment dynamics of a fleshy-fruited plant (Olea europaea): connecting 

patterns of seed dispersal to seedling establishment. Journal of Ecology, 88, 622–633.  

Saiz, H., Alados, C.L., 2012. Changes in semi-arid plant species associations along a livestock grazing gradient. 

PLoS ONE, 7, e40551. 

Shiels, A.B., Walker, L.R., 2003. Bird perches increase forest seeds on Puerto Rican landslides. Restoration 

Ecology, 11, 457–465.  

Soliveres, S., De Soto, L., Maestre, F.T., Olano, J.M., 2010. Spatio-temporal heterogeneity in abiotic factors 

modulates multiple ontogenetic shifts between competition and facilitation. Perspectives in Plant 

Ecology, Evolution and Systematics, 12, 227–234. 

Standish, R.J., Cramer, V.A., Wild, S.L., Hobbs, R.J., 2007. Seed dispersal and recruitment limitation are barriers 

to native recolonization of old-fields in Western Australia. Journal of Applied Ecology, 44, 435–445.  

Stein, A., Gerstner, K., Kreft, H., 2014. Environmental heterogeneity as a universal driver of species richness 

across taxa, biomes and spatial scales. Ecology Letters, 17, 866–880.  

Stoyan, D., Stoyan, H., 1994. Fractals, random shapes, and point fields: methods of geometrical statistics. John 

Wiley & Sons Inc. 

Suárez-Esteban, A., Delibes, M., Fedriani, J.M., 2013. Unpaved road verges as hotspots of fleshy-fruited shrub 

recruitment and establishment. Biological Conservation, 167, 50–56.  

Terres, J.-M., Scacchiafichi, L.N., Wania, A., Ambar, M., Anguiano, E., Buckwell, A., Coppola, A., Gocht, A., 

Källström, H.N., Pointereau, P., Strijker, D., Visek, L., Vranken, L., Zobena, A., 2015. Farmland 

abandonment in Europe: Identification of drivers and indicators, and development of a composite 

indicator of risk. Land Use Policy, 49, 20–34.  

Tewksbury, J.J., Nabhan, G.P., Norman, D., Suzán, H., Tuxill, J., Donovan, J., 1999. In situ conservation of wild 

chiles and their biotic associates. Conservation Biology, 13, 98–107.  

Tirado, R., Pugnaire, F.I., 2003. Shrub spatial aggregation and consequences for reproductive success. 

Oecologia, 136, 296–301. 

Vallejo, V.R., Allen, E.B., Aronson, J., Pausas, J.G., Cortina, J., Gutiérrez, J.R., 2012. Restoration of 

Mediterranean-type woodlands and shrublands. In: Van Andel, J., Aronson, J., (Eds.), Restoration 

Ecology: The New Frontier (pp. 130-140). Wiley, Chichester. 

Verdú, M., García-Fayos, P., 1996. Nucleation processes in a Mediterranean bird-dispersed plant. Functional 

Ecology, 10, 275–280.  



218 
 

Verheyen, K., Honnay, O., Motzkin, G., Hermy, M., Foster, D.R., 2003. Response of forest plant species to land-

use change: a life-history trait-based approach. Journal of Ecology, 91, 563–577.  

Wiegand, T., Moloney, K.A., 2013. Handbook of spatial point-pattern analysis in ecology. Chapman and 

Hall/CRC. 

Wiegand, T., Grabarnik, P., Stoyan, D., 2016. Envelope tests for spatial point patterns with and without 

simulation. Ecosphere, 7, e01365. 

Wiegand, T., He, F., Hubbell, S.P., 2013. A systematic comparison of summary characteristics for quantifying 

point patterns in ecology. Ecography, 36, 92–103.  

Wiegand, T., Martínez, I., Huth, A., 2009. Recruitment in tropical tree species: revealing complex spatial 

patterns. American Naturalist, 174, E106–E140.  

Zakkak, S., Radovic, A., Panitsa, M., Vassilev, K., Shuka, L., Kuttner, M., Schindler, S., Kati, V., 2018. Vegetation 

patterns along agricultural land abandonment in the Balkans. Journal of Vegetation Science, 29, 877–

886.  

Zanini, L., Ganade, G., 2005. Restoration of Araucaria forest: the role of perches, pioneer vegetation, and soil 

fertility. Restoration Ecology, 13, 507–514. 

Żywiec, M., Ledwoń, M., Holeksa, J., Seget, P., Łopata, B., Fedriani, J.M., 2018. Rare events of massive plant 

reproductive investment lead to long-term density-dependent reproductive success. Journal of 

Ecology, 106, 1307–1318. 

  



219 
 

Supplement S4 

  



220 
 

Detailed information of spatial point pattern analysis 

We used univariate cluster point process models to analyze the spatial distribution of 

individuals of each species separately. In addition, we analyzed the spatial relationship 

between C. humilis and the woody plant species using bivariate pair correlation function. To 

test the fit of the point process models, we conducted 199 simulations of the fitted point 

processes and estimated simulation envelopes with an approximate error rate of α = 0.05 

(Stoyan and Stoyan, 1994), which are the fifth lowest and highest values of the summary 

statistics of the simulated point process, for the pair correlation function g(r), the L-function 

L(r), the spherical contact distribution HS(r), the nearest neighbor distribution function D(r) 

and the bivariate pair correlation function g12(r). We evaluated the fitted cluster processes 

(and other null models) using the goodness-of-fit (GoF) test that reduces the scale-

dependent information contained in the test statistics into a single test statistics ui which 

represents the total squared deviation between the observed pattern and the theoretical 

result across the scales of interest (Diggle, 2013; Loosmore and Ford, 2006). The ui statistics 

were calculated for the observed data (i = 0) and simulated data (i = 1,…, 199), and the rank 

of u0 among all ui was determined. If the rank of u0 was larger than 190, the data showed a 

significant departure from the null model (across the scales of interest, i.e. 1-50 m) with 

error rate α = 0.05. For all point pattern analyses, we used the grid-based software 

Programita (Wiegand and Moloney, 2013). 

 

 Analysis of clustering 

To analyze the univariate cluster point processes, we used four different summary 

functions: the pair correlation function g(r), the L-function L(r), the spherical contact 

distribution HS(r), and the nearest neighbor distribution function D(r) (Illian et al., 2008; 

Wiegand and Moloney, 2013). These summary functions together provide a good 

description of the potentially complex spatial structure of homogeneous patterns (Wiegand 

et al., 2013). 
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The g(r) describe the expected density of a species within a ring of radius r and width 

dw around the typical individual of the pattern, divided by the intensity λ of the pattern in 

the study plot. Thus, the value of the pair correlation function for a random pattern is g(r) = 

1, values of g(r) > 1 indicate spatial clustering with higher neighborhood density than 

expected by a random pattern. The L(r) is the transformation L(r) = (K(r)/π)0.5 – r of the K-

function which is the cumulative version of pair correlation function, that is, K(r) = ʃg(r) 2π r 

dr. Thus, we find L(r) = 0 for a random pattern, and L(r) > 0 for a clustered pattern. The g(r) 

and L(r) can be calculated for the Thomas cluster point processes and are therefore 

traditionally used to fit their parameters (e.g. Diggle, 2013). Because the g(r) is especially 

sensitive to clustering at small scales and the L(r) is more sensitive to clustering at larger 

scales, their joined use yields an improved parameter fitting (Wiegand et al., 2009). 

The g(r) and the L(r) are usually not sufficient to characterize more complex spatial 

patterns and must be supplemented with summary statistics that capture different types of 

spatial information (Wiegand et al., 2013). Thus, we used as additional summary functions 

the HS(r) and the D(r). The HS(r) gives the proportion of ‘test locations’ that have at least one 

neighbor within distance r and therefore, characterizes the size of the ‘holes’ in the pattern 

(i.e. size of spots without plants). The D(r) gives the proportion of woody plants that have at 

least one neighbor within distance r and characterizes the small-scale clustering in more 

detail (Illian et al., 2008; Wiegand et al., 2013). 

We used these four summary functions within four cluster point process models to 

characterize the properties of the spatial patterns of C. humilis and the remaining woody 

plants in each plot. The complexity of these processes increases since the simplest class of 

cluster processes with one critical scale of clustering up to the superposition of either a 

random component or a negative Binomial component on a double-clustered component. 

Then, we selected the simplest point process that fitted all four summary functions. 

 Single-cluster process: First, we tested a simple Thomas process which incorporates 

one critical scale of clustering (equation 1). This point process consists of a number 

of randomly and independently distributed clusters where ρ is the intensity of the 

cluster centers (i.e. Aρ is the number of clusters in a study plot of area A), and its size 

is given by a parameter σ. The woody plants are randomly assigned to the clusters, 
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i.e. the number of plants per cluster follows a Poisson distribution with mean μ = 

λ/ρ, where λ is the overall density of the pattern of woody plants; and their 

distribution relative to the cluster center follows a two-dimensional normal 

distribution with variance σ2. The cluster size rC can therefore be defined as rC ≈ 2σ 

and includes ~87% of the woody plants belonging to a given cluster; the approximate 

area covered by one cluster is AC = πrC
2 = 4πσ2. The pair correlation function g(r) of 

this Thomas process can be calculated and yields: 

 

g(𝑟, σ, ρ) = 1 +
1

ρ

exp  (−𝑟2/4σ2)

4𝜋σ2
 

 Double-cluster process: If the simple Thomas process did not fit the g(r) and L(r) well 

(especially at small scales), it can be extended to a nested double-cluster process. 

This point process has two critical scales of clustering and the only difference is that 

the cluster centers are not randomly distributed but are assumed to follow a Thomas 

process with one critical scale of clustering. In this case, the process has four 

unknown parameters: the intensities ρL and ρS of the centers of the large and small 

clusters, respectively, and the parameters σL and σS that define the size of the large 

and small clusters respectively. These parameters were fitted using the g(r) and L(r), 

which are analytically known (equation 2) by the minimum contrast method. The 

pair correlation function g(r) yields: 

 

g(𝑟, σ, ρ) = 1 +
1

ρ𝑆

exp  (−𝑟2/4σ𝑆
2)

4𝜋σ2
+

1

ρ𝐿

exp (−𝑟2/4(σ𝑆
2 + σ𝐿

2))

4𝜋(σ𝑆
2 + σ𝐿

2)
 

(2) 

 Generalized Double-cluster process: If the double-cluster process did not fit well, we 

generalized this double-cluster Thomas process to produce a pattern with the same 

second-order structure but more ‘isolated’ plants. Thus, this was done by 

manipulating the distribution of the number of points over the clusters and by 
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increasing the number of clusters (Wiegand and Moloney, 2013). The pair 

correlation function of this point process is: 

 

g(𝑟, σ, ρ) = 1 +
𝑓𝑘𝑆

ρ𝑆

exp  (−𝑟2/4σ𝑆
2)

4𝜋σ2
+

𝑓𝑘𝐿

ρ𝐿

exp (– 𝑟2/4(σ𝑆
2 + σ𝐿

2))

4𝜋(σ𝑆
2 + σ𝐿

2)
 

 (3) 

where fkS = (kS + 1)/kS being kS the parameter of the negative Binomial distribution 

that governs the distribution of points over the small clusters; and fkL = (kL + 1)/kS 

being kL the parameter that governs the distribution of the number of small clusters 

over the large clusters. The parameters kS and kL (equation 3) cannot be fitted with 

the g(r) and L(r) but needs to be indirectly determined by comparing the resulting fit 

of other summary statistics such as the HS(r) and D(r) (Wiegand and Moloney, 2013). 

 

 Double-cluster-random superposition: If the generalized double-cluster process with 

two nested scales of clustering did not fit well the HS(r) and D(r), we used a point 

process composed by a Thomas process with two critical scales of clustering and an 

independent superposition of a random pattern (equation 4). The pair correlation 

function of this point process yields: 

 

g(𝑟, σ, ρ) = 1 +
𝑝𝐶

2

ρ𝑆

exp  (−𝑟2/4σ𝑆
2)

4𝜋σ2
+

𝑝𝐶
2

ρ𝐿

exp (−𝑟2/4(σ𝑆
2 + σ𝐿

2))

4𝜋(σ𝑆
2 + σ𝐿

2)
 

(4) 

where pC is the proportion of plants belonging to the double-cluster component 

process. Thus, the pair correlation function of the superposition is identical to that of 

the double-cluster process (2), but a superposition process will have more ‘isolated’ 

points, which will affect both the HS(r) and D(r). Therefore, the spherical contact 

distribution HS(r) and the nearest neighbor distribution function D(r) were used to 
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determine the proportion of random points pC. This was carried out by simulating 

the point process with several values of pC (around 10% of total points of the 

pattern) and selecting the value that produced the best fit in HS(r) and D(r). 

 

 Analysis of C. humilis-woody plant associations 

To quantify spatial interspecific associations (i.e. positive, negative, or neutral) between C. 

humilis (i.e. nurse plant) and woody plant species (i.e. associated plants) within each study 

plot, we used the bivariate pair correlation function g12(r) where C. humilis represents the 

spatial pattern 1 and the woody plant species represent the spatial pattern 2. We examined 

the simplest null model where the spatial distribution of the pattern 2 is fitted by Thomas 

cluster process (see above). Specifically, we analyzed the individuals of C. humilis as a fixed 

spatial pattern, and the individuals of each woody plant as a random pattern which moving 

according to the simplest null model. If the bivariate pair correlation function g12(r) yields 

departures above upper limit of the simulation envelopes, C. humilis is positively associated 

to the woody plants whereas if the g12(r) yields departures below the lower limit of the 

simulation envelopes, C. humilis is negatively associated the woody plants (i.e. spatial 

repulsion). To test these departures from the null model, we used simulation envelopes and 

the (GoF) test as described previously. 
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Figures 

 

 

Figure S4.1. Univariate cluster analysis at Matasgordas described the group of ‘other species’ (i.e. R. ulmifolius, 
Q. suber, M. communis and P. angustifolia; n = 87) by a double-clustered component pattern with a random 

component pattern, showing simultaneous good agreement for (a) the pair correlation function g(r), (b) the L-
function L(r), (c) the spherical contact distribution HS(r), and (d) the nearest neighbor distribution function 

D1(r). Bivariate analyses between the null model of ‘other species’ and the corresponding pattern of C. humilis 
individuals showing (e) the bivariate observed pair-correlation function g12(r). For each summary function is 

showed the observed function of the data (thick black line), the expected function of the null model (gray line), 
and the corresponding simulation envelopes (dashed black lines; the 5th lowest and highest values for each 

summary function created by 199 simulations of the null model). 
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Chapter 5 
 

Assessing the relative importance of nurse species on Mediterranean 

human-altered areas 
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This work led to publishing of one research article. Pedro J. Garrote led the article. The 

published reference of this chapter is the article, as follows: 

 

 Garrote, P.J., Castilla, A.R., Fedriani, J.M., 2021. Assessing the relative importance of 

nurse species on Mediterranean human-altered areas. Restoration Ecology, 29, 

e13042. 

https://doi.org/10.1111/rec.13402 
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Abstract 

 

One advantageous strategy for the restoration of human-altered landscapes is the use of 

ecologically ’important’ species such as nurse plants. We propose a field-based approach to 

measure the functional importance of nurse species (i.e. their relative facilitative effects on 

other plant species) and to identify which species will yield more efficient revegetation 

programs regarding their abundance. We identified 30 nurse-beneficiary spatial 

associations, with the functional importance varying largely among four nurse species and 

three human-altered areas. A Mediterranean endemic palm was the most important nurse 

species, thus showing its potential key role in revegetation programs by promoting spatial 

associations with late-successional plant species. We encourage restorers to use nurse 

species with a disproportionate (regarding their relative abundance) impact on ecosystems 

to save additional resources. 

 

Keywords 

Beneficiary species; field-based approach; plant-plant association; nurse relative abundance; 

revegetation programs. 
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Implications for Practice 
 

 Estimating the relative strength of nurse effects (i.e. ‘functional importance’) in 

restoration programs is key to identify species with a disproportionate (regarding 

their abundance) positive impact on the abundance and distribution of other 

plant species. 

 We propose a straightforward approach to empirically estimate the expected 

occurrences of beneficiary individuals associated with nurse species (based on 

their relative abundance) and to compare them to the observed spatial 

associations. 

 We expect that our approach will promote the use of nurse species with higher 

impact of facilitative effects (regarding their abundance in the landscape) during 

the early-stages of revegetation programs and thus available resources will be 

used more efficiently. 
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Introduction 

 

The United Nations declared 2021-2030 as the “Decade on Ecosystem Restoration” (UN, 

2019) to accelerate the Bonn Challenge, and thus the restoration of 350 million hectares of 

degraded ecosystems. This initiative seeks to encourage greater economic investments in 

ecological restoration in future decades and to efficiently use this funding during restoration 

actions. In fact, the design of restoration actions entailing an effective use of economic 

investment at early-stages could be critical for the achievement of the target aims. For 

instance, several techniques have been developed to enhance revegetation programs, 

including the use of different spatial configurations of tree plantations (Rey-Benayas et al., 

2008) or the use of nurse plants (Cruz-Alonso et al., 2020).  

The functional importance of nurse plants (i.e. their facilitative effects on other plant 

species abundance and distribution) has been exhaustively studied in the literature (e.g. 

Soliveres and Maestre, 2014). In restoration ecology, the role of nurse plants facilitating 

ecosystem recovery in human-altered landscapes has been also extensively examined (e.g. 

Siles et al., 2010; Galindo et al., 2017). At early-stages of the decision-making, one strategy 

is to compare the facilitate effects of different nurse species regarding their abundance and 

then, to choose the species yielding the most efficient revegetation outcomes. In other 

words, we could a priory identify those species maximizing ecosystem restoration while 

minimizing revegetation efforts. Thus, the use of nurse species with a disproportionate 

impact regarding their relative abundance (Dee et al., 2019) may be critical by saving 

resources for other important tasks (e.g. monitoring; Lindenmayer, 2020) in the ecological 

restoration of human-altered landscapes. 

Here, we illustrate a field-based approach to compare the level of functional 

importance of nurse species and we propose its generalized use in the early-stages of 

revegetation programs. That is, we asked, how disproportionate regarding their relative 

abundance is the impact of different nurse species (i.e. their facilitative effects) on the 

abundance and distribution of other plant species; and which species are the most efficient 

for future revegetation programs. To this end, we examined whether the numbers of spatial 

associations between four nurse species and ten woody beneficiary species were 
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proportional to the relative abundance of each nurse species in three Mediterranean 

human-altered areas. Specifically, we expected species- and site-specific differences in the 

level of functional importance of nurse species as well as a greater functional importance of 

some species in sites at early-stages of the (re)colonization process (Garrote et al., 2019). 

 

Material and Methods 
 

 Study sites and nurse species. 

The study was conducted from September 2017 to March 2019 in three human-altered 

areas ('Matasgordas', 'Reserva' and 'Santa Rita'; 10-100 km apart) of southwestern Iberian 

Peninsula (Figure S5.1). Both Matasgordas and Reserva plots were set at the Doñana 

National Park in Spain. The Santa Rita plot was in the Algarve area in Portugal, at Ria 

Formosa Nature 2000. These study areas are dominated by pastureland and scattered 

patches of Mediterranean scrubland. Their original state (Dehesas with Mediterranean 

scrubland understory) was strongly altered, having a well-known intense human-

management history (Garrote et al., 2019). Briefly, Matasgordas was used for cow grazing 

and is being (re)colonized by woody native plants since 1996, Reserva was used for grazing 

and is being (re)colonized since 1964, and Santa Rita is being (re)colonized from the 90’s 

when intensive cultivations were abandoned. 

We focused on four nurse species: (i) Chamaerops humilis, a palm endemic to the 

Mediterranean basin; a pioneer in the (re)colonization of altered areas; (ii)  Genista hirsuta, 

a common shrub with long thorns and low palatability that colonizes Mediterranean 

scrubland after episodes of disturbance (e.g. fires); (iii)  Halimium halimifolium, a 

characteristic pioneer species that usually shows an understory with numerous branches 

from the basal trunk; and (iv)  Stauracanthus genistoides, a common shrub with numerous 

short thorns forming a compact understory. Previous experimental studies have reported 

facilitative effects by these nurse species (e.g. Lloret and Granzow-de la Cerda, 2013; Perea 

et al., 2016; Fedriani et al., 2019). However, because plant-plant interactions are often 
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context-dependent (Callaway, 2007), we do not rule out the possibility of neutral or even 

competitive plant-plant interactions. 

 

 Field sampling. 

To quantify the functional importance of each nurse species (i.e. the relative impact of their 

facilitative effects on other plant species), we developed a three-step approach based on 

exhaustive monitoring of plant abundance and distribution in the field. First, we sampled 

the beneficiary species. We counted all individuals of each beneficiary plant species within 

the plots (Asparagus spp., Cistus salvifolius, Daphne gnidium, Myrtus communis, Olea 

europaea var. sylvestris, Phillyrea angustifolia, Pistacia lentiscus, Pyrus bourgaeana, Quercus 

suber, and Rubus ulmifolius; Table S5.1). Second, we sampled the nurse species by 

estimating directly or indirectly (depending on the species) the relative abundance of each 

nurse species as (i) the percentage of the total number of individuals within the plots and (ii) 

the percentage of the total area occupied (see details in Supplement S5). We considered a 

nurse-beneficiary spatial association when the beneficiary species was located within 1 m 

radius from the nurse plant (i.e. observed occurrence; Supplement S5). We excluded adult 

trees and those individuals associated with two or more nurse species (Supplement S5). 

Finally, for each observed nurse-beneficiary pair, we estimated the expected occurrences by 

multiplying the total number of beneficiary individuals within the plots by the relative 

abundance of each nurse species (Table S5.1). 

 

 Statistical analysis. 

We tested overall differences between observed and expected occurrences of each nurse-

beneficiary pair by Chi-square analysis using the software SAS (SAS Institute, 2016). When 

the assumptions for using Chi-square analysis were not met (i.e. small expected occurrences 

in one or more cells), then we used the Fisher’s exact test (SAS Institute, 2016). We used 

Holm’s sequential Bonferroni procedure in both tests. Finally, we calculated a functional 
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importance index as the observed occurrences / expected occurrences of each nurse-

beneficiary pair. Index values greater than 1 indicate greater than the expected nurse 

effects. Index values lower than 1 indicate lower than the expected nurse effects. 

 

Results 

 

Observed occurrences of nurse-beneficiary pairs differed from the expected ones based on 

the percentage of the total number of nurse individuals (Table 5.1; Figure 5.1a). We found 

significant differences for 17 out of 27 nurse-beneficiary pairs in Matasgordas, nine out of 

19 in Reserva, and the two examined pairs in Santa Rita (Table S5.2; Figure 5.2a). 

Interestingly, these differences were not necessarily in the same direction. Specifically, for 

C. humilis the observed occurrences were on average 22.4 greater than expected (Figure 

5.2a; Figure S5.2). For G. hirsuta and H. halimifolium, however, the observed occurrences 

were on average only 0.5 and 0.3 times the expected ones, respectively (Figure 5.2a; Figure 

S5.2). For Stauracanthus genistoides the observed occurrences were only slightly larger than 

the expected ones (Figure 5.2a; Figure S5.2). 

By focusing on the percentage of total area occupied by each nurse species, we 

found similar trends with only minor deviations (Table 5.1; Figure 5.1b). We found 

significant differences for 18 out of 27 nurse-beneficiary pairs in Matasgordas, 10 out of 21 

in Reserva, as well as the two examined pairs in Santa Rita (Table S5.2; Figure 5.2b). The 

observed occurrences of beneficiary species statistically associated with C. humilis, S. 

genistoides, and G. hirsuta were always greater than expected (Figure 5.2b; Figure S5.3). 

However, whereas for C. humilis the observed occurrences were on average 21.3 times 

higher than expected, for S. genistoides and G. hirsuta the deviations were less marked (5.7 

and 1.8 times, respectively; Figure 5.2b, Figure S5.3). For H. halimifolium, we found 

significant differences between observed and expected occurrences in only three out of 17 

nurse-beneficiary pairs being up to four times higher than expected (Figure 5.2b; Figure 

S5.3). 
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Summarizing, C. humilis showed the highest functional importance as nurse species 

in all localities regardless of the abundance approach used. Stauracanthus genistoides also 

showed high importance (especially at Matasgordas) but only when using the percentage of 

area as abundance proxy. In contrast, H. halimifolium and G. hirsuta showed lower 

functional importance. 

 

Table 5.1. Functional importance index (in bold) calculated as the average ratio (observed over expected 
occurrences) of nurse-beneficiary pairs in each study area. Index values greater than 1 indicate greater than 
the expected nurse effects. Index values lower than 1 indicate lower than the expected nurse effects. 
Beneficiary species significantly associated with each nurse species are shown below functional importance 
indices. The observed and expected number of individuals is indicated inside the parentheses, respectively. 

 Matasgordas Reserva Santa Rita 

 % Individuals % Area % Individuals % Area % Individuals % Area 
       
Chamaerops 
humilis 

26.5 
Asparagus 

aphyllus 
(60/13) 

 
Cistus 

salvifolius 
(56/17) 

 
Daphne 
gnidium  
(21/1) 

 
Olea europaea 

sylvestris 
(10/1) 

 
Pistacia 

lentiscus (14/1) 
 

Pyrus 
bourgaeana 

(9/1) 
 

Quercus suber 
(5/0) 

 
Rubus 

ulmifolius 
(10/0) 

26.4 
A. aphyllus 

(60/19) 
 

C. salvifolius 
(56/15) 

 
D. gnidium 

(21/1) 
 

O. e. 
sylvestris 

(10/0) 
 

P. lentiscus 
(14/1) 

 
P. 

bourgaeana 
(9/1) 

 
Q. suber 

(5/0) 
 

R. ulmifolius 
(10/1) 

9.0 
A. aphyllus 

(69/10) 
 

O. e. 
sylvestris 

(20/2) 
 

R. ulmifolius 
(10/1) 

4.7 
A. aphyllus 

(69/17) 
 

O. e. sylvestris 
(20/4) 

 
R. ulmifolius 

(10/2) 

30 
Asparagus 

spp. 
(30/1) 

 

30 
Asparagus 

spp. 
(30/1) 
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Halimium 
halimifolium 

0.3 
D. gnidium 

(33/70) 
 

O. e. sylvestris 
(10/27) 

 
P. lentiscus 

(36/61) 
 

P. bourgaeana 
(2/38) 

 
Q. suber  

(0/9) 
 

R. ulmifolius 
(7/23) 

 

3.5 
D. gnidium 

(33/11) 
 

P. lentiscus 
(36/9) 

 

0.4 
A. aphyllus 

(66/135) 
 

O. e. 
sylvestris 
(56/141) 

 
Phillyrea 

angustifolia 
(4/15) 

 
Q. suber 
(2/10) 

 
R. ulmifolius 

(21/50) 

1.9 
A. aphyllus 

(66/34) 
 

- - 

Stauracanthus 
genistoides 

1.2 
A. aphyllus 
(110/156) 

 
C. salvifolius 

(156/195) 
 

P. bourgaeana 
(32/15) 

 
 

6.9 
A. aphyllus 
(110/39) 

 
C. salvifolius 

(156/31) 
 

D. gnidium 
(45/6) 

 
O. e. 

sylvestris 
(18/2) 

 
P. lentiscus 

(36/5) 
 

P. 
bourgaeana 

(32/3) 
 

Q. suber 
(8/1) 

 
R. ulmifolius 

(16/3) 

1.3 
O. e. 

sylvestris 
(314/246) 

 

4.1 
A. aphyllus 

(15/2) 
 

D. gnidium 
(18/6) 

 
O. e. sylvestris 

(314/74) 
 

P. angustifolia 
(35/10) 

 
Q. suber (22/6) 

 
R. ulmifolius 

(15/2) 
 

- - 

Genista 
hirsuta 

- - - - 0.5 
Asparagus 

spp. 
(27/56) 

1.8 
Asparagus 

spp. 
(27/15) 
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Figure 5.1. Comparison between observed and expected occurrences of nurse-beneficiary pairs based on  the 
percentage of the total number of nurse individuals (a), and  the percentage of total area occupied by each 
nurse species (b). The dashed line indicates equal observed and expected occurrences. Note the logarithmic 

scales of axes. 

 

 

Figure 5.2. Ratio between observed and expected occurrences of nurse-beneficiary pairs based on the 
percentage of the total number of nurse individuals (a), and the percentage of total area occupied by each 

nurse species (b). On x-axis, nurse species (Ch: Chamaerops humilis; Sg: Stauracanthus genistoides; Hh: 
Halimium halimifolium; Gh: Genista hirsuta) are in ascending order of relative abundance in Matasgordas 
(MG), Reserva (RV) and Santa Rita (SR). The dashed line indicates a ratio equal to 1. Solid circles represent 
statistically significant associations and open squares represent non-significant ones. Note the logarithmic 

scales of axes. 
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Discussion 

 

Nurse species showing high relative facilitative effects on the ecosystem can play a most 

crucial role in revegetation programs of Mediterranean human-altered areas (Gómez-

Aparicio et al., 2004; Padilla and Pugnaire, 2006). Our approach shows how to measure the 

functional importance of nurse species through their spatial associations with beneficiary 

species for an efficient use of available resources. Thus, while C. humilis showed the 

greatest functional importance as nurse species regardless of the abundance approach 

used, S. genistoides was highly important for the percentage of total area occupied at 

Matasgordas. Interestingly, the functional importance of C. humilis was particularly high at 

early-stages of the (re)colonization (i.e. when the abundance of beneficiary species is low). 

Indeed, we have encouraged restorers to plant late-successional species beneath C. humilis 

for triggering nucleation processes (Garrote et al., 2019).  

The approach used to quantify nurse plant abundance influenced our estimates of 

functional importance for G. hirsuta and H. halimifolium. Only G. hirsuta and a few of H. 

halimifolium-beneficiary pairs showed significant but weak effects based on the percentage 

of total area occupied; consequently, we must consider these results carefully. Taken 

together, our results suggest the potential in revegetation programs of some nurse species 

(C. humilis and, to lesser extent, S. genistoides) with consistently higher functional 

importance. Thus, the use of nurse species with a disproportionate impact (regarding their 

abundance in the landscape) on the ecosystem would allow saving available resources for 

additional tasks (e.g. monitoring; Lindenmayer, 2020). However, the selection of the 

abundance approach to measure functional importance levels could be critical. Given the 

species-specific differences between both abundance approaches, we recommend its 

combined use as we did for our study. 

The first advantage of our approach is that it is applicable under context-dependent 

scenarios (Callaway, 2007). For instance, Fedriani et al. (2019) found contrasting effects of 

shrubs on P. bourgaeana seedling survival and recruitment depending on habitat type (i.e. 

positive effects in shrub-dominated habitats vs. negative effects in dense pine plantation). 

Our approach would easily yield useful information about the functional importance of 



239 
 

nurse shrubs in different habitat types, which would allow formulating specific hypotheses 

for its validation by means of field experiments. In addition, our approach is also 

appropriate in relation to other ecological functions of plants such as their provision of 

essential trophic resources (e.g. leaves, nectar, fruits) to consumers. Thus, it can be 

determined whether consumers use plant resources provided by a given plant more, less, or 

as expected based on the plant relative abundance in the landscape. However, we must 

consider some limitations of our approach. First, we quantified nurse-beneficiary spatial 

associations rather than experimentally demonstrate facilitative interactions. Therefore, 

further experimental studies to confirm the mechanisms underlying such patterns are 

necessary (but see Lloret and Granzow-de la Cerda, 2013; Perea et al., 2016). Second, a 

large number of associations between one nurse and numerous beneficiary species must 

not imply that it would facilitate a particular target species of revegetation programs. 

Therefore, we must consider such specificity and suggest a generalized use of nurse species 

in revegetation programs provided that it is facilitating the beneficiary target species (e.g. 

Castro et al., 2004; Navarro-Cano et al., 2019). Finally, the quantification of spatial 

associations 1 m from the nurse edge may have overestimated the results. To avoid 

potential impacts on further studies, we recommend quantifying nurse-beneficiary spatial 

associations when there is physical contact or when beneficiaries are located up to 1 m from 

the base of the nurse (e.g. Joy and Young, 2002). 

 To conclude, we propose a field-based approach to estimate the functional 

importance of nurse species regarding their relative abundance on ecosystem as an 

additional tool for the current seeking of efficient restoration actions during early-stages of 

the decision-making (Aronson et al., 2020). 
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Field sampling (additional details) 

During the first step of the approach (i.e. the sampling of beneficiary species) we counted all 

individuals present in the study plots by exhaustive, regular and controlled monitoring:  

 Matasgordas: 1,041 individuals of nine beneficiary species (Asparagus 

aphyllus, n = 342; Cistus salvifolius, n = 269; Daphne gnidium, n = 127; Myrtus 

communis, n = 11; Olea europaea var. sylvestris, n = 48; Pistacia lentiscus, n = 

112; Pyrus bourgaeana, n = 58; Quercus suber, n = 17; and Rubus ulmifolius, n 

= 57). The 17.9, 8.9, and 40.8% of the beneficiary individuals were found 

within 1 m radius from Chamaerops humilis, Halimium halimifolium, and 

Stauracanthus. genistoides, respectively. 

 Reserva: 1,604 individuals of eight beneficiary species (A. aphyllus, n = 866; D. 

gnidium, n = 31; O. europaea var. sylvestris, n = 404; Phillyrea angustifolia, n = 

56; P. lentiscus, n = 5; P. bourgaeana, n = 5; Q. suber, n = 35; and R. ulmifolius, 

n = 202). The 6.42, 9.73, and 32.11% of the beneficiary individuals was 

present within 1 m radius from C. humilis, H. halimifolium, and S. genistoides, 

respectively. 

 Santa Rita: 74 individuals of the only beneficiary species in the (Asparagus 

spp.), being present the 40.5 and the 36.5% of times within 1 m radius from 

C. humilis and Genista hirsuta, respectively. 

Furthermore, given the high density of individuals of A. aphyllus and C. salvifolius at 

Matasgordas and Reserva plots, we focused our analyses within subplots of 2.72 ha and 

7.49 ha for these two beneficiary species (Figure S5.1). We excluded several large 

individuals of the tree species Q. suber (45.3%, N = 95) and O. europaea var. sylvestris 

(43.0%, N = 775) due to the uncertainty to be classified as beneficiary species. For the sake 

of simplicity, we also excluded the few beneficiary individuals spatially associated to two or 

more nurse species (only 22 and 36 out of 795 and 740 spatial associations in Reserva and 

Matasgordas). 

At second step of the field protocol (i.e. the sampling of nurse species), we estimated 

directly or indirectly their relative abundances depending on the species. For Chamaerops 
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humilis, we counted all individuals in the plots and recorded the total area occupied in the 

plot assimilating its canopy to an ellipse (Table S5.1). Given the high density of individuals of 

Halimium halimifolium, Stauracanthus genistoides, and Genista hirsuta, we estimated their 

abundance metrics using data from linear transects (Table S5.1). Specifically, we conducted 

10 × 2 m transects (Matasgordas, n = 28; Reserva, n = 21; Santa Rita, n = 14) stratified by 

habitat types (i.e. pastureland, H. halimifolium patch, S. genistoides patch, G. hirsuta patch, 

mixed patch; Figure S5.1). In each transect, we counted the number of individuals of each 

nurse species. Then, we calculated the average number of individuals and its relative 

proportion within each habitat type. Finally, we calculated the area of each patch with QGIS 

software and estimated (i) the percentage of the total number of individuals within the plots 

and (ii) the percentage of the total area occupied by each nurse species. To discern among 

mixed patches of different nurse species (H. halimifolium and S. genistoides) we combined 

field information with high resolution aerial images from Google Earth. 
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Table S5.1. Descriptive information about beneficiary-nurse pairs at the three study plots. The percentage of the total number of individuals of nurse species and the percentage of total area 
occupied by each nurse species are detailed. The total, observed and expected number of occurrences for each beneficiary-nurse pairs is also shown. 

Matasgordas (64.5 ha) Reserva (21.4 ha) Santa Rita (4.1 ha) 

Nurse species Nurse species Nurse species 

 % Individuals % Area   % Individuals % Area   % Individuals % Area 

Chamaerops humilis 0.01 0.96  Chamaerops humilis 0.01 1.05  
Chamaerops 
humilis 0.02 1.53 

Halimium halimifolium 0.71 8.42  Halimium halimifolium 0.36 11.72  Genista hirsuta 0.98 20.83 

Stauracanthus 
genistoides 0.28 4.76  

Stauracanthus 
genistoides 0.63 18.25     

           

Beneficiary species Beneficiary species Beneficiary species 

 Observed and Expected a,b occurrences Observed and Expected occurrences Observed and Expected occurrences 

 C. humilis H. halimifolium S. genistoides  C. humilis H. halimifolium S. genistoides  C. humilis G. hirsuta 

Daphne gnidium 21/1a/1b 33/70/11 45/27/6 Daphne gnidium 0/0/0 7/9/4 18/16/6 Asparagus spp. 30/1/1 27/56/15 

Myrtus communis 1/0/0 3/6/1 4/2/1 Phillyrea angustifolia 1/0/1 4/15/7 35/25/10    

Olea europaea var. 
sylvestris 

10/1/0 10/27/4 18/11/2 Pistacia lentiscus 0/0/0 0/1/1 3/2/1    

Pistacia lentiscus 14/1/1 36/61/9 36/24/5 Pyrus bourgaeana 0/0/0 0/0/1 1/1/1    

Quercus suber 5/0/0 0/9/1 8/4/1 Rubus ulmifolius 10/1/2 21/50/24 107/87/37    

Rubus ulmifolius 10/0/1 7/23/5 16/9/3 
Olea europaea var. 
sylvestris 

20/2/4 56/141/47 314/246/74    

Pyrus bourgaeana 9/1/1 2/38/5 32/15/3 Quercus suber 3/0/0 2/10/4 22/17/6    

Asparagus aphyllus 60/13/19 1/1/4 110/156/39 Asparagus aphyllus 69/10/17 66/135/34 15/5/2    

Cistus salvifolius 56/17/15 1/2/3 156/195/31        

a Expected occurrences based on the percentage of the total nurse individuals. 

b Expected occurrences based on the percentage of the tot al area occupied by each nurse species. 
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Table S5.2. Main results from the Chi-square analysis corrected by Holm’s sequential Bonferroni to evaluate the differences between observed and expected occurrences of the nurse-
beneficiary pairs. We used two approaches based on the abundance of the nurse species: (i) the percentage of the total number of individuals and (ii) the percentage of the total area 
occupied. Superscript letters (a,b) indicate nurse species in each study site. 

 Chamaerops humilis  Halimium halimifolium 
  

Stauracanthus genistoidesa  
Genista hirsutab 

 % Individuals  % area  % Individuals  % area  % Individuals  % area 

  χ2 df P  χ2 df P  χ2 df P  χ2 df P  χ2 df P  χ2 df P 

Matasgordasa                        

Daphne gnidium 19.9 1 <.0001  19.9 1 <.0001  22.4 1 <.0001  13.3 1 0.0021  6.3 1 0.0733  37.3 1 <.0001 

Myrtus communis FET  0.5000  FET  0.5000  FET  0.4599  FET  0.2481  FET  0.2433  FET  0.1378 
Olea europaea var. 
sylvestris 8.3 1 0.0157  11.2 1 0.0042  12.7 1 0.0025  3.0 1 0.5791  2.4 1 0.1197  16.2 1 0.0002 

Pistacia lentiscus 12.1 1 0.0031  12.1 1 0.0031  11.4 1 0.0030  20.3 1 <.0001  3.3 1 0.0702  28.7 1 <.0001 

Quercus suber 5.9 1 0.0309  FET  0.0444  12.2 1 0.0028  FET  0.5000  2.1 1 0.1512  FET  0.0158 

Rubus ulmifolius 11 1 0.0047  8.2 1 0.0172  11.6 1 0.0033  0.4 1 0.5416  2.5 1 0.1131  10.7 1 0.0033 

Pyrus bourgaeana 7.0 1 0.0244  7.0 1 0.0244  49.5 1 <.0001  FET  0.1624  10.3 1 0.0091  34.4 1 <.0001 

Asparagus aphyllus 38.5 1 <.0001  24.1 1 <.0001  FET  0.5015  FET  0.1558  35.8 1 <.0001  43.3 1 <.0001 

Cistus salvifolius 25.1 1 <.0001  27.3 1 <.0001  FET  0.7500  FET  0.2500  24.6 1 <.0001  128.1 1 <.0001 
Reservaa                        

Daphne gnidium - - -  - - -  0.3 1 0.5616  1.0 1 0.3186  0.3 1 0.6098  9.8 1 0.0053 

Phillyrea angustifolia 1.0 1 0.3151  FET  0.5045  7.7 1 0.0225  0.9 1 0.3408  3.6 1 0.0581  23.2 1 <.0001 

Pistacia lentiscus - - -  - - -  FET  1.0000  FET  0.5000  FET  0.3968  FET  0.3934 

Pyrus bourgaeana - - -  - - -  - - -  FET  0.5000  - - -  FET  0.5556 

Rubus ulmifolius 7.6 1 0.0178  5.5 1 0.0381  14.4 1 0.0008  0.2 1 0.6352  4 1 0.2321  52.9 1 <.0001 
Olea europaea var. 
sylvestris 15.1 1 0.0004  11.0 1 0.0037  48.5 1 <.0001  0.9 1 0.3424  26.9 1 <.0001  285.6 1 <.0001 

Quercus suber FET  0.4784  FET  0.2392  6.4 1 0.0335  FET  0.2376  1.4 1 0.2289  15.2 1 0.0005 

Asparagus aphyllus 45.7 1 <.0001  33.1 1 <.0001  26.8 1 <.0001  10.9 1 0.0078  5.1 1 0.1470  10.0 1 0.0061 

Santa Ritab                        

Asparagus spp. 37.3 1 <.0001  34.3 1 <.0001  - - -  - - -  37.3 1 <.0001  4.8 1 0.0287 
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Figures 

 

 

Figure S5.1. Study areas: Santa Rita (4.1 ha) in southern Portugal (a); Matasgordas (64.5 ha) (b) and Reserva 
(24.1 ha) (c), both in southern Spain. Black points represent all individuals of beneficiary species counted with 
no exception. The relative abundance of nurse species was estimated directly for Chamaerops humilis (orange 
points), and indirectly for Halimium halimifolium (green areas), Stauracanthus genistoides (yellow areas), and 

Genista hirsuta (blue areas). Patches composed by a mixture of H. halimifolium and S. genistoides are shown as 
brown areas. Starting points of linear transects (10 x 2 m) for estimating relative abundances are marked as 

white points. Black dashed lines indicate representative subplots where we counted individuals of Asparagus 
aphyllus (Reserva and Matasgordas) and Cistus salvifolius (Matasgordas). 
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Figure S5.2. Observed (black) and expected (grey) occurrences of nurse-beneficiary pairs at the three study 
areas based on the percentage of the total number of individuals of the four nurse species. For each nurse-

beneficiary pair we tested the differences between the observed and expected occurrences using Chi-square 
analysis: ****, P < .0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, non-significant; 0, no occurrences. Note 

the scale of the y-axis. 

 

Figure S5.3. Observed (black) and expected (grey) occurrences of nurse-beneficiary pairs at the three study 
areas based on the percentage of the total area occupied by the four nurse species. For each nurse-beneficiary 

pair we tested the differences between the observed and expected occurrences using Chi-square analysis: 
****, P < .0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, non-significant. Note the scale of the y-axis. 
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SECTION IV – General Discussion 
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General Discussion 

 

The change in land-uses is one of the most important factors of human-driven ecosystem 

degradation (Tilman, 1999; Chazal and Rounsevell, 2009; Hasan et al., 2020). Many natural 

areas were strongly modified for their exploitation by intensive agriculture and ranching, 

being eventually abandoned due to multiple socio-economic causes (e.g. rural exodus; Rey-

Benayas et al., 2007; Cramer et al., 2008; Queiroz et al., 2014). Currently, there is a growing 

view by which the natural (re)colonization of abandoned farmlands is considered an 

opportunity but also a major challengue to recover the functioning of these degraded 

ecosystems as well as to increase their resilience against future human disturbances 

(Navarro and Pereira, 2015; Rey-Benayas and Bullock, 2015). This trend is especially relevant 

in the Mediterranean basin, where the area occupied by old-fields is markedly increasing 

during the last decades (FAO, 2021) and where reports of climate change consider it an 

alarming global warming hotspot (IPCC, 2018; Morán-Ordóñez et al., 2021). In this doctoral 

dissertation, I have focused on the comprehension of two central ecological stages (i.e. seed 

arrival and seedling recruitment and establishment) that, mediated by interspecific 

interactions, determine the regeneration of plant communities. Using a multidisciplinary 

framework applied to the system comprised of the Mediterranean dwarf palm (Chamaerops 

humilis) and their multiple interactions with frugivorous mammals and woody plant species, 

I have investigated the effects of interspecific interactions for the (re)colonization of old-

fields. Results of this dissertation support substantial potential of Mediterranean old-fields 

for the natural recovery of ecosystem functioning. Nevertheless, this dissertation also found 

that specific assisted restoration actions may boost this recovery. Therefore, these 

restoration measures can play a key role in coping with the rapid environmental change that 

Mediterranean ecosystems are facing.  

 

 The importance of spatial and genetic imprint of seed rains. 

To disentangle seed arrival patterns into old-fields is critical given that impoverished soil 

seed banks and limited seed dispersal can compromise their recovery (Cramer et al., 2008). 
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For example, it is well-known the central role of medium- and large-sized mammals as long-

distance seed dispersers of many fleshy-fruited plants (via endozoochory; Rosalino et al., 

2010; López-Bao et al., 2011; Rey et al., 2018; Pereira et al., 2019; Draper et al., 2022), 

especially in open human-altered areas relative to other biotic vectors (e.g. frugivorous 

birds; Escribano-Ávila et al., 2015). On this matter, the results of this doctoral dissertation 

showed considerable animal-mediated seed arrival into study sites. The intensive and 

continuous mammal-generated seed rain provided by mostly Eurasian badgers (Meles 

meles), and to a much lesser extent by red foxes (Vulpes vulpes) and wild boars (Sus scrofa), 

indicated that they were critical to restore Mediterranean old-fields (e.g. Fedriani et al., 

2010; Garrote et al., 2018; Selwyn et al., 2020). Noticeably, the pioneer Mediterranean 

dwarf palm (C. humilis) was the most often dispersed species regarding other species that 

are frequently consumed by mammals such as the Iberian pear tree (Pyrus bourgaeana) or 

blackberry (Rubus ulmifolius) (Chapter 1; Garrote et al., 2022). Therefore, the interaction 

between badgers and dwarf palms seems crucial to ensure seed arrival into old-fields and 

emphasizes the importance of plant-animal interactions for the natural regeneration of 

plant communities in human-altered ecosystems. 

 Usually, animal-generated seed rain establishes the initial template (of potential 

adult plants) on which multiple post-dispersal processes occur (Lara-Romero et al., 2016; 

Perea et al., 2021). In this regard, the fecal marking behavior of seed dispersers has 

important ecological implications that can critically determine the seed fate. In my study 

system, badgers recurrently defecated in latrines generating disproportionate clumps of 

buried seeds in few meters (Fedriani and Wiegand, 2014). Indeed, the fecal marking 

behavior of badgers undoubtedly impacted the spatial and genetic imprint of the dwarf 

palm seed rain (Chapters 1 and 2). First, badgers spatially aggregated seeds by recurrently 

defecating in latrines through dispersal seasons. I also found some context-dependent 

differences. Importantly, badgers facilitate either reinforcement of extant C. humilis patches 

or creation of new patches depending on the study site. Specifically, we found that badgers 

tend to disperse seeds close to conspecific adults in one site, whereas deposition patterns 

were opposite in the other one (Chapter 1; Garrote et al., 2022). The distance of dispersed 

seeds to conspecific adult plants can be determinant for seed and seedling survival since 

either negative (e.g. Janzen-Connell; sensu Connell, 1971; Janzen, 1971) or positive effects 
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(e.g. nurse facilitation; sensu Callaway, 2007) may occur as seeds are closer to adults. The 

results obtained in this doctoral dissertation suggested site-specific evidences of both 

Janzen-Connell and facilitative effects for C. humilis seedling establishment (Chapter 1; 

Garrote et al., 2022). Interestingly, there was a negative relationship between seedling 

survival and dispersal distance in Matasgordas while the opposite pattern in Reserva. 

 As mentioned above, the fecal marking behavior of seed dispersers has important 

ecological implications that can strongly impact the seed and seedling fate. On this matter, 

dispersers species defecating in latrines may yield disproportionate seeds clumps with 

important genetic implications such as potential fine-scale genetic spatial structure or 

genetic admixture over time and space (Vekemans and Hardy, 2004; Giombini et al., 2016). 

Here, the strong spatial aggregation of C. humilis seeds in latrines had a clear impact on the 

genetic makeup of seedlings derived from the fecal marking behavior of badgers. 

Interestingly, this genetic imprint varied according to contrasting spatial and temporal scales 

(Chapter 2; Garrote et al., under review). Badgers inflated the kinship among C. humilis 

seedlings within single dispersal bouts (i.e. feces), likely due to kin-structured seed dispersal 

(i.e. a group dispersal of related individuals; Torimaru et al., 2007). However, as spatial scale 

increases (e.g. latrines), badgers diluted this inflated kinship by recurrently depositing 

numerous seeds from multiple maternal/paternal sources over time and space (Chapter 2; 

Garrote et al., under review). These results suggested that badgers play a critical role in the 

genetic admixture of (re)colonizing plant populations stimulating and in avoiding the 

expected genetic bottlenecks during (re)colonization events. Indeed, results of this 

dissertation showed medium-high levels of genetic diversity and lack inbreeding in the 

offspring of C. humilis. In addition, genetic analyses about the temporal variation in the 

arrival of rare genotypes showed that badgers favored the late arrival of C. humilis rare 

seedlings (Chapter 2; Garrote et al., under review). Likely, the high mobility of this medium-

sized carnivore together with the fruit scarcity at the end of seed dispersal seasons might 

induce the mobilization of genotypes from other populations. Although it is being analyzed 

more deeply with field experiments especially focused on that, results of this doctoral 

dissertation indicated no seedling survival advantage of rarer genotypes (Chapter 2; Garrote 

et al., under review). Taken together, results of this work supported that badgers perform a 
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crucial role in the (re)colonization by shaping the genetic makeup of palm populations 

through the mobilization of rare genotypes and the gene flow among different populations. 

 Seed dispersal effectiveness of dispersers is defined as their contribution to plant 

recruitment in terms of ‘seed quantity’ and ‘seed quality’ (sensu Schupp et al., 2010). 

Usually, the seed dispersal effectiveness varies among disperser species which has 

important consequences for plant recruitment and establishment (e.g. González-Castro et 

al., 2015, McConkey et al., 2018). In this doctoral dissertation, the effective role of badgers 

as C. humilis seed dispersers, especially in terms of ‘seed quantity’ (sensu Schupp et al., 

2010), stood out regarding other frugivorous mammals such red foxes or wild boars. 

Therefore, these results supported that badgers provide a crucial ecosystem service for the 

natural regeneration of plant communities in Mediterranean old-fields. On the contrary, it 

was reinforced the call of previous studies emphasizing the low contribution of red foxes to 

plant dispersal in some areas of Doñana due to historical defaunation events (Fedriani et al., 

2020; but see Suárez-Esteban et al., 2013). Badgers and red foxes can disperse numerous 

fleshy-fruited plants (e.g. P. bourgaeana, R. ulmifolius, Corema album, etc.; Fedriani and 

Delibes, 2009) but having opposite effects for the seed dispersal service. While badgers 

provide an effective seed dispersal service, historical disturbances seem to lead a collapse in 

the seed dispersal service provided by red foxes (‘functional extinction’; McConkey and 

O’Farrill, 2016). 

 

 The net positive effects of an endemic pioneer palm on recruitment and 

establishment of a late-successional woody plant community. 

Once seeds have been dispersed into old-fields, many post-dispersal ecological processes 

influence the seedling fate. In particular, the specific micro-environmental characteristics of 

seed deposition sites are crucial for microhabitat-dependent recruitment (Schupp, 2007; 

García-Cervigón et al., 2018). In Mediterranean ecosystems, local environmental conditions 

experienced by seeds (i.e. ‘seedscape’; sensu Beckman and Rogers, 2013) can reach high 

temperatures and severe droughts during summer, constituting an overall bottleneck for 

the recruitment of many plant species (Pugnaire and Valladares, 2007; Gómez-Aparicio, 
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2008). Pioneer nurse shrubs provide suitable microsites for plant recruitment in old-fields 

because they exert facilitative effects on seedlings of late-successional woody species 

(Callaway, 2007; Brooker et al., 2008). However, nurse plants can be unfavorable for other 

early plant life stages (e.g. seed survival; Hulme and Kollmann, 2005). Therefore, there may 

be seed-seedling conflicts for the recruitment of late-successional woody species beneath 

nurse plants that can influence the composition of plant communities (Schupp, 1995). On 

this matter, I found strong seed-seedling conflicts beneath the dwarf palm (Chapter 3; 

Garrote et al., 2022). On the one hand, the results of this doctoral dissertation empirically 

demonstrated for the first time the nursing role of the dwarf palm using well-replicated field 

experiments. Specifically, I found greater seedling survival and establishment of several 

woody plant species beneath the dwarf palm compared to adjacent open spaces (Chapter 3; 

Garrote et al., 2022). On the other hand, I found that dwarf palm showed a strongly 

negative impact on the seed survival of some target woody plants regarding adjacent open 

spaces (Chapter 3; Garrote et al., 2022). The fate of seeds and seedlings under (o nearby) 

adult plants can be positive, negative, or neutral depending on whether facilitative effects, 

Janzen-Connell effects, or none of them dominate. In particular, I found these shifts 

between positive and negative effects often place the interactions along a facilitation-

competition continuum (Bronstein, 2001; 2015; Fedriani and Delibes, 2011) due to 

variations among woody species, sites, and plant life stages (Chapter 3; Garrote et al., 2022). 

Furthermore, the sign and strength of plant-plant interactions also varied strongly among 

individual palms within populations. Interestingly, such inter-individual variation markedly 

contributed to place the interaction outcome along the facilitation-competition continuum 

depending on the balance between positive and negative effects exerted by palms on 

woody plants (Chapter 3; Garrote et al., 2022). 

 The spatial distribution of individuals in plant communities often shows spatially 

aggregated patterns around shrubs and/or trees (Pausas et al., 2006; Wiegand and 

Moloney, 2013; Holl et al., 2020). This trend is especially significant during natural 

(re)colonization of altered landscapes because it can result from ecological processes such 

as the creation of ‘nucleation patches’ around pioneer nurse shrubs (sensu Yarranton and 

Morrison, 1974). Here, the results obtained using a spatially explicit approach showed 

numerous positive spatial associations between adult plants of the dwarf palm and late-
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successional woody species (Chapter 4; Garrote et al., 2019). For instance, native woody 

species such as Asparagus spp., Daphne gnidium, and Pistacia lentiscus were spatially 

associated with the dwarf palm at short distances suggesting the presence of net facilitative 

effects exerted by this endemic palm. Interestingly, these positive spatial associations at 

short distances were typical of bird-dispersed species suggesting a ‘perching’ role for the 

dwarf palm (Chapter 4; Garrote et al., 2019). Indeed, an ongoing study has demonstrated 

for the first time the disproportionate seed arrival of late-successional plant species to the 

dwarf palm microenvironment via frugivorous bird-mediated dispersal (González et al., 

under review). Likely, both nursing and perching effects mediated by the dwarf palm act in a 

synergistic way that increases the seed arrival of late-successional woody species to suitable 

microhabitats and later, facilitates the seedling recruitment and establishment (but see 

Vander Wall et al., 2005). This likely synergy promotes the creation of nucleation habitat 

patches around this endemic pioneer palm that have major importance for the regeneration 

of plant communities in Mediterranean old-fields as well as in other altered arid and semi-

arid ecosystems. Finally, I measured the functional importance of several nurse species 

(including C. humilis) using a quantitative field-based approach (Chapter 5; Garrote et al., 

2021). This approach was based explicitly on the ‘keystone’ concept: ‘a species whose 

impact on its community or ecosystem is large, and disproportionately large relative to its 

abundance’ (Power et al., 1996; p. 1). Therefore, it incorporated information on the relative 

abundance of nurse species in addition to their facilitative role. Interestingly, the results of 

this dissertation showed that the dwarf palm was the most important functional nurse 

species in all study sites in terms of positive spatial associations with late-successional 

woody species (i.e. net facilitative effects) (Chapter 5; Garrote et al., 2021). In other words, 

the dwarf palm was a keystone nurse species showing disproportionate facilitative effects 

regarding its relatively low abundance in the ecosystems.  

For all the above, this doctoral dissertation highlights the high importance of 

interspecific interactions (plant-animal and plant-plant) for the natural recovering of 

ecosystem functioning and services in severely altered areas. Besides, I strongly emphasize 

the prominent role of this keystone pioneer palm and its interactions with contrasting 

animal associates for the natural regeneration of plant communities, not only of 

Mediterranean old-fields but also of other altered landscapes where it is present (e.g. 
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burned areas). Importantly, since this endemic palm may be very useful for the recovery of 

many habitats due to its hardiness against severe disturbances (e.g. fire, herbivory), its 

populations in regions where it is threatened (e.g. France and Italy; Johnson, 1996; Giovino 

et al., 2014) must be protected, conserved and even included in specific restoration 

programs. 

 

 Implications for ecological restoration. 

The assessment of ecological interactions driving the seed arrival and seedling 

establishment and recruitment has helped to comprehend to a large extent the ongoing 

natural (re)colonization of Mediterranean old-fields in southwestern Iberian Peninsula. In 

particular, this doctoral dissertation suggests that the study system comprised of the 

Mediterranean dwarf palm and its multiple interactions with frugivorous mammals and late-

successional woody species present in these old-fields could eventually self-recover.  

Nevertheless, I posit the implementation of active restoration techniques to enhance the 

natural recovery of these ecosystems (e.g. exclusion of herbivores; artificial perches for 

frugivorous birds). A case-by-case specific and dynamic balance between the two extremes 

of ecological restoration (i.e. no human intervention or spontaneous restoration vs. radical 

assisted restoration) may be highly convenient to ensure the recovering success of most 

plant communities in these altered ecosystems. 

I propose below some recommendations in relation with implications for ecological 

restoration of altered ecosystems derived from the multidisciplinary ecological perspective 

applied in this doctoral dissertation: 

1. The field monitoring of animal-generated seed rain informs about potential 

for limited seed arrival and the relative importance of biotic seed dispersers. 

Therefore, an intensive and constant monitoring of seed rain in old-fields is 

highly advocated to assess the convenience for supplemental restoration 

techniques such as ‘seeding’ and ‘planting’ to reinforce increasing seed 

arrival. 
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2. An adequate genetic provenance of seeds, saplings, and adult plants used in 

restoration is indispensable for avoiding detrimental effects on plant 

regeneration through processes of genetic impoverishment (e.g. inbreeding 

depression). Therefore, genetic monitoring of naturally-generated seed rains 

may be critical for the design of specific actions aimed at maximizing genetic 

diversity in recolonizing populations. The temporal and spatial limitation of 

human activity may be needed in some situations to reduce disturbances to 

high-mobile seed dispersers and thus, to increase the arrival of rare 

genotypes. 

3. The sum of constant monitoring of seed arrival and the execution of well-

replicated field experiments helps to detect positive and negative effects 

derived from spatial relationships among seed/seedlings and adult plants. 

Thus, it could favor and take advantage of positive processes for plant 

regeneration (e.g. facilitative effects) whereas it could avoid or minimize 

those negative ones (e.g. Janzen-Connell effects). To avoid negative effects 

such as seed predation by vertebrates, it could implement the use of 

herbivore exclosures. 

4. The inter-individual variation of plant-plant interactions may translate into 

the presence of a facilitation-competition continuum, with important 

consequences for the success of revegetation techniques aimed to plant 

regeneration. Therefore, to experimentally evaluate the inter-individual 

variation of plant-plant interactions as well to favor the use of individuals 

with traits associated to stronger beneficial effects may result crucial for 

ensuring the success of revegetation programs. 

5. The positive spatial associations at short scale between adults of nurse plants 

and late-successional woody species strongly suggest net facilitative effects. 

Besides, whether these late-successional woody species are often dispersed 

by frugivorous birds, nurse plants can be also acting as perching sites. It is 

very interesting for the regeneration of plant communities to promote the 

use of natural, even artificial, perches together with the facilitative effects 

exerted by nurse plants. 
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6. The assessment of functional importance of nurse plant species in the 

ecosystem is central for maximizing the use of available resources in 

restoration programs. Thus, to quantitatively identify keystone nurse species 

and to promote its use in ecological restoration may yield important savings 

in available resources. 

 

 General conclusions. 

1. This doctoral dissertation illustrates how interspecific interactions (plant-

animal and plant-plant) are central for the natural (re)colonization of altered 

areas and the recovering of ecosystem functioning and services. 

2. Eurasian badger (Meles meles) was the most effective seed disperser of the 

Mediterranean dwarf palm (Chamaerops humilis) in my study sites, 

compared with other frugivorous mammals such as red fox (Vulpes vulpes) 

and wild boar (Sus scrofa). The loss of the dispersal service provided by red 

foxes in Doñana was worriedly verified, matching previous studies' findings.  

3. The fecal marking behavior of badgers impacted the spatial distribution of 

dwarf palm seed rain. Badgers spatially aggregated dwarf palm seeds by 

burying feces in latrines. Depending on the study site, they either aggregated 

latrines close to adult palms or formed latrines far away from adults creating 

new patches. 

4. Attending to the percentage of C. humilis seedling survival in terms of 

distance to mother plants, there were site-specific dominance of both 

Janzen-Connell and facilitative effects. 

5. Dwarf palm seedlings showed noticeable genetic diversity and low inbreeding 

rates suggesting thus, the strong resilience of this pioneer palm to expected 

bottlenecks that may occur during (re)colonization and genetic 

impoverishment due to human disturbances. 

6. Badgers impacted the spatiotemporal genetic makeup of dwarf palm seed 

rain through their fecal marking behavior. They inflated kinship among 

seedlings in a dispersal bout but diluted such fine-scale spatial genetic 
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structure beyond their neighborhood. They favored the later arrival of rarer 

C. humilis genotypes. 

7. The nursing role of the dwarf palm was experimentally demonstrated for the 

first time, which could be critical for future restoration actions. The sign of 

seedling survival and recruitment of late-successional woody species beneath 

the dwarf palm were overall positive but there were species-specific 

differences. Importantly, there were seed-seedling conflicts beneath the 

dwarf palm given that seed survival was strongly greater in adjacent open 

spaces than beneath the dwarf palm. 

8. The detected strong inter-individual variation in the dwarf palm-woody plant 

interactions suggests a facilitation-competition continuum, with some palms 

having positive effects on woody plants whereas other individuals having 

negative effects. In this regard, it could be very important characterize the 

traits and micro-conditions of the subset of individual palms showing strong 

positive effects on woody plant recruitment. 

9. Positive spatial associations at short scales between the dwarf palm and 

several woody plant species suggest the presence of net facilitative effects 

exerted by this endemic pioneer palm on woody plants. In addition, these 

woody plants were bird-dispersed plants suggesting the importance of the 

dwarf palm as a perching site for frugivorous birds, which could be crucial for 

future restoration programs. Both nursing and perching sites favor nucleation 

processes promoting plant community regeneration and increasing 

ecosystem connectivity. 

10. The functional importance of nurse plants was site- and species-specific, 

being the dwarf palm the most important nurse plant in the three study sites. 

Thus, this endemic pioneer palm plays a prominent keystone role in the 

natural (re)colonization of Mediterranean old-fields by boosting recruitment 

of numerous late-successional woody plant species. 
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During the last decades, many agricultural lands are being abandoned due to 

multiple socio-economic factors. Currently, there is a trend that sees the 

farmland abandonment not only as a decisive opportunity to restore the 

functioning of these human-altered ecosystems but also as a major 

challenge. To take advantage of this opportunity, it is central to understand 

the ecological processes that drive and limit the natural regeneration of plant 

communities in these old-fields.  

This doctoral dissertation addresses the understanding of two central stages 

that determine the natural (re)colonization of old-fields where interspecific 

interactions are central: seed arrival and seedling establishment. To this end, 

it was applied a multidisciplinary framework that combined intensive 

monitoring field work, molecular techniques and spatially-explicit modelling. 

 


