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Abstract 

Coastal zones host peculiar ecosystem and habitat types of high value for 

biodiversity, natural resources and other ecosystem services. They are among the 

most susceptible ecological systems to natural hazards, and their resilience is affected 

by human pressures and by their vulnerability to extreme environmental events. 

Coastal sand dunes are a particular type of coastal ecosystem that result from the 

interaction of aeolian, fluvial and marine processes, such as those related with wave 

and wind energies, sediment supply and granulometry, salt spray, ground water level, 

and vegetation cover. 

 

In coastal dune systems, disturbance, stress and biotic interactions are filters 

determining vegetation. Various abiotic factors affect plant survival in coastal dunes, 

such as sand burial, high temperatures, water deficiency, nitrogen availability, wind 

exposure, salt spray, and soil salinity, inducing mechanical damage, restrictions to 

biomass formation, and dryness of plant tissues. Grime’s CSR life strategy scheme 

postulates the grouping of plant species responding similarly to the environment, 

capturing fundamental evolutionary strategies for the analysis of functional diversity 

and community assembly. In a more specific approach, dune plant functional types 

reveal various extents of adaptation to the local environment, grouping species with 

common sets of traits and revealing a strong spatial patterning of functional groups 

along gradients of stress, disturbance and habitat heterogeneity. 

 

Along gradients of environmental severity, distinct levels of plant competition and 

facilitation have been reported and related to variations in biomass, species diversity 

and dominance. Recent studies have called for integration between predictions from 

functional ecology and from species coexistence theory in order to improve our 

understanding of community patterns and dynamics along severity gradients. In this 

context, here we aimed to evaluate the interactions between environmental severity, 

plant strategies and species coexistence as drivers of plant community assembly in 

dune vegetation, and to assess the influence of prevailing coastal dynamics on 

community structure along key regional and local environmental gradients. The 

ultimate goal was to provide scientific bases for adaptive management and monitoring 

of dune ecosystems. 
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With the aim of developing a model of community assembly and dynamics in 

coastal dune vegetation, we developed a detailed study of five dune habitat types 

organized in vegetation complexes from the beach landward. The research workflow 

focused on the nature and relative importance of functional filters, biotic interactions 

and environmental heterogeneity in shaping plant communities that colonize and 

stabilize coastal dunes. A set of sequential research questions were addressed based 

on the application of various statistical tools to a test dataset of dune vegetation 

collected along a regional climatic gradient and across a biogeographic transition in 

Northern Portugal. 

 

Plant diversity shows a humped-back pattern along the local gradient, with the 

highest values recorded at the middle of the gradient, in agreement with ecological 

theory. Along the local gradient there is a clear vegetation zonation, with spatial 

segregation of species, strategies and functional types typical of seaward habitats from 

those of landward habitats, mainly determined by environmental sorting of species with 

specific resource needs and ecological preferences. Segregation is the predominant 

pattern of co-occurrence within and between habitat types, suggesting an overall 

prevailing role of species sorting and competition over facilitation in the assembly and 

dynamics of dune plant communities. Species of functional Type III (the ones with 

strongest adaptations to the dune environment) and of strategies with an S-component 

(i.e. stress tolerance) prevail in the seaward, mobile dune habitats, confirming the 

adaptation and ability of those species to thrive under high environmental severity. A 

gradual landward replacement of strategies with an S-component by those with an R-

component occurs, highlighting the role of environmental stress and resource 

availability in locally sorting species and thereby structuring plant communities. Type III 

species were also gradually replaced by Type I and II species in a landward direction, 

confirming that the harsh conditions in the dune system are effective filters for species 

with no or moderate adaptations to the combined effect of stress factors and 

disturbances. 

 

In mobile dunes, plant diversity does not seem to suffer significant changes 

following a shift to transgressive coastal dynamics, suggesting that this component of 

community structure may not be an effective indicator of ecological change. Plant 

strategies and functional profiles exhibited distinct co-occurrence patterns for the two 

types of coastal dynamics, highlighting that interactions between abiotic filters, species 
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traits and biotic factors drive vegetation responses to shifts in coastal dynamics. The 

typical zonation of species, strategies and functional types in mobile dune communities 

was modified under transgressive coastal dynamics, providing support for new 

approaches to ecological assessment and monitoring focused on the functional profile 

of plant communities. No significant regional influence was observed in local scale 

plant responses but some interactions between local and regional processes were 

perceived for the whole set of dune habitats. Those interactions should be carefully 

disentangled before the actual application of our findings in coastal assessment and 

monitoring. 
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Resumo 

As zonas costeiras albergam ecossistemas e habitats particulares e com elevado 

valor para a conservação da biodiversidade, recursos naturais e outros serviços dos 

ecossistemas. Estes ecossistemas estão entre os mais susceptíveis aos eventos 

naturais, dado o impacte das pressões humanas na sua resiliência bem como a sua 

vulnerabilidade fenómenos ambientais extremos. Os sistemas dunares costeiros por 

sua vez resultam da interacção entre de vários processos eólicos, fluviais e marinhos, 

tais como a energia associada aos ventos e à ondulação, o aporte sedimentar e a 

granulometria, a salsugem, o nível de água no solo e a cobertura vegetal.  

 

Nos sistemas dunares costeiros, os factores de perturbação ou de stresse e as 

interacções bióticas actuam como filtros que determinam a composição da vegetação. 

Vários factores abióticos afectam a sobrevivência das plantas em dunas costeiras, tais 

como o soterramento pela areia, as altas temperaturas, a deficiência de água, a 

disponibilidade de azoto ou a exposição ao vento, à salsugem e salinidade do solo, 

conduzindo a danos mecânicos, restrições na formação de biomassa, e desidratação 

dos tecidos vegetais. O sistema de classificação funcional CSR proposto por Grime 

postula o agrupamento de espécies de plantas com respostas semelhantes ao 

ambiente e exibindo estratégias evolutivas fundamentais para a análise da diversidade 

funcional e dos padrões de organização das comunidades vegetais. Numa abordagem 

mais específica, os tipos funcionais de plantas propostos para estes ecossistemas 

revelam vários níveis de adaptação ao ambiente local, agrupando as espécies em 

conjuntos com características comuns, revelando uma acentuada padronização 

espacial dos grupos funcionais ao longo de gradientes de stresse, perturbação e 

heterogeneidade dos habitats. 

 

Ao longo dos gradientes ambientais dunares, foram identificados diferentes 

níveis de competição e de facilitação por parte das espécies vegetais e identificados 

por variações na biomassa, diversidade de espécies e dominância. Estudos recentes 

têm chamado a atenção para a integração entre os modelos preditivos de ecologia 

funcional e da teorias ecológicas relativas à coexistência das espécies pro forma a 

aumentar o conhecimento acerca dos padrões e da dinâmica de comunidades ao 

longo dos gradientes de severidade ambiental. Neste contexto, procedemos à 

avaliação das interacções entre as condições ambientais, as estratégias funcionais 
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das plantas e a coexistência das espécies como base para a organização das 

comunidade vegetais em dunas costeiras e avaliamos a influência da dinâmica 

costeira dominante na estruturação das comunidades ao longo de gradientes 

ambientais regionais e locais. O objectivo final desta investigação residiu no 

estabelecimento de bases científicas para a gestão e monitorização dos ecossistemas 

dunares sob uma perspectiva adaptativa. 

 

Tendo por objectivo o desenvolvimento de um modelo de organização e de 

dinâmica das comunidades vegetais dunares, foi efectuado um estudo detalhado em 

cinco tipos de habitats dunares dispostos em complexos de vegetação no sentido 

praia-duna. O trabalho de investigação concentrou-se na natureza e importância 

relativa dos filtros funcionais, interacções bióticas e heterogeneidade ambiental como 

factores centrais na formação de comunidades de plantas que colonizam e estabilizam 

as dunas costeiras. Foram avaliadas aplicação de várias questões de investigação 

sequenciais através da aplicação de ferramentas estatísticas a um conjunto de dados 

teste de vegetação dunar recolhidos ao longo de um gradiente climático regional e de 

uma transição biogeográfica no Norte de Portugal. 

 

A diversidade de plantas exibe um padrão do tipo “humped-back” ao longo do 

gradiente local, com os maiores valores registados na zona central desse mesmo 

gradiente, e de acordo com a teoria ecológica. Ao longo deste gradiente observa-se 

ainda um claro zoneamento da vegetação com a segregação espacial de espécies, 

estratégias e tipos funcionais típicas de habitats costeiros face aos elementos 

florísticos de habitats mais interiores. Este zonamento é determinado essencialmente 

pela seriação ambiental de espécies com necessidades específicas de recursos e 

preferências ecológicas. A segregação é o padrão predominante de co-ocorrência 

dentro e entre os diferentes tipos de habitats, sugerindo um papel global dominante da 

seriação de espécies e da competição sobre a facilitação na estruturação e dinâmica 

das comunidades das plantas dunares. As espécies pertencentes ao tipo funcional III 

(as mais adaptadas ao ambiente dunar) bem como as possuidoras de estratégias 

ecológicas com uma componente S (i.e. tolerantes ao stress) tendem a prevalecer nos 

habitats das dunas móveis, confirmando a adaptação e a capacidade dessas espécies 

para prosperar sob condições de elevada severidade ambiental. A sua substituição 

gradual por elementos com uma componente R em direcção aos ecossistemas 

terrestres confirma o papel do stresse ambiental e da disponibilidade de recursos na 
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seriação das espécies e na estruturação das comunidades vegetais. As espécies do 

tipo funcional III foram igualmente substituídas, de forma gradual, por espécies dos 

tipos I e II em direcção aos habitats mais interiores confirmando deste modo o papel 

da severidade ambiental costeira como filtro eficaz para as espécies com adaptações 

nulas ou moderadas ao efeito combinado de stresse e perturbação. 

 

Nos habitats das dunas móveis, a diversidade de plantas não parece sofrer 

alterações significativas na sequência de uma alteração para uma dinâmica costeira 

transgressiva, sugerindo que este componente da estrutura da comunidade pode não 

constituir um indicador efectivo das alterações ecológicas. Por seu turno, as 

estratégias e perfis funcionais das plantas dunares exibiram padrões de co-ocorrência 

distintos sob os dois tipos de dinâmica costeira, assinalando a importância das 

interacções entre os filtros abióticos, as características das próprias espécies e os 

factores bióticos na estruturação das respostas da vegetação às mudanças na 

dinâmica costeira. O zonamento típico das espécies, estratégias e tipos funcionais nas 

comunidades de dunas móveis foi modificado sob uma dinâmica costeira de carácter 

transgressivo, fornecendo uma base de investigação para novas abordagens nos 

domínios da avaliação e da monitorização ecológicas, focadas no perfil funcional 

destas comunidades vegetais. Não foi observada uma influência regional significativa 

na resposta das plantas à escala local. No entanto, a ocorrência de algumas 

interacções entre os processos locais e regionais para todo o conjunto de habitats 

dunares sugere que essas mesmas interacções deverão ser cuidadosamente 

estudadas antes da aplicação efectiva destesindicadores na avaliação e monitorização 

costeiras.  
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1.1. Functional ecology of coastal dune plants 

 

 

1.1.1. The coastal dune environment 

 

Coastal zones are interfaces between land and sea, hosting peculiar species, 

ecosystems and habitat types with high value for biodiversity conservation, natural 

resources and other ecosystem services (Martínez et al., 2006; UNEP, 2006; Liquete 

et al., 2013; IPCC, 2014). The coastal zone can be defined as «the geomorphological 

area either side of the seashore in which the interaction between the marine and land 

parts occurs in the form of complex ecological and resource systems made up of biotic 

and abiotic components coexisting and interacting with human communities and 

relevant socio-economic activities» (EC, 2009). Accordingly, the coastal zone is 

characterised by a high dynamism and rapid changes due to various factors, from 

substrate mobility, sea-water flooding and wind storms, to human settlement and sea 

level rise (Page & Thorp, 2010). 

 

Coastal dune ecosystems are «ubiquitous elements of the dune-beach system 

that exist along the shores of many water bodies in the world where waves and 

currents interact with available sediment and local vegetation to create combinations of 

form and habitat at the water-land interface» (Psuty, 2008). These ecosystems 

correspond to about 20% of the world coastline and provide significant social and 

economic benefits (e.g. protection against flooding, mineral resources, recreation; 

Carter et al., 1990; Zhang & Baas, 2012). Coastal sand dunes result from the 

interaction of aeolian, fluvial and marine processes, such as those related with wave 

and wind energies, sediment supply and granulometry, ground water level, and 

vegetation cover (Hesp, 2002; Barbosa & Domínguez, 2004; Arteaga et al., 2008). 

These are usually considered the main drivers of dune formation (da Silva et al., 2008; 

Houser et al., 2008; Masetti et al., 2008; Miller et al., 2009). Additionally, dune-beach 

interactions (Fig. 1.1) are crucial for dune development in coastal zones, namely due to 

aeolian sand transportation from the beach (Sherman & Hotta, 1990; Maun, 2009; 

Delgado-Fernández, 2011). Those interactions are further influenced by many factors, 

such as sediment availability, wind speed and direction, beach topography, moisture 
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content, salt spray, groundwater, as well as living and dead organic material (Brown & 

McLachlan, 2010; Anthony et al., 2009).  

Fig. 1.1 – Exchanges of materials in the dune-beach system. Sand, groundwater, salt (spray) and nutrients are 

exchanged across the beach-dune interface, shaping landward gradients and plant communities (source: McLachlan & 

Brown, 2010).  

 

 

The morphology and development of these coastal sand dunes depends on 

synergistic interactions between aeolian transportation and vegetation, expressed e.g. 

by the effect of vegetation as an obstacle to wind-blown sand transport (Hesp, 1989, 

1991; Zhang & Baas, 2012; Yan & Baas, 2015). Plants act as roughness agents, 

altering wind fields (Luna et al., 2011), and also as stabilisers, promoting favourable 

environmental conditions (Baas & Nield, 2010; Miller et al., 2010) while creating spatial 

patterning of disturbance, stress, and resource availability (Acosta et al., 2003; Biondi, 

2007; Miller et al., 2010; Feola et al., 2011; Prisco et al., 2012). 

 

In Portuguese coastal sand dune ecosystems, three major types of dune 

habitats may be distinguished regarding their typical geomorphology, vegetation, and 

position along the sea-inland gradient: embryonic foredunes, foredunes (also primary 

or white dunes), and interior (secondary or grey) dunes, with the first two comprising 

the mobile dunes (Fig. 1.2; Lomba et al., 2008). Embryonic foredunes are the seaward-

most dune habitats, linking to the upper beach zone and frequently in contact with the 

sea (Prisco et al., 2012).  Foredunes, located in an inland position from embryonic 

foredunes (Tsoar, 2000; Psuty, 2008; Ryu & Sherman, 2014) correspond to «shore-
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parallel dune ridges formed on the top of the backshore by aeolian sand deposition 

within vegetation» (Hesp, 2002). Interior dunes occupy the more interior positions, 

inland from foredunes, and are usually less affected by the sea and by dune-beach 

interactions (Psuty, 2008; Ciccarelli, 2014). These dunes are usually colonised by a 

mosaic of several vegetation types, from annual and perennial grasslands, to scrub 

and wet dune slacks, with these occurring landwards (Fig. 1.2). 

Fig. 1.2 – Typical habitat sequence in the active dune-beach system of Portuguese dunes:  mobile dunes include 

embryonic foredunes and foredune tops, while grey (interior or secondary) dunes usually include a mosaic of annual 

and perennial grasslands and scrub (landward), with dune slacks occurring at some locations (source: Lomba et al., 

2008). 

 

 

1.1.2. Stress, disturbance, and the coastal dune flora 

 

Ecological systems suffer different types and intensities of environmental stress 

as well as distinct intensities and frequencies of disturbance (He & Bertness, 2014; 

Yan & Baas, 2015). From a vegetation ecology perspective, environmental stress 

includes those processes that limit or reduce plant metabolism and biomass production 

(e.g. shortage of light, water, or nutrients), whereas disturbance (Rykiel, 1985; Borics 

et al., 2013) usually expresses on the partial or total direct destruction of plant biomass 

(e.g. through rapid desiccation, fire, stormy winds, extreme floods, or human actions; 

Grime, 1977, 2001; Dornelas, 2010). 

 

In coastal sand dunes, disturbance events (e.g. severe storms, extreme sand 

burial, trampling) and stress (e.g. water deficit, nutrient scarcity, salt spray) are filters 

determining dune vegetation (Álvarez-Molina et al., 2012; Brunbjerg et al., 2012a,b). 

Various abiotic factors affect plant performance in coastal dunes, e.g. sand burial, high 

temperatures, water deficiency, nitrogen availability, wind exposure, salt spray, and soil 
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salinity (e.g. Rozema et al., 1985; Hesp, 1991; Maun, 1997; Ripley, 2001; Ciccarelli et 

al., 2009). Sand burial and wind affect the spatial distribution of dune plants (Costa, 

1991, 2001; Maun, 2009; Feagin et al., 2015), inducing mechanical damage and 

dryness of plant tissues (Maun, 2009; Frosini et al., 2012; Alvarez-Molina et al., 2013). 

Interactions between sand burial and wind may also affect the availability of soil water, 

nutrients, salinity and air for dune plants (Costa, 1991; Zhibao et al., 2000; Liu et al., 

2013, 2014; Fig. 1.3). Due to the complexity of factors and interactions, a general 

model of plant responses to the combination of these abiotic factors has not been 

achieved yet (Forey et al., 2009, 2010; Balestri & Lardicci, 2013). 

                                                                                                        

 

Fig. 1.3 – Variations of the main abiotic factors along a sea-inland direction (left to right) in a dune system. In general, 

sand grain size, transport and pH decrease landward, whereas organic matter and nutrient availability increase in that 

same direction (source: McLachlan & Brown, 2010).  

 

 

Dune plants display specific adaptations in order to evade excessive radiation, 

to survive under water and nutrient stress, and to compete for scarce resources (Ripley, 

2001; Ievinsh, 2006; Spanò et al., 2013a,b; Fidalgo et al., 2014). Besides other specific 

adaptations, dune plants often exhibit: small leaves to decrease evapotranspiration 

rates; prostrate or cushion shaped habits to face strong winds; deep roots to enable 

fixation to a mobile substrate and to facilitate water uptake; internodes or rhizomes 

stimulated by sand deposition and mobility; succulent stems and leaves for water 
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reserve; CAM and C4 metabolisms as a water economy strategy; and/or root 

mycorrhizae to assist seedling development and colonization (Ciccarelli et al., 2009; 

Maun, 2009; Bérmudez & Retuerto, 2014; Li et al., 2015; Medina et al., 2015).  

 

Sand burial influences plant succession and development (Kent et al., 2001), by 

changing plant growth. Several dune plants show adaptions to burial through aeolian 

“cushion” growth forms, leaf sclerophylly for mechanical resistance (Costa, 1991; Hesp, 

1991), and/or reproductive traits/strategies such as clonality, larger seed mass 

protecting germination and seedling establishment, elongation of seedlings, and seed 

dormancy induced by burial or salt spray (Ren et al., 2002; Maun, 2009; Balestri & 

Lardicci 2013; Sanyal & Decocq 2015). These vary with burial incidence, depth, time of 

the year and life history (Maun, 1998; Frosini et al., 2012; Fig. 1.4). As an example, 

foredune tops are usually dominated by perennial tussock grasses due to their 

tolerance to wind (Kim & Yu, 2009; Vick & Young, 2011) and burial severity, e.g. 

Ammophila arenaria, that uses rhizome elongation to respond to burial (Hesp, 1991).  

 

Fig. 1.4 – Variations of soil abiotic factors within the environment (vertical axis) of a plant buried in sand (horizontal axis; 

source: Maun, 2009). 

 

 

Coastal dune soils exhibit low water retention capacity and rapid flow of nutrients, 

despite the high concentration of salt spray micronutrients (Maun, 2009; Joesting, 

2011; Gwenzi et al., 2012). Nutrient limitation constrains nitrogen economy (Gilbert et 

al., 2008; Kim et al., 2014), with nutrient availability influencing biomass formation and 

resource allocation trade-offs (Maun, 1998; Frosini et al., 2012; Balestri & Lardicci, 
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2013). Salt and water stress also influence dune plants, despite their adaptive 

responses (Bartels & Sunkar, 2005; Spanò et al., 2013a; Kim et al., 2014b). Water 

economy is vital and, besides the CAM and C4 photosynthetic pathway and 

succulence, other aspects may promote water use efficiency e.g. leaf rolling and leaf 

orientation (Ciccarelli et al., 2009; Maun, 2009; Perrone et al., 2015), protective 

hairiness against sunlight, tissues for wet air storage, and root modifications for water 

storage (Barbour et al., 1985; Ripley et al., 1999; Ripley & Pammenter, 2008; 

Bérmudez & Retuerto, 2014). Moreover, dune plants display biochemical mechanisms 

e.g. antioxidant neutralization of reactive oxygen (Spanò et al., 2013a; Fidalgo et al., 

2014). 

 

 

1.1.3. Adaptive strategies and functional groups in the dune flora 

 

According to Grime (2001), plant strategies may be defined as «groupings of 

similar or analogous genetic characteristics which recur widely among species or 

populations and cause them to exhibit similarities in ecology». Plant strategy schemes 

highlight the dissimilarities in ecological performance among plants and try to organize 

species in categories or along spectra according to their ecological features (Westoby, 

1998; Reich et al., 2003; Laughlin & Laughlin, 2013). Some of the more widely used 

general classifications of plants according to their responses to the environment are: 

(1) Grime’s (1974, 1977, 2001) CSR plant strategy scheme, based on three crucial 

factors for plant development (competition, stress, and disturbance); (2) the functional 

types of Garcia-Mora (García-Mora et al., 1999), also based on three major vegetation 

responses to environmental changes; (3) the life-form system of Raunkiaer (Raunkiaer, 

1934; Marini et al., 2012), recently expanded by Bunce et al., (2008, 2010, 2013) and 

applied by other works (e.g. Mücher et al., 2009; Metzger et al., 2013; Ortega et al., 

2013; Kosmidou et al., 2014; Lang et al., 2015); and (4) Westoby’s (1998) LHS scheme 

based on three key functional traits (specific leaf area, canopy height, and seed weight). 

 

According to Grime (2001), plant evolution may be tied to the expression of three 

primary strategies (Fig. 1.5), which define the CSR system. Each one of those 

strategies can be recognized through several plant traits comprising morphological 

features, allocation of resources, and responses to stress and disturbance conditions 

(Grime, 1977; Fig. 1.5). Grime’s CSR system has contributed to the integration of 
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evolutionary constrains with plant/environment interactions, and to the understanding 

of important characteristics of species, communities, and ecological processes (Wilson 

& Lee, 2000; Schmidtlein et al., 2012). According to the relationship between 

productivity and stress/disturbance, it is possible to define three extreme strategies: (1) 

Competitors (C), able to exploit conditions of low stress and low disturbance; (2) 

Stress-tolerators (S), associated to conditions of high stress and low disturbance; and 

(3) Ruderals (R), related to conditions of low stress and high disturbance (Grime, 1977, 

2001). Although habitats exploited by each of the main CSR strategies represent 

extreme combinations of environmental conditions, under moderate conditions and 

combinations of environmental stress and disturbance, secondary intermediate 

strategies tend to dominate (Grime, 2001). 

Fig. 1.5 – Central aspects of the CSR plant strategies theory: (a) Grime’s CSR triangle (adapted from Mulder et al., 

2013); (b) dominance gradient regarding stress (towards right) and disturbance (towards left) responses (adapted from 

Tarhouni et al., 2007); (c) Examples of morphologies for the main C, S and R strategies (adapted from Bornhofen et al., 

2011). 

 

 

Grime’s CSR life strategy scheme underlines the grouping of nuclear plant traits 

responding similarly to the environment (García Novo et al., 2008; Timmermann et al., 

2014), thus capturing fundamental evolutionary strategies as an important comparative 

(c) 

 

(b) (a) 
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approach for the analysis of functional diversity and community assembly (García Novo 

et al., 2008; Lewis et al., 2014a,b). Disturbance and stress, core processes in Grime’s 

theory, are known to play a major role in the assembly and dynamics of coastal plant 

communities, as described above. This is an important argument for the application of 

this functional scheme to explore community assembly and dynamics in coastal dune 

systems (Macedo et al., 2010; Ciccarelli, 2015).  

 

Plant functional types include species with common life strategies, usually 

sharing some assortment of functional traits (García Novo et al., 2008; Brooker, 2010). 

Those functional types are commonly employed to analyse community patterns (Dyer 

et al., 2001; Schellberg & Pontes, 2012). Dune species reveal various extents of 

adaptation to their local environment, hence enhancing the difficulty to establish a 

common set of traits to describe dune plant functional types (García Novo et al., 2008; 

Pintó et al., 2014). Still, as example, Feagin & Ben Wu (2007) found a strong 

patterning in the spatial distribution of functional groups along the dune elevation 

gradient. Moreover, local habitat heterogeneity, a foremost driver of diversity patterns, 

may also affect the distributional abundance of plant functional types in coastal dune 

systems (Stallins, 2003).  

 

Feagin & Ben Wu (2007) obtained three plant functional groups for coastal dune 

systems in Galveston Island (Texas, USA), which were named colonizers, soil binders 

and competitors. These functional types are adapted to segments of the environmental 

gradient: (1) colonizer plants occur in low sand elevations with scarce organic matter 

and moderate to high intensities of disturbance and stress; (2) soil-binders occur on 

moderate elevations in embryonic dunes with sediment transport buffered by organic 

matter; and (3) competitors occur on developed dune ridges whit high density of 

vegetation (Feagin & Ben Wu, 2007). Specifically for foredune habitats, Gallego-

Fernández & Martínez (2011) considered five plant functional types: species with 

strong tolerance to sand burial and salinity, more common along accreting dune 

systems; species with strong tolerance to sand burial and occurring in all conditions of 

coastal dynamics; and three groups encompassing those plants without specific 

adaptations and responses to sand burial and salinity. Page & Thorp (2010) 

considered three types of dune plants regarding sand instability and burial, based on 

previous work by Kirkpatrick & Harris (1999) for dune vegetation of Tasmania Island, 

Australia, and aimed primarily for supporting restoration processes: (1) primary species 
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(sand-biding grasses, succulent creepers), contributing to support unstable sand 

substrates through fast development; (2) secondary species (grasses, sedges, herbs, 

low shrubs) located close to the sea, but only copping with moderate sand burial; and 

(3) tertiary species (taller shrubs, trees), occurring inland of frontal dunes and 

developing especially at larger distances from the sea.  

 

In the Iberian Peninsula, García-Mora et al. (1999) proposed a classification 

with three functional types related to the extent of adaptation to the dune ecology, in 

order to describe vegetation responses to changes in dune dynamics and to the major 

environmental factors controlling community assembly. Based on data from foredune 

vegetation in the Gulf of Cadiz, southern Spain, those three functional types were 

described based on a set of functional traits and morphological characters of plant 

species (Fig. 1.6): Type I, corresponding mainly to winter annuals of moderate size, 

presenting soft leaves and no specific adaptations to the dune environment, usually 

related to more stable soils; Type II, comprising mostly perennial plants characterized 

by the presence of a “below-ground spreading root network” and other assumed 

adaptations to environmental stress; and Type III, consisting mainly of plants with 

some ability of dispersal by sea-water and capability to resist sand burial (García-Mora 

et al., 1999, 2000; Williams et al., 2001). Silva et al. (2004) studied disturbance and 

conservation of coastal dune systems based on the three functional types proposed by 

García-Mora et al. (1999), in Costa da Caparica, Southern Portugal, providing 

evidence of the importance of this classification for dune plant-environment interactions, 

and thus ecosystem state assessment. 
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1.2. Community ecology of coastal dune vegetation 

 

Dune plant community structure and dynamics also result from the interaction 

of species and individuals with environmental stress gradient and disturbance events 

(Reice, 1994; Ciccarelli et al., 2012; Cavieres et al., 2014; Amici et al., 2015). Those 

communities can be analysed based on distinct diversity components, namely species 

richness, evenness, and composition (Cavieres & Badano, 2010; Leps, 2013). Patterns 

of plant diversity in the dune environment relate with dune topography (Honrado et al., 

2010) and to environmental gradients acting at several spatial scales (regional or local) 

(Forey et al., 2008; Fidalgo et al., 2014; Chozas et al., 2015). These gradients 

influence the responses of individual plants to environmental conditions, and affect 

species co-occurrence as well as community assembly and dynamics (Fidalgo et al., 

2014; Laliberté et al., 2014; Vaz et al., 2015). 

 

Fig. 1.6 - Foredune characterization through the relative cover of the three functional types. Overall, coastal erosion 

induces dominance of Type II plants, whereas Type III plants are dominant under meta-stable conditions (source: 

García-Mora et al., 1999). 
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1.2.1. Biotic interactions and species coexistence 

 

According to Götzenberger et al. (2012), assembly rules are «any constraint on 

species coexistence». Wilson & Sykes (1999) emphasises that these should be 

«restrictions on the observed patterns», focusing on empirical data rather than on the 

processes themselves. Modern theoretical formulations emphasize that community 

assembly may be shaped through filters of species dispersal, abiotic environment, and 

biotic interactions (Tilman, 1988; Callaway, 2007; Ulrich & Gotelli, 2010; Stokes & 

Archer, 2010; Luzuriaga et al., 2012). 

 

Biotic interactions among plants are essential to understand community 

patterns and to predict their dynamics (Michalet et al., 2006; Brooker et al., 2008; Mod 

et al., 2014). Their role as a community driver is complex and varies along gradients of 

environmental severity (Bonsall et al., 2003; Jeffers et al., 2011). Plant interactions can 

be: positive (e.g. facilitation), extending species beyond their expected geographical 

range; negative (e.g. competition), excluding species from adequate habitats and 

reducing their distribution; or neutral, with no significant effects on distribution for both 

species (Damgaard, 2005; Callaway, 2007; Lortie & Turkington, 2008; Armas et al., 

2009; Schöb et al., 2013a,b). 

 

Facilitation corresponds to a positive effect of one species (the benefactor) on 

associated neighbour plants (the beneficiaries), promoting plant development and 

dispersal (Schöb et al., 2013b). According to the “stress-gradient hypothesis” (SGH; 

Bertness & Callaway 1994), facilitative interactions are expected to prevail under 

extreme levels of environmental severity, leading to the aggregation of species or 

species groups. According to the “Intermediate-Disturbance Hypothesis” (IDH; Wilson 

& Sykes, 1999; Roxburgh et al., 2004), from intermediate to high levels of 

environmental stress and/or disturbance, facilitation may adjust plant composition by 

compensating the effects of competitive exclusion (Bertness & Callaway 1994; 

Michalet et al., 2006; Le Bagousse-Pinguet et al., 2014). This rationale is often used to 

explain species diversity maintenance and the high diversity rates at intermediate 

disturbance levels (Wilson & Sykes, 1999; Roxburgh et al., 2004).  
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Competition, on the other hand, corresponds to the ability of a given plant or 

species to decrease the performance and development of another plant or species, 

promoting their spatial segregation (Grime, 2001; Armas et al., 2009). According to the 

SGH, competitive interactions are expected to prevail under low levels of 

environmental severity (Bertness & Callaway, 1994; Brooker & Callaghan, 1998; 

Armas et al., 2009). Still, some studies have reported the prevalence of competition 

(along with species sorting) over facilitation in harsh environment of coastal dunes, in 

apparent deviation with the SGH assumptions (e.g. Maltez-Mouro et al., 2010; Vaz et 

al., 2015). The relation between competition and facilitation along gradients of 

environmental severity has been thoroughly studied over the last decade (e.g. Franks 

& Peterson, 2003; Michalet et al., 2006; Maltez-Mouro et al., 2010; see Brooker et al., 

2008, and Pugnaire, 2010, as reviews). In coastal sand dunes, distinct patterns of 

segregation or aggregation (co-occurrence patterns hereafter) have been reported 

(Damgaard, 2010; Santoro et al., 2012; Vaz et al., 2015). These patterns can be 

largely determined by, and also contribute to the distinct levels of plant diversity which 

characterise the variety of dune habitats (Acosta, 2009; Bérmudez, 2013). 

 

 

1.2.2. Plant community assembly along environmental gradients 

 

The assessment of the relative importance of competition and facilitation as 

drivers of community assembly have focused on testing predictions from the SGH 

(Bertness & Callaway, 1994; Pugnaire, 2010; Fig. 1.7) and the HBR (Grime, 1973). 

The SGH states that facilitation should prevail over competition under stressful 

conditions, with biotic interactions shifting from competition to facilitation along a 

gradient of increasing environmental severity (e.g. Bertness & Callaway, 1994; see 

Brooker et al., 2008 for a review; He & Bertness, 2014). Concurrently, the HBR 

suggests that facilitation should prevail from intermediate to high levels of 

environmental severity, promoting plant species diversity above otherwise expected 

values (Grime, 1973; Michalet et al., 2006; Brooker et al., 2008). 
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Fig. 1.7 - Theoretical diagram of the stress gradient hypothesis. The prevalence of facilitation under stressful conditions 

can be reverted under extreme environmental severity (adapted from Santoro et al., 2012). 

 

 

The SGH predicts an increase in positive interactions with increasing 

environmental stress and disturbance (Bertness & Callaway, 1994; He & Bertness, 

2014). However, recent studies have provided evidence of a collapse in facilitation 

under severe conditions due to a decrease in the benefactor role of nurse plants 

(Michalet et al., 2015a,b). Furthermore, other studies found evidence for the 

prevalence of competition even under high levels of environmental severity (e.g. 

Franks & Peterson, 2003; Maestre & Cortina, 2004; Armas & Pugnaire, 2009; Ariza & 

Tielborger, 2012; Vaz et al., 2015). Conversely, recent evidence suggests the absence 

of that facilitation collapse (Pugnaire et al., 2015), highlighting the need of more tests of 

possible exceptions to the SGH under extreme environmental conditions (He & 

Bertness, 2014). This variety of results has stimulated refinements to the original SGH, 

with some authors even suggesting that competition may prevail at both ends of 

environmental severity gradients, while facilitation is likely most important at 

intermediate severity levels (e.g. Maestre et al., 2009; Holmgren & Scheffer, 2010; 

Castanho et al., 2015). 
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In this context, recent progress in SGH research highlights the need to integrate 

functional ecology for understanding the disparity of co-occurrence patterns of 

community assembly along gradients of abiotic severity (e.g. Michalet et al., 2006; 

Callaway, 2007; Malkinson & Jeltsch, 2007; Brooker et al., 2008; Biswas & Wagner, 

2014). Abiotic factors can operate as environmental filters decreasing functional 

diversity (Cornwell et al., 2006; Grime, 2006; Mouillot et al., 2007; Bermudez, 2013). 

Those filters can additionally define how abiotic elements determine the co-

occurrence of functional groups in a given community (Tilman, 1982; HilleRisLambers 

et al., 2012). For instance, in coastal dunes, environmental filtering by the harsh 

environment is known to promote trait convergence (Bérmudez & Retuerto, 2013), with 

species co-occurrence patterns varying with spatial scale and with the focal abiotic 

stress gradient (Maltez-Mouro et al., 2010; Vaz et al., 2015). Additionally, the outcomes 

of biotic interactions may differ among functional groups, producing distinct effects on 

competitive or stress-tolerant plants (Liancourt et al., 2005; Maestre et al., 2009; Forey 

et al., 2010; Schöb et al., 2013a,b). 

 

The integration of functional ecology in the analysis of patterns of species co-

occurrence can be accomplished in the light of neutral or deterministic processes 

(Hubbell, 2001; Morlon et al., 2009; McGill, 2010; Murrell, 2010; Maire et al., 2012). 

While the neutral theory establishes that the existence of functional differences is not 

necessary to simulate observed patterns of diversity in natural conditions, the 

deterministic view considers that diversity patterns derive from deterministic processes 

such as habitat filtering or niche differentiation (MacArthur & Levins, 1967; Keddy, 

1992; Adler et al., 2010; Cornwell & Ackerly, 2010; Maire et al., 2012; Wang et al., 

2015). Habitat filtering drives spatial convergence of plant species with similar traits, 

while niche differentiation promotes trait divergence and species with different niches 

occurring in a non-overlapping space (e.g. Grime, 2006; Kraft et al., 2008; Schöb et al., 

2013a; Gross et al., 2013). Habitat filtering and niche differentiation processes are not 

reciprocally exclusive, as traits may co-vary across space and time, often in relation to 

resources and niche availability (Suding et al., 2008; Maire et al., 2009; Devictor et al., 

2010; Gross et al., 2013).  
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Area and spatial heterogeneity are also important when analysing community 

assembly patterns (Allouche et al., 2012; Stein et al., 2014). According to Seiferling et 

al. (2014), environmental heterogeneity is the «spatial or temporal variation of a given 

resource, structure, or biota in a given area». Besides biotic interactions, spatial 

variation of community assembly may be originated by environmental heterogeneity 

and niche-based species sorting (Foster et al., 2011). Environmental heterogeneity 

includes three main components (environmental conditions, space, and time), with the 

spatial component considered to be the most important in connection with 

environmental gradients and biotic factors (Pausas & Austin 2001; Hofer et al., 2008; 

Isermann, 2009). These components may promote species-environment sorting 

processes contributing to the heterogeneity of plant coexistence and turnover along 

gradients (Tilman & Pacala, 1993; Reynolds et al., 2007; Questad & Foster, 2008; 

Williams & Houseman, 2013). Species sorting has actually been highlighted as one of 

the main processes of community structure in coastal dune vegetation, with species 

filtering related with abiotic preferences along major environmental gradients 

(Brunbjerg et al., 2012a,b; Rajaniemi et al., 2012; Vaz et al., 2015).  
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1.3. Dune vegetation and changes in coastal dynamics 

 

 

1.3.1. Change and governance in coastal areas 

 

Coastal areas are among the most susceptible socio-ecological systems to 

natural hazards such as storms, erosion, flooding, landslides, rising salinity, and 

drought (EEA, 2013; Delgado-Fernández et al., 2013). The resilience of coastal 

ecosystems is affected by human pressures (namely pollution, urban development, 

resource overexploitation, and tourism), which further enhance their vulnerability to 

extreme environmental events (EEA, 2013; Lavalle et al., 2011a,b; Fernández et al., 

2013). Many coastal ecosystems have been managed unsustainably, suffering 

irreversible ecological changes, the anticipation of which is needed towards the 

implementation of sustainable governance processes (Craig & Ruhl, 2010).  

 

Additionally, coastal areas have been suffering an increase of frequency and 

severity of extreme environmental events, mainly attributed to sea level rise and 

changes in the frequency and intensity of storms (Gray et al., 2014). Continued sea 

level rise is due to impact coastal zones mainly through coastal erosion, increased 

coastal flooding and salinity intrusion, with implications for ecosystems, biodiversity 

and socio-economy (EEA, 2013; Lavalle et al., 2011a,b;  Delgado-Fernández et al., 

2013; Gray et al., 2014). Coastal erosion may be defined as «the encroachment of 

land by the sea after averaging over a period which is sufficiently long to eliminate the 

impacts of weather, storm events and local sediment dynamics» (Salman et al., 2004). 

The origin of each erosion phenomenon is diverse, and may emerge from the natural 

cyclic dynamics of the dune system or from several other factors, such as extreme 

storm and wind events, or sea level changes. Additionally, erosive processes can also 

be promoted by human factors, namely the development of infra-structures and 

resource exploitation (ANCORIM, 2012). 
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Coastal governance requires integrated actions for effective knowledge-based 

governance decisions, as well as for attaining robust and resilient systems (Clarke et 

al., 2013). Given the inherent complexity of coastal zone governance, Integrated 

Coastal Zone Management (ICZM) approaches are essential to accomplish coastal 

sustainability as well as to prevent and mitigate negative consequences (Lavalle et al., 

2011b; Clarke et al., 2013). Moreover, benefiting from the defensive role of coastal 

ecosystems is becoming gradually accepted by policy makers as an approach to 

develop coastal soft-defences based on integrated views involving coastal 

geomorphology, engineering and ecology (Hanley et al., 2014). Thus, current 

restoration methodologies often involve the plantation of native plant species, e.g. 

Ammophila arenaria, which is an active dune builder through the stabilizing action of its 

rhizomatous system (Maun, 2009; Hanley et al., 2014). 

 

 

1.3.2. Responses of dune vegetation to changes in coastal dynamics 

 

The responses of ecological communities to coastal pressures provide 

valuable indicators to evaluate the stability and resilience of these ecosystems 

(Honrado et al., 2010; Mori et al., 2014). In fact, ecosystem resilience is a promising 

concept to consider when dealing with the impact of environmental changes on the 

functioning and sustainability of ecosystems (Wang & Loreau, 2014). Resilience in 

coastal areas is strongly influenced by the distinct responses of vegetation to changes 

in the environment (Loreau & de Mazancourt, 2008, 2013; Hautier et al., 2014; Wang & 

Loreau, 2014). 

 

There is also strong evidence of a close connection between dune topography, 

plant community structure, and environmental conditions and gradients, thus 

highlighting dune vegetation as a potential source of indicators of prevailing coastal 

dynamics (García-Mora et al., 1999; Feagin & Ben Wu, 2007; Honrado et al., 2010). 

Recent research has revealed quantitative relations between topographic, geochemical 

and biological features of dune ecosystems, contributing with deeper insights on the 

determinants of spatial and temporal patterns of dune vegetation (Honrado et al., 2010; 

Macedo et al., 2010; Fidalgo et al., 2014). Likewise, variations in coastal dynamics, 

particularly a shift from meta-stable to transgressive prevailing dynamics, is known to 

induce modifications in dune morphology (Henriques, 2007), as well as in plant 
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community structure and functional profiles (Honrado et al., 2010; Macedo et al., 2010), 

and even in the physiology of dune communities (Fidalgo et al., 2014). Understanding 

the dynamics of dune systems and its relation with plant species and communities thus 

provides an important basis for the adaptive conservation and management of coastal 

dune habitats (Barrett-Mold & Burningham, 2010). 
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1.4. Research objectives, workflow, and thesis structure 

 

Important insights on the roles of plant species and their traits on ecosystem 

functions and properties have been achieved by modern ecological research (Kazakou 

et al., 2006). The investigation of functional changes and declining species richness as 

global drivers of alterations in ecosystem functioning has received a considerable 

attention (Loreau et al., 2001). In coastal areas this is particularly important regarding 

the provision of ecosystem services and the mitigation of natural hazards (Lozoya et al., 

2011). 

 

An important research avenue has been the one related with the interpretation of 

floristic changes through their consequences for the representation of traits in plant 

communities, identifying functional shifts in plant communities and thereby 

discriminating the effects of distinct environmental and ecological drivers (Grime, 2001). 

Specifically, plant communities in coastal dunes are harshly impacted by conditions of 

high stress (e.g., salinity, drought, and nutrient limitation) and frequent disturbance 

(e.g., sand burial, wind abrasion), with various and often synergistic effects (Forey et 

al., 2008). Moreover, feedbacks between disturbance and stress gradient zonation 

constitute a distinct feature of coastal dune systems (Stallins & Parker, 2003), 

determining the patterns of species diversity and co-occurrence (Maltez-Mouro et al., 

2010). 

 

The research developed for this thesis was outlined under a general research 

question: Can community ecological theory and its related analytical tools provide 

detailed insights on the responses of coastal dune ecosystems (and particularly of their 

plant communities) to environmental changes? Specifically, we aimed to evaluate the 

role of plant life strategies and functional types in shaping community structure of dune 

vegetation as well as in defining the responses of plant communities to a shift in 

prevailing coastal dynamics. We assessed the influence of key environmental 

gradients and of coastal dynamics on plant community structure and plant species 

diversity. The study was conducted in the Northern Portuguese coastline, at the 

transition between the Eurosiberian and the Mediterranean biogeographic regions of 

Europe. The final goal was to provide scientific bases for the adaptive management 

and monitoring of dune ecosystems under an ICZM framework. 
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This thesis reports the development and test of a framework to analyse 

community assembly and dynamics in coastal dune vegetation, based on the 

assessment of diversity and co-occurrence of plant species, life strategies and 

functional types along the main environmental gradients (regional and local). The 

following four questions were sequentially addressed: 

 

(1) What patterns of species diversity and co-occurrence can be observed in 

plant communities along the local dune gradient? 

 

(2) How are plant strategies and functional types distributed along the local 

dune gradient? 

 

(3) How are the observed patterns of species diversity and co-occurrence 

mediated by plant strategies and functional types?  

 

(4) Is this theoretical approach, based on co-occurrence patterns and functional 

profiles of species assemblages, useful to identify ecological changes 

induced by shifts in prevailing coastal dynamics? 

 

The research workflow encompassed the study of vegetation in five dune 

habitat types organised in vegetation complexes from the beach towards inland in 

Northern Portugal: embryonic foredunes, foredunes, interior (grey) dunes, dry 

grasslands, and low scrub (see section 2.2 for a detailed description of these habitat 

types in the study area). Specifically, this research focused on the nature and relative 

importance of functional filters, biotic interactions and environmental heterogeneity in 

shaping the plant communities that colonize coastal dunes. 

 

Sequentially, the research workflow involved: (1) assessing the patterns of 

diversity of plant species along regional and local environmental severity gradients; (2) 

analysing species co-occurrence patterns in all types of plant communities along the 

previous gradients; (3) characterising the dune flora of the study area from a functional 

perspective (plant strategies and functional types); (4) understanding the role of plant 

life strategies on the patterns of species co-occurrence in the focal plant communities; 

and finally (5) testing the ability of this theoretical approach, based on functional types 
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and strategies and on species interactions, to discriminate dune systems under 

contrasting coastal dynamics (i.e. meta-stability vs. transgression). 

 

The thesis follows a classical structure and is organised in four chapters. In the 

current Chapter 1, the theoretical foundations and the objectives of the research 

developed for the thesis were described. In Chapter 2, a detailed description of the 

study area, sites and focal habitat types is provided, followed by a description of the 

analytical methods. The main results of the research developed for the thesis are 

presented and briefly discussed in Chapter 3. Finally, in Chapter 4 an integrative 

discussion as well the main conclusions and some suggestions for the way forward are 

presented. 
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2. Methods 
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2.1. The study area 

 

The study was conducted along the coast of Northern Portugal, between 

Apúlia (Esposende), in the north to Cova Gala (Figueira da Foz), in the south, covering 

a shoreline distance of ca. 200 km (Fig. 2.1). The climate is Temperate, sub-

Mediterranean to rainy Mediterranean, with strong oceanic influences. From north to 

south, total rainfall drops from ca. 1500 mm year−1 to ca. 800 mm year−1, while mean 

annual temperature increase from ca. 14 °C to ca. 15 °C (Honrado et al., 2010). The 

study area includes the transition between two biogeographic regions: the Eurosiberian 

(generally coincident with the Temperate sub-Mediterranean climate, and 

corresponding to the northern half of the study area), and the Mediterranean, with 

summer aridity and moderate rainfall throughout the rest of the year (Costa et al., 1998, 

2000, 2009; Honrado et al., 2010; Fig. 2.1).  

 

Fig. 2.1 - Study area in the European (a) and Iberian (b) contexts. The map in (c) also exhibits the location of the study 

sites and the two biogeographic regions in the northern half of Portugal (Costa et al., 1998). 
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The coast of Northern Portugal is mesotidal (i.e. with mean spring tide ranging 

between 2 and 4 m; Bird, 2008), with an energetic wave regime and a dominant wave 

crest orientation from NW, thus generating a current from North to South (Granja et al., 

2011). Mostly due to urban and touristic development, the area has been under the 

effect of several engineering infrastructures (e.g. urban fronts, harbours, coastal 

defence structures). Coupled with the natural cyclic dynamics of dune ecosystems (e.g. 

mobility of sandy soils, sea-water flooding; Granja, 2002), impacts of sea level rise, and 

further human activity (e.g. leisure, fishery; Andrade et al., 2007; Fortunato et al., 2008), 

those structures have locally inverted the current and are recognised as disrupting the 

natural processes of coastal ecosystems (Carvalho et al., 2006; Granja et al., 2011). 

Therefore, two main types of beach-dune systems, related to local coastal dynamics, 

can be recognised along this coastline: (1) meta- stable, with balanced gains and 

losses in the sedimentary budget; and (2) transgressive, characterised by continuous 

sand removal and coastline regression (Veloso-Gomes et al., 2004; Carvalho et al., 

2006; Honrado et al., 2010).  

 

As a result of the biogeographic location of the study area, its coastal flora (see 

Appendix 1 for a list of recorded taxa and complete taxonomic combinations) is quite 

diverse and includes several endemic taxa, such as Jasione maritima var. sabularia 

and Coincya johnstonii (Costa et al., 2000; Neto et al., 2007; Lomba et al., 2008). The 

transition between the two biogeographic regions occurs around the “Ria de Aveiro” 

(Costa et al., 1998, 2009), with plants dispersing and historically migrating between 

those biogeographic areas (Izco, 1989, 1992; Costa et al., 2009). This transition is also 

signalled by the dominance of Atlantic syntaxa (i.e. vegetation types) northwards, and 

of Mediterranean syntaxa toward south (Costa et al., 1998, 2000, 2009; Lomba et al., 

2008; Neto et al., 2008). The study area includes several protected areas belonging to 

the National Network of Protected Areas (ICNF, 2012a) and/or to the European Natura 

2000 Network (ICNF, 2012b). 
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2.2. The focal dune habitat types 

 

 

2.2.1. The five habitat types along the local dune gradient 

 

Five habitat types along the local dune gradient were considered and surveyed 

in this research (Fig. 2.2). Throughout the thesis, and in a sequence from the beach 

landward, these five habitat types were named: embryonic foredunes (EF), foredunes 

(FD), interior dunes (ID), dry grasslands (DG), and low scrub (LS). Specific vegetation 

types, dominated by different sets of species, are related to these habitats along a 

complex gradient of environmental stress and disturbance, as described in the 

following sections. The phytosociological nomenclature in those descriptions generally 

follows Costa et al. (2012). 

Fig. 2.2 – The five habitat types surveyed in this research (adapted from Silva, 2006). 
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2.2.2. Embryonic foredunes 

 

Embryonic foredunes (EF) correspond to the first seaward dunes, colonized by 

pioneer plant species, including prostrate grasses (namely Elymus farctus ssp. boreali-

atlanticus in the study area) and succulent herbs with rhizomatous and stoloniferous 

development, responsible for sand fixing and foredune building (Brown & McLachlan, 

2010). Initial stages of dune ecological succession are environmentally unstable, and 

are reflected in vegetation zonation and in the presence of dune species with wide 

ecological amplitudes within dune systems (Gray, 1985). Embryonic foredunes are 

temporary habitats that are either transformed by the colonization of Ammophila 

arenaria or removed by storms; hence new sand supplies are essential for the 

existence of this pioneer community (JNCC, 2006). Also, there is an intense influence 

of water, salt and substrate, with inputs of organic matter from the sea, enabling the 

frequent occurrence of Cakile maritima and other halo nitrophilous species (Gracia 

Prieto et al., 2009). This close association to coastal dynamics justifies the use of 

embryonic foredunes as geo-indicators (Bush et al., 1999; Favennec, 2002; Lomba et 

al., 2008). 

 

In the study area, embryonic foredunes are primarily colonized by 

halopsammophilous plants well adapted to water, temperature and salt stress, with 

hemicryptophytes and therophytes as dominant life forms (Lomba et al., 2008; 

Honrado et al., 2010). The perennial rhizomatous grass Elymus farctus ssp. boreali-

atlanticus (syn. Elytrigia juncea ssp. boreoatlantica) is the most characteristic and 

abundant taxon, but some other specialized taxa also occur, such as Calystegia 

soldanella, Eryngium maritimum, Euphorbia paralias and Pancratium maritimum. 

Phytosociologically, the vegetation of embryonic foredunes throughout the study area 

is included in class Euphorbio paraliae-Ammophiletea arundinaceae, and in 

association Euphorbio paraliae-Elytrigietum boreoatlanticae (Costa et al., 2012).  

 

Embryonic foredunes and their associated plant communities in the study area 

(and in most of Europe) are listed in Annex I of the EU Habitats Directive (HD), under 

code 2110 (“Embryonic shifting dunes”). This habitat type does not host plant taxa of 

high conservation priority in our study area. Its current conservation status is variable 

(most often unfavourable), depending on local coastal dynamics and on touristic 

pressure (ICNF, 2012a,b; ALFA, 2004). 



FCUP 

A theoretical approach to a practical challenge – community ecology of dune vegetation and its 

relation with coastal dynamics  

59 

 

 

 

2.2.3. Foredunes 

 

Foredunes (FD) usually develop parallel to the coastline (Tsoar, 2000) and can 

be defined as «shore-parallel dune ridges formed on the top of the backshore by 

aeolian sand deposition within vegetation», varying from «relatively flat terraces to 

markedly convex ridges» (Hesp, 2002). These are important geomorphological 

structures in dune systems, forming the first dune string, and exhibiting sand accretion 

supported by vegetation, and are related to loosely structured soils and incipient 

organic matter accumulation (ALFA, 2004; Gracia Prieto et al., 2009). Foredune height 

is mainly determined by sand supply, and erosion processes have a disturbance effect 

on vegetation, leading to blowouts i.e. «wind-excavated gaps in the foredune ridges 

that channel sand transport landward» (Tsoar, 2000).   

 

In the study area, foredune communities are perennial grasslands developing on 

foredune crests and dominated by Ammophila arenaria. Other plant species are also 

present, e.g. Medicago marina, Otanthus maritimus, Eryngium maritimum, and 

Calystegia soldanella (Honrado et al., 2006; Neto et al., 2007; Lomba et al., 2008). As 

in embryonic foredunes, species-poor annual grasslands dominated by Silene littorea 

can also be found (Neto, 1993; Neto et al., 2007; Lomba et al., 2008). 

Phytosociologically, foredune communities are included in class Euphorbio paraliae-

Ammophiletea arundinaceae, and in associations Otantho maritimi-Ammophiletum 

arundinaceae and Loto cretici-Ammophiletum arundinaceae (Costa et al., 2012). 

 

Foredunes in the study area are included in the HD Annex I habitat 2120 

(“Shifting dunes along the shoreline with Ammophila arenaria (white dunes)”) and are 

also denominated primary dunes or white dunes due to the presence of open sandy 

spaces (ALFA, 2004). In general, their conservation status varies between 

unfavourable and medium, depending on important pressures such as hard coastal 

engineering structures and human trampling during summer (ALFA, 2004). Endemic 

taxa such as Coincya johnstonii and Viola kitaibeliana may occasionally occur in this 

habitat type (Neto, 1993; Neto et al., 2007; Lomba et al., 2008). 
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2.2.4. Interior dunes 

 

Interior dunes (ID), also called grey dunes or secondary dunes, are more stable 

and more protected from wind and salt spray than foredunes, displaying a succession 

of smooth crests and intra-dune corridors (ALFA, 2004; Vick & Young, 2011). These 

are more “mature” dunes with neutral to acidic soil characteristics, higher concentration 

of organic matter, and higher influence of biotic factors, nutrients and space on shaping 

plant communities (Bunce et al., 2010; Vick & Young, 2011).  

 

Generally, interior dunes host low shrub communities with high cover, as well 

as communities dominated by therophytes, which can be nitrophilous or semi-

nitrophilous (ALFA, 2004). Phytosociologically, its dominant vegetation belongs to 

class Euphorbio paraliae-Ammophiletea arundinaceae, and, in the study area, to 

associations Iberidetum procumbentis and Armerio welwitschii-Crucianelletum 

maritimae (Honrado et al., 2006; Costa et al., 2012). 

 

These dunes are including the priority HD Annex I habitat 2130* (“Fixed coastal 

dunes with herbaceous vegetation (grey dunes)”). Their conservation status ranges 

from unfavourable to medium, with human trampling, urban sprawl and invasion by 

alien plants as the main threats (ALFA, 2004). This habitat type hosts several endemic 

taxa, such as Armeria welwitschii, Coincya johnstonii, Jasione maritima var. sabularia, 

and Verbascum litigiosum (ALFA, 2004; Honrado et al., 2006; Lomba et al., 2008). 

 

 

2.2.5. Dry grasslands 

 

Dry grasslands (DG) are psammophilous and xerophytic open formations 

occurring landward in coastal interior dunes, developing on acidic and primarily water- 

and nutrient-limited sandy soils (Jentsch & Beyschlag, 2003; EC, 2013; Vaz et al., 

2015).  

 

Dry grasslands, often occurring in mosaic with other vegetation types in the 

landward areas of interior dunes, are dominated by the caespitose grass 

Corynephorus canescens (ALFA, 2004; Lomba et al., 2008) and exhibit a high 
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presence of annual plants, despite their generally low species richness (EC, 2013). 

Besides the dominant Corynephorus canescens, other common species are Herniaria 

maritima and Carex arenaria (ALFA, 2004). Concerning their phytosociology, these 

grasslands are included in class Tuberarietea guttatae, and in associations Herniario 

robustae-Corynephoretum maritimi (Costa et al., 2012) and Jasiono sabulariae-

Corynephoretum maritimi (Lomba et al., 2008).  

 

Dry grasslands are included in the HD Annex I habitat 2330 (“Inland dunes with 

open Corynephorus and Agrostis grasslands”) (EC, 2013) and often host the 

Portuguese endemic Jasione maritima var. sabularia (Lomba et al., 2008). In general, 

these grasslands show a favourable conservation status in the study area.  

 

 

2.2.6. Low scrub 

 

Low scrub (LS) formations occur in the most landward positions of the focal 

dune systems. These woody vegetation types usually colonize: (1) fixed decalcified 

dunes associated to oligotrophic soils with low water retention (ALFA, 2004), or (2) 

tertiary dunes or palaeodunes related to deep dry sandy soils (ALFA, 2004; Bunce et 

al., 2012).  

 

This habitat type corresponds to psammophilous scrub communities 

dominated in the study area by Stauracanthus genistoides, Corema album and/or Ulex 

europaeus ssp. latebracteatus (Espírito Santo et al., 2000). Other frequent species are 

Cistus salviifolius, Cistus psilosepalus, Carex arenaria and Corynephorus canescens 

(Rivas-Martínez et al., 2001, 2002a,b; ALFA, 2004; Neto et al., 2007; Lomba et al., 

2008). These formations are included in classes Calluno vulgaris-Ulicetea minoris 

(association Ulicetum latebracteato-minoris subas. cistetosum salviifolii; Honrado et al., 

2006) and Cisto-Lavanduletea (association Stauracantho genistoidis-Corematetum 

albi) (Costa et al., 2012).    

 

Low scrub is included in two HD Annex I habitat types: 2150* (“Atlantic 

decalcified fixed dunes (Calluno-Ulicetea)”) and 2260 (“Cisto-Lavanduletalia dune 

sclerophyllous scrubs”). Their conservation status in the study area is most often 

unfavourable or medium. 
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2.3. Vegetation data 

 

A pre-existing database was used for this work. The database consisted in seven 

sites surveyed along the north–south climatic and biogeographic gradient (see Fig. 

2.1). At each site, a sea-landward transect, i.e. perpendicular to the shoreline, was 

established, encompassing the whole sequence of habitat types along the dune 

system (Carboni et al. 2009; Maltez-Mouro et al. 2010a; Fig. 2.3). The relative position 

of sites and plots was assumed to suitably express: (1) a regional, climatic gradient 

(reflecting a gradual transition between the Temperate and Mediterranean climates, 

along with the biogeographical transition between the Eurosiberian and Mediterranean 

regions; see Fig. 2.1), with increasing temperature and decreasing precipitation from 

north to south (Lomba et al., 2008; Honrado et al., 2010; Maltez-Mouro et al., 2010a); 

and (2) a local, sea–inland gradient (Fig. 2.4), expressing a general decrease of 

abiotic stress (and disturbance), i.e. with decreasing levels of salt spray, sand burial 

and substrate mobility, as well as with increasing soil nutrients and organic matter 

content (Olff et al., 1993; Maun & Perumal, 1999; Forey et al., 2008; Maltez-Mouro et 

al., 2010a). 

Fig. 2.3 - Schematic representation of the sampling design for field surveys conducted at each site. Squares represent 

the vegetation plots surveyed along the local dune system.  

 

 

The seven sites were selected based on previous studies documenting the 

prevailing coastal dynamics (e.g. Granja & Carvalho, 1992; Granja, 1997; Henriques, 

2007; Honrado et al., 2010; Vaz et al., 2014), which was further confirmed during field 

surveys. Those sites were thus included in two groups (Table 2.1) according to 

prevailing dynamics: those which displayed either meta-stable or progradant (i.e. with 

sediment accretion) dynamics, jointly called “meta-stable” (3 sites); and those with 

transgressive (i.e. erosive or in recession dynamics - 4 sites). 
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Table 2.1 – Name (north to south), coordinates (projected coordinate system: WGS84, zone 29N), biogeographic 

regions, and prevailing coastal dynamics of the seven sites surveyed in the study area. 

Site X_UTM Y_UTM Biogeographic 
Region 

Prevailing 
Dynamics 

Apúlia 

Furadouro 

Torreira 

S. Jacinto 

Mira 

Quiaios 

Cova Gala 

518636.64 

527090.90 

524220.63 

521598.31 

516365.55 

509311.79 

511557.67 

4591831.09 

4523845.37 

4511902.09 

4502758.09 

4477142.53 

4452427.93 

4442156.81 

Eurosiberian 

Eurosiberian 

Eurosiberian 

Mediterranean 

Mediterranean 

Mediterranean 

Mediterranean 

Transgressive 

Transgressive 

Meta-stable 

Meta-stable 

Transgressive 

Meta-stable 

Transgressive 

 

 

In order to survey the vegetation along the local gradient, three square plots 

with a minimum distance of 25 m between them were placed, whenever possible, in 

each habitat type (Fig. 2.3). The final number of plots was dependent on the 

morphology and development of the dune system at each site. Thus, EF and LS 

habitats were absent from Mira, AG from Quiaios, and LS from Torreira, resulting in a 

total of 92 plots surveyed (sampling units, n = 92) belonging to five habitat types in the 

study area.  

 

In field surveys for data collection were performed in late spring and early 

summer. The area of the plots followed the recommendations of the minimum area for 

vegetation surveys, and was expected to capture the most representative patterns and 

combinations of plant species in each habitat type (Kent & Coker, 1992; Chytry & 

Otypkova, 2003): 9 m2 in ED, 16 m2 in FD, 25 m2 in ID, 9 m2 in DG, and 25 m2 in LS 

(Fig. 2.4). A complete list of vascular plant species was obtained for each surveyed plot 

(see Appendix 1) and the abundance of each species (measured as percentage cover) 

was estimated following a simplified version of the Domin scale (Kent & Coker, 1992): 

(1) <1%; (2) 1–5%; (3) 5–15%; (4) 15–25%; (5) 25–50%; (6) 50–75%; (7) 75–90%; and 

(8) 90–100%. Species nomenclature and classification of endemics generally followed 

Castroviejo et al. (1986–2014). 
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2.4. Data processing: classifications of plant species 

 

 

2.4.1. Classification of dune plant species according to CSR strategies 

 

The CSR classification corresponds to an equilateral triangular model which 

relies on three primary, extreme strategies (C, S, and R) and on four secondary, 

intermediate strategies (Grime, 1973, 1977, 2001; Al-Mufti et al., 1977; Hodgson et 

al., 1999; Tables 2.2 and 2.3; see Chapter 1). This classification has several valuable 

features, such as its simplicity, relation to several essential aspects of ecosystem 

functioning, suitability for impact studies, and strong relation with species composition 

along environmental gradients when complemented with multivariate analysis (Hunt et 

al., 2004; Caccianiga et al., 2006). 

 

Table 2.2 – General description of the three CSR extreme strategies (Grime, 1973, 1977, 2001; Al-Mufti et al., 1977; 

Hodgson et al., 1999). 

Primary strategy Description 

Competitors (C) 

- Competitive dominants: large stature depending on a high rate of 
environmental resources; 

- Robust perennials of high potential growth rate with a dense, rapidly 
expanding biomass above and below ground; 

- Life forms: perennial herbs, shrubs and trees; 

- Extensive lateral spread above and below ground; 

- Longevity (established phase): long or relatively short; longevity 
(leaves/roots): relatively short. 

Stress-tolerators (S) 

- Stress-tolerant dominants with large stature related to the ability to 
sustain slow growth rates; 

- Seasonal growth or with short-term changes; 

- Life-forms: herbs, shrubs and trees; 

- Longevity (established phase): long-very long; longevity 
(leaves/roots): long. 

Ruderals (R) 

- Ruderal dominants (usually annual herbs): large stature depending on 
rapid rates of growth; 

- Prevailing annual life-cycles; also trend for short-lived perennial life-
cycles; 

- Life-forms: herbs; 

- Longevity (established phase): very short; longevity (leaves/roots): 
short. 
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Each taxon recorded during in fields surveys was assigned to one of the seven 

strategies, based on the criteria synthetized in Tables 2.2 and 2.3, and using 

information mainly from specimen observations and ecological expert knowledge, as 

well as from Iberian floras - Castroviejo et al. (1986-2010), Franco (1971-1984) and 

Franco & Afonso (1994-2003) - and other scientific literature (e.g. Al-Mufti et al., 1977; 

Grime et al., 1977, 1992; Hodgson et al., 1999; Grime, 2001). The resulting 

classification can be found in Appendix 2.   

 

Table 2.3 – General description of Grime’s secondary ecological strategies (after Grime 1977, 2001). 

Secondary 
strategy 

Description 

C-R 

- Competitive ruderals plants adapted to a low impact of stress where 
competition is reduced to a moderate intensity by disturbance; 

- Aptitude of some species to exploit environments already occupied by 
perennials whose co-existence may be merely viable under particular 
circumstances; 

- Includes annuals, biennials, and perennials. 

C-S 

- Stress-tolerant competitor plants adapted to undisturbed circumstances within 
a reasonable intensity of stress and associated to vegetation types exhibiting 
moderate productivity and low intensities of disturbance; 

- Species exhibit the capacity for lateral vegetative spread through rhizomes or 
expanding tussocks; 

- Comprises herbaceous and woody plant species. 

S-R 

- Stress-tolerant ruderals plants adapted to lightly disturbed unproductive 
habitats, within concomitant moderate intensities of stress and disturbance; 

- In general, growth and reproduction restricted to short periods, yet 
differentiated from R-strategists by their occurrence in habitats with an incidence 
of stress during the growth period with an ensuing reduction of the annual 
production; 

- Includes a substantial representation of small herbs and bryophytes. 

C-S-R 

- Species restricted to habitats in which competition is limited to moderate 
intensities due to the combined outcomes of stress and disturbance; 

- Small tussock grasses, deep-rooted and creeping, or stoloniferous forbs; 

- Grasses are able to exhibit narrow, folded, or rolled leaves and a shallower 
root penetration, under mineral nutrient stress; 

- Deep-rooted forbs to exhibit a distinct peak of shoot production in Summer with 
shoot biomass converted in rosettes, and thus the restriction of leaf canopy 
height and lateral spread. 
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2.4.2. Classification of dune plants according to functional types 

 

Specifically for dune plants, García-Mora et al. (1999) proposed a classification 

with three dune plant functional types, related to the extent of plant adaptation to the 

dune conditions (see Chapter 1). Each taxon was assigned to one of three functional 

types (I, II or III) based on the criteria proposed by Garcia-Mora et al. (1999) in Tables 

2.4 and 2.5, and using information gathered mainly from specimen observations and 

ecological expert knowledge, as well as following García-Mora et al. (1999) and the 

main Iberian floras (Castroviejo et al., 1986–2010; Franco, 1971–1984; Franco & 

Afonso, 1994–2003). The resulting classification can be found in Appendix 2. 

 

Table 2.4 – Ecological strategies for dune plants and their corresponding traits (after García-Mora et al., 1999). 

Characteristics 
Plant Functional 
Type I 

Plant Functional 
Type II 

Plant Functional 
Type III 

Life span Winter annual Perennial 
Perennial or 
summer annual 

Canopy height ≤ 15 cm Indifferent > 15 cm 

Below-ground 
structures 

Shallow fibrous or 
thin tap 

Thick spreading or 
deep 

Thick spreading or 
deep 

Leaf adaptations to 
coastal stress 

Absent Present Present 

Ability to withstand 
deep sand burial 

Absent Absent Present 

Sea-water dispersion Absent Absent Present 

 

Table 2.5 – Synthetic description the three dune plant functional types (García-Mora et al., 1999). 

Plant functional 
type 

Description 

I 
Winter annual plants with moderate size and soft leaves, with no 
presumed adaptations to the dune environment 

II 
Perennial plants with below-ground spreading root network and 
ough/succulent/pubescent leaves, with presumed adaptations to the 
coastal environmental stress 

III 
Plants strongly adapted to the foredune environment, with the ability of 
being dispersed by sea-water and of withstanding sand burial 
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2.5. Statistical analyses 

 

 

2.5.1. Patterns of plant species diversity 

 

In order to evaluate the patterns of plant species diversity across the considered 

dune gradients, three diversity components were considered: (1) species richness; 

(2) species evenness; and (3) species composition (Kent & Coker, 1992; Carboni, et al., 

2009; Baselga, 2010). 

 

Species richness was computed from the complete list of plant species 

recorded at each vegetation plot, for the total species pool as well as for each CSR 

strategy and functional type (see section 2.4). Species evenness was computed 

based on species abundance data collected from each vegetation plot, considering the 

total pool as well as each CSR strategy and functional type, and evaluated through the 

Shannon’s equitability index (EH; Jost, 2007): 

 

EH = H/H’max, 

H = -∑ (pi)ln(pi) 

 

where pi is the proportion of each species abundance (measured in a ranked 

cover scale) relative to the total abundance for all species recorded in the vegetation 

plot, H is Shannon’s entropy index, and H’max is the maximum H value found in the 

ensemble of vegetation plots being analysed. 

 

The statistical distribution of the data was tested for normality and variance 

homoscedasticity through the Shapiro-Wilk's and the Levene’s tests, respectively. 

Since data distribution did not follow a normal distribution and the variances were not 

homoscedastic, only non-parametric tests and descriptive statistics were used in 

subsequent data analysis (Dytham, 2010). Values for species richness or species 

evenness presented throughout the text are expressed as median ± inter-quartile 

range, and their distribution across vegetation plots is visually represented through 

box-and-whiskers plots. Significant differences among median values of species 

richness and species evenness across sites and habitat types were analysed through 
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Kruskal-Wallis (H) and post hoc Mann-Whitney (U) tests. All univariate statistical 

analyses were performed in the STATISTICA software (Version 8, 2008), considering 

the whole set of species and each individual set of species assigned to their CSR 

strategy and functional type. Based on values for species richness obtained for the 

whole study area, all CSR strategies and functional types were tested for pair-wise 

using Spearman tests. Though significant correlations were detected, correlation 

values were below 0.80, suggesting a rather independence between CSR and 

functional type classifications (see Appendix 3 for test results). 

 

Multivariate analyses were used to assess the main gradients underlying 

variations in species composition (ter Braak & Smilauer, 2002; Leps & Smilauer, 2003; 

Carboni, et al. 2009). A Detrended Correspondence Analysis (DCA; ter Braak & 

Smilauer, 2002) was implemented in CANOCO version 4.5 using the default settings 

(ter Braak and Smilauer, 2002). DCA was first conducted to select the best multivariate 

model to apply to the surveyed data. According to ter Braak & Smilauer (2002), lengths 

of gradient for the first DCA axis above 4.0 standard deviation (SD) units allow the 

application of unimodal models, whereas lengths of gradient bellow 3.0 request the use 

of linear models for ensuring good results. For the analysed data, the gradient length of 

the first DCA axis was of 5.91 SD, so DCA methods were applied in subsequent 

analyses. This DCA was applied considering species abundances in each sampling 

unit for the whole study area (n = 92). For the analysis of data that considered only the 

floristic composition of mobile dunes (see section 2.5.3), the first DCA axis showed a 

gradient length of 2.88 SD units. Thus, in this case, a Principal Component Analysis 

(PCA) was used, based on species abundances in each sampling unit for embryonic 

foredunes (EF) and foredunes (FD) (n = 38). 

 

For both cases (i.e., DCA and PCA), the abundance of each CSR strategy and 

functional type, expressed by the cumulative abundance of species belonging to a 

given strategy/functional type within each vegetation plot, was also calculated and 

projected on the ordination space to visualise variations across vegetation plots. To 

facilitate the visualisation of CSR strategy and functional type positions in the 

ordination space, each individual species, classified according to their respective CSR 

strategy and functional type, was also projected in the ordination space based on their 

abundance across vegetation plots. Additionally, the distribution of values for total 
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species richness across vegetation plots was visualised through the loess model option 

for visualisation (ter Braak & Smilauer, 2002).  

 

Finally, in order to highlight specific environmental pressures on the coastal dune 

systems, the cover of Ammophila arundinacea per plot and the cover of Vulpia 

alopecuros per plot were used as ecological proxies of dune condition and projected 

in the ordination space (Costa et al., 2000; Levin et al., 2008; Honrado et al., 2010; see 

section 2.3). Ammophila arundinacea is most typical from mobile dunes but may 

become frequent in more landward areas of the dune system under increased stress 

and disturbance triggered by transgressive coastal dynamics (Leven et al., 2008; 

Honrado et al. 2010). Vulpia alopecuros tends to be favoured in by nutrient released 

due to disturbances (namely human trampling), especially in interior dune habitats 

(Costa et al., 2000; Lomba et al., 2008). 

 

 

2.5.2. Patterns of plant species co-occurrence along gradients in the study area 

 

To address the patterns of species co-occurrence in the analysed sand dune 

communities, a three-step approach was considering the relevant gradients (Vaz et al., 

2015; Fig. 2.4). By applying this approach, various co-occurrence patterns were 

expected to be detected along the climatic (i.e., regional) and sea-inland (i.e., local) 

gradients. To avoid the non-independence between plots and major scale-dependent 

effects, the presence or absence of a given species was considered for each habitat 

type (Kent & Coker, 1992). As a result, the 92 sampling units (see section 2.3) were 

aggregated in a total of 31 analysis units (i.e., m = 31; see section 2.3), which were 

used to analyse the patterns of species co-occurrence.  

 

Overall, differences between the three steps of analysis related to the number of 

areas (k) considered in each step. Step one (Fig. 2.4) consisted of the analysis of co-

occurrence patterns for the entire study area, thus considering the whole data set (i.e., 

k = 1, total area). Step two focused on the analysis of co-occurrence patterns along 

the climatic gradient by considering patterns of co-occurrence at each site and 

comparing them across the seven sites (i.e., k = 7 sites). Finally, step three focused 

on the analysis of  co-occurrence patterns along the local sea-inland gradient, 
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analysing co-occurrence patterns in each habitat type and comparing them across the 

five habitat types (i.e., k = 5 habitat types). 

 

 Fig. 2.4 – Schematic diagram of the analytical framework implemented to analyse co-occurrence patterns in the whole 

study area (step one), and along the climatic (step two) and the sea-inland gradients (step three). Column headers are 

for habitat types: embryonic foredunes (EF); foredunes (FD); interior dunes (ID); dry grasslands (DG); and low scrub 

(LS). Row headers indicate sites: Apúlia (APU); Furadouro (FUR); Torreira (TOR); São Jacinto (SJA); Mira (MIR); 

Quiaios (QUI); and Cova Gala (CGA). Data were surveyed from 92 plots (sampling units, n = 92) and co-occurrence 
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patterns were assessed from 31 aggregated units, m = 31); [k] stands for the number of areas analysed in each step of 

the framework (adapted from Vaz et al., 2015). 

 

Patterns of co-occurrence were assessed from presence/absence matrices, 

where each row or column represented a given species or surveyed unit, respectively. 

Co-occurrence analyses were performed considering either the whole set of plant 

species in the study area or each sub-set of plant species assigned to their respective 

CSR strategy and functional type (i.e., co-occurrence patterns within each strategy and 

type). The number of species in the matrices (N) was derived from the number of 

species recorded at each site or habitat type and was dependent on their classification 

regarding species strategies. Thus, in the first step of analysis (step one; Fig. 2.4), a 

matrix with N species by 31 units was considered for the whole study area. In step two 

(Fig. 2.4) a matrix with N species by five habitats was computed for each of the seven 

sites. In step three (Fig. 2.4), a matrix with N species by seven sites was obtained for 

each of the five habitat types. 

 

Co-occurrence patterns were assessed through the checkerboard score (C-

score), which expresses the mean number of checkerboards for all possible pairs of 

species (Gotelli, 2000; Ulrich & Gotelli, 2010) and is computed from the equation: 

 

 

C-score = (Ri-S)(Rj-S) 

 

 

where Ri and Rj refer to the row totals (where each row represents a given 

species) for species i and j, respectively, and S refers to the number of matrix squares 

where both species occur (Gotelli, 2000).  

 

All C-score values calculated for the input matrices were statistically compared to 

scores computed for 10 000 simulated matrices, by comparing the number of times 

that the simulated scores were higher or lower than the input matrix scores (Gotelli & 

McCabe, 2002). Those simulated matrices were obtained by randomising the input 

matrices (in this case, using 10 000 randomisations) by fixed column and row sums 

null models implemented in EcoSim version 7 (Gotelli, 2000). Null models were applied 

as they have low type I error and good power for detecting aggregation and 



FCUP 

A theoretical approach to a practical challenge – community ecology of dune vegetation and its 

relation with coastal dynamics  

74 

 

 

segregation patterns (Gotelli, 2000; Ulrich & Gotelli, 2010). To facilitate the comparison 

and interpretation of the results, the obtained scores were standardised by computing:  

 

 

Standardised C-/CA-score = (Iobs – Isim)/Ssim 

 

 

where Iobs is the score of the input matrix, and Isim and Ssim are the mean and 

standard deviation of the scores obtained for the simulated matrices, respectively 

(Gotelli & McCabe, 2002).  

 

The standardisation of the co-occurrence indices allowed detecting statistically 

significant deviations from a random species distribution, regardless of the sampling 

size. Standardised C-score values higher or lower than 0 indicate respectively 

segregation or aggregation among species within the whole community or within each 

CSR strategy or functional type (Gotelli & McCabe, 2002; Götzenberger et al., 2012). 

Furthermore, Standardized C-score values greater than 2 or lower than -2 are 

statistically significant (for a confidence interval of 95%), indicating a significant 

aggregation or segregation of species, respectively. 

 

To test for significant differences in the co-occurrence patterns across sites or 

habitat types, the Guild Structure Module was applied as suggested by Gotelli & 

Entsminger (2001). This procedure was conducted following the previously described 

settings in EcoSim version 7. This allowed testing whether the variability of patterns of 

species co-occurrence within each site or habitat type was significantly larger or 

smaller than the variability of species co-occurrence among sites or habitat types 

(Gotelli & Entsminger, 2001). All values for standardised C-scores are visually 

represented by column plots or by their respective values throughout the text. The 

representation of some species groups may be absent as the low number of species in 

the analysis did not allow for computing their respective C-score values (as a minimum 

of two co-occurring species is required for the analysis). 

 

The previously described steps were also applied to assess co-occurrence 

patterns among all CSR strategies and functional types, as well as between pairs of 

CSR strategies and functional types. Again this was accomplished by applying the 
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Guild Structure Module to evaluate strategies’ co-occurrences (Gotelli & Entsminger, 

2001). In this module, all plant species in a group are assigned to only one specific 

classification, therefore the analyses are applied considering a priori hypotheses on the 

existence of species groups with distinctive ecological requirements. This module 

allows testing if the mean co-occurrence indices among all, or between pairs of CSR 

strategies and functional types, are larger or smaller than those expected by chance, 

while also including the variability of species co-occurrences within each group. 

Consequently, a large variability indicates that groups are significantly different in 

levels of co-occurrence and that some CSR strategies or functional types within each 

group include species with high levels of co-occurrence, while others include species 

with low levels of co-occurrence. Groups with small variability indicate that they are 

similar in the levels of co-occurrence. Therefore, if a random result for the final index is 

found, then it suggests that the level of co-occurrence among (or between pairs of) 

CSR strategies or functional types is similar to the co-occurrence patterns expected if 

the species were randomly assigned to different CSR strategies or functional types 

(Gotelli & Entsminger, 2001). 

 

 

2.5.3. Effects of coastal dynamics on community structure 

 

Following results from previous research on the link between dune vegetation 

and coastal dynamics (Honrado et al., 2010; Macedo et al., 2010; Fidalgo et al., 2014), 

the community-level responses of dune vegetation to shifts in prevailing coastal 

dynamics were assessed based only on the floristic data collected from mobile dune 

habitats, i.e. embryonic foredunes (ED) and foredunes (FD). 

 

In order to test for significant differences in the patterns of species richness and 

species evenness across types of coastal dynamics (meta-stable versus 

transgressive sites), Kruskal-Wallis (H) and post-hoc Mann-Whitney (U) tests were 

computed using the STATISTICA software (Statsoft, 2008).  

 

Significant differences in plant species composition between meta-stable and 

transgressive sites, were evaluated through the non-parametric test ANalysis Of 

SIMilarities (one-way ANOSIM), based on the Euclidean distance measure. The test 

considers the variability within groups (each set of meta-stable and transgressive plots) 
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and allows comparing such variability to the variability between groups. To do so, 9999 

randomisations under Monte-Carlo permutation of the input matrices were 

implemented in PAST version 3 (Hammer et al., 2001). Significant test results indicate 

dissimilarity between types of coastal dynamics (based on the Euclidean distance), 

whereas non-significant values indicate that the level of similarity between meta-stable 

and transgressive sites is identical to the similarity expected if the vegetation plots 

were randomly assigned to any type of coastal dynamics (Hammer et al., 2001). 

 

Additionally, a Principal Component Analysis (PCA) was conducted to highlight 

the main gradients underlying variations in species composition of mobile dunes (ter 

Braak & Smilauer, 2002; Leps & Smilauer, 2003; Carboni, et al. 2009). The Principal 

Component Analysis (PCA) was conducted based on species abundances in each 

sampling unit for embryonic foredunes (EF) and foredunes (FD). The visualization 

settings adopted were similar to those described in section 2.5.1.  

 

An identical approach to the one described in section 2.5.2 was followed to test 

for significant differences in the co-occurrence patterns between meta-stable and 

transgressive sites, using, in this case, each vegetation plot as the analysis unit (m = 

38). Following the procedure suggested by Gotelli & Entsminger (2001), the Guild 

Structure Module was applied to test differences across the two types of coastal 

dynamics. Such procedure allowed testing if the variability of patterns of species co-

occurrence within each type of coastal dynamics was significantly larger or smaller 

than the variability of species co-occurrence between types of coastal dynamics 

(Gotelli & Entsminger, 2001).  

 

In the case of CSR strategies and functional types for which the analyses 

indicated statistically different co-occurrence patterns across types of coastal dynamics, 

standardised C-score values were calculated for each individual set of meta-stable and 

transgressive sites. Identically to the information described in section 3.5.2., 

presence/absence matrices with N species by two habitats were computed for each set 

of sites classified as meta-stable or transgressive. The procedure was implemented in 

EcoSim version 7. All analyses were performed for the whole set of species as well as 

for each set of species assigned to a specific group (i.e. CSR strategy or functional 

type; see section 3.5.2 for details).  
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3. Results and discussion 
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In this chapter, the main results of the research developed for this thesis are 

presented and briefly discussed in the broader context of the relevant literature and 

state of knowledge. It is followed by an integrative discussion and main conclusions, 

which will be presented in chapter 4. 

 

The chapter includes five main sections. The first section (3.1) briefly describes 

the species plant pool recorded in the dune system, especially regarding the 

representation of the several CSR strategies and functional types. The second section 

(3.2) describes patterns of dune plant diversity along regional and local gradients, 

based on detailed analyses of patterns of species richness for the whole plant 

community, as well as for individual plant strategies and functional types. The third 

section (3.3) analyses community-level species composition and relates the observed 

patterns with regional and local gradients and processes. In a fourth section (3.4), 

patterns of species co-occurrences are analysed for the total species pool as well as 

for CSR strategies and dune plant functional types. Finally, the fifth section (3.5) 

provides a test of the approach described in the first four sections, by applying it to 

assess the effects of changes in prevailing coastal dynamics on mobile dune 

vegetation.  
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3.1. Plant strategies and functional types in the study system 

 

Overall, 80 vascular plant taxa were recorded in the whole set of plots (see 

Appendix 1 for a full list of taxa). Two taxa are endemic to Portugal (Jasione maritima 

var. sabularia and Verbascum litigiosum) and four others are wider Iberian endemics 

(Iberis procumbens, Linaria polygalifolia ssp. polygalifolia, Stauracanthus genistoides 

and Ulex europaeus ssp. latebracteatus). 

 

Considering CSR plant strategies (Grime 1977, 2001), Ammophila arenaria ssp. 

arundinacea (67% of all plots), Artemisia crithmifolia (53%) and Calystegia soldanella 

(50%) were the most taxa regarding the CS strategy, which was the most common 

strategy in the species pool (25 taxa) (Table 3.1). The most frequent species found for 

the SR strategy were Silene niceensis (41%) and Lagurus ovatus (34%). The S 

strategy exhibited a clear dominance of Pancratium maritimum (53%) and Crucianella 

maritima (47%), followed by Euphorbia paralias and Medicago marina (both 38%). For 

the C strategy, the most frequent species was Quercus suber, though it only occurred 

in 3% of the surveyed plots. This is consistent with the fact that dune environments are 

not ideal for pure competitors due to their weak capacity to respond to stress and 

disturbances (Grime, 1984, 2001). For the CR strategy, Cistus salviifolius (19%) and 

Senecio gallicus (16%) were the species which exhibited the highest frequency values. 

Finally, Leontodon taraxacoides ssp. taraxacoides was the most representative taxon 

for the CSR strategy (46%). The R strategy was mostly represented by Vulpia 

alopecuros (41%) and was more abundant in landward dune habitats, where 

anthropogenic disturbances are frequent and the nutrient levels are higher than in 

more seaward dune habitats (Van der Valk, 1975; Brunbjerg et al., 2012a).  

 

Concerning dune plant functional types (García-Mora et al., 1999), their 

distribution was also not equitable (Table 3.2). The expectable dominance of functional 

Types II and III, holding adaptations to the dune environment (García-Mora et al., 

1999; Macedo et al., 2010), was confirmed. The most common strategy was by far 

Type II (41 taxa), which includes perennial species adapted to the coastal environment 

but that cannot stand harsh environmental conditions such as sand burial (García-Mora 

et al., 1999). This strategy, which corresponds mostly to pioneer perennial rhizomatous 

grasses or chamaephytes (García-Mora et al., 1999), is mainly represented by 

Artemisia crithmifolia (53% of all plots) and Leontodon taraxacoides ssp. taraxacoides 
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(47%). Dune specialists capable of tolerating severe stress and disturbance (Type III; 

21 taxa) and annual ruderal species specialized in colonizing disturbed environments 

(Type I; 18 taxa) were represented by fewer species but jointly comprised about half of 

the total pool. Vulpia alopecuros (41%), Silene niceensis (41%) and Lagurus ovatus 

(34%) were the most frequent species of Type I, which are generally semi-nitrophilous 

ruderals forming ephemeral, spring-blooming communities on nutrient-poor soils 

(García-Mora et al., 1999; Houston, 2008). Ammophila arenaria ssp. arundinacea 

(67%), Pancratium maritimum (53%) and Calystegia soldanella (50%), three well-

known coastal dune specialists (Garcia-Mora et al., 1999; Lomba et al., 2008; Honrado 

et al., 2010), were the most frequent taxa regarding Type III. 

 

Table 3.1. Frequency of plant strategies in the total species pool, with the most frequent species recorded in the 

surveyed plots. 

Plant strategy 
Total number of 
taxa 

Most frequent taxon 

Taxon % of plots 

CS 25 
Ammophila arenaria ssp. 
arundinacea 

67 

SR 24 Silene niceensis 41 

R 10 Vulpia alopecuros 41 

S 8 Pancratium maritimum 53 

CR 7 Cistus salviifolius 19 

CSR 3 Leontodon taraxacoides 46 

C 3 Quercus suber 3 

 

Table 3.2. Dune plant functional groups in the total species pool recorded in the surveyed plots. 

Functional group 
Total number of 
taxa 

Most frequent taxon 

Taxon % of plots 

II 41 Artemisia crithmifolia 53 

III 21 
Ammophila arenaria ssp. 
arundinacea 

67 

I 18 
Vulpia alopecuros; Silene 
niceensis 

41 
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3.2. Patterns of species richness along local and regional 

gradients 

 

 

3.2.1. Species richness for the total species pool  

 

A gradual increase in species richness was observed from the seaward end to 

the middle of the local sea-inland gradient, followed by a landward decrease (Fig. 3.1). 

Thus, interior dune (ID) habitats displayed the highest median value of species 

richness per plot (15 ± 5), followed by foredunes (FD), dry grasslands (DG), low scrub 

(LS), and finally embryonic foredunes (EF). Kruskal-Wallis test resulted in significant 

differences for the median values of species richness among habitat types (Fig. 3.1). 

More specifically, post hoc Mann-Whitney tests identified significant differences 

between EF and all other habitat types, and between ID and all the other habitat types 

(p < 0.05; Fig. 3.1). 

Fig. 3.1 - Median values of species richness per vegetation plot for each habitat type. Boxes depict the 25th and 75th 

percentiles and whiskers represent the 5th and 95th percentiles. Codes in the horizontal axis are for habitat types: 

embryonic foredunes (EF); foredunes (FD); interior dunes (ID); dry grasslands (DG); and low scrub (LS). Results for 

Kruskal-Wallis (H and p) and post hoc Mann-Whitney tests are included in the figure. Distinct letters indicate significant 

differences between habitat types, whereas similar letters stand for non-significant differences (p < 0.05).  
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Species richness was thus highest at the centre of local gradient (i.e. in ID) and 

decreased towards both ends, with the lowest values reached towards the seaward 

end of the gradient (Fig. 3.1). This pattern can be explained by the different 

combinations of stress and disturbance along the dune gradient (Forey et al., 2008; 

Peyrat, 2011). The levels of nutrient availability and ecological stability typical of interior 

dune (ID) habitats seem to favour plant diversity (Pianka, 1994; Schwartz et al., 2000; 

Bonte et al., 2004), in agreement with the humped-back relation between resources 

and species diversity (Michalet et al., 2006; Isermann, 2011; Peyrat, 2011). Conversely, 

in the seaward mobile dunes, the harsh conditions of stress and disturbance prevent 

the occurrence of most species while enabling few specialized taxa (namely 

Ammophila arenaria and Elymus farctus ssp. boreali-atlanticus) to become dominant 

(Ciccarelli et al., 2012). The observed decrease of species richness in the more 

landward habitats may be associated to the reduced environmental stress and 

instability (Stankeviciute, 2001; Peyrat & Fichtner, 2011), with few competitor species 

becoming dominant and excluding others (Nielsen et al., 2011; Dwyer et al., 2015).  

 

This hypothesis of increased dominance at the two ends of the local gradient was 

further confirmed by analyses of species evenness (evaluated through Shannon’s 

index). The median value across all plots was 0.68 ± 0.23. More importantly, the index 

showed a humped-back pattern across habitat types (Fig. 3.2), with ID holding the 

highest species evenness (0.88 ± 0.11), followed by DG, FD, LS, and finally by EF, in 

which the dominance by one highly adapted species (Elymus boreali-atlanticus) was 

more pronounced. Again, Kruskal-Wallis tests revealed significant differences in 

species evenness per plot between ID and all other habitat types and between EF and 

all other habitat types (Fig. 3.2).  
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Fig. 3.2 - Median values of species evenness per plot for each habitat. Boxes depict the 25th and 75th percentiles and 

whiskers represent the 5th and 95th percentiles. Codes in the horizontal axis are for habitat types: embryonic foredunes 

(EF); foredunes (FD); interior dunes (ID); dry grasslands (DG); and low scrub (LS). Results for Kruskal-Wallis (H and p) 

and post hoc Mann-Whitney tests are included in the figure.  Distinct letters indicate significant differences between 

habitat types, whereas similar letters stand for non-significant differences (p < 0.05). 

 

 

Along the regional biogeographic/climatic gradient (i.e. across sites), Furadouro 

(13 ± 8) and Torreira (11 ± 7) showed the highest median values for species richness 

per plot, followed by Apúlia, Cova Gala, Quiaios, Mira, and finally São Jacinto. 

However, differences across sites were not statistically significant (p > 0.05). Also, a 

clear regional pattern for species richness per plot did not seem to emerge (Fig. 3.3). 

Nonetheless, a tendency for the northern sites to host higher median numbers of 

species than the southern ones was observed (Fig. 3.3). This may be due to the lower 

water stress suffered by plants under Temperate and sub-Mediterranean climates 

when compared to those under Mediterranean climates (Forey et al., 2008; Fidalgo et 

al., 2014; Vaz et al., 2015), especially during the dry summer growth season (Weltzin & 

McPherson, 2000; Monge & Gornish, 2014). 
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Fig. 3.3 - Median values of species richness per vegetation plot for each site considering the whole study area (a) and 

each habitat type: embryonic foredunes (b); foredunes (c); interior dunes (d); dry grasslands (e); and low scrub (f). 

Boxes depict the 25th and 75th percentiles and whiskers represent the 5th and 95th percentiles. Codes in the vertical axis 

are for the sites of Apúlia (APU); Furadouro (FUR); Torreira (TOR); São Jacinto (SJA); Mira (MIR); Quiaios (QUI) and 

Cova Gala (CGA). Results for Kruskal-Wallis (H and p) tests are included in the figure. Different letters indicate 

statistically significant differences between sites (Mann-Whitney test: p < 0.05). 
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3.2.2. Species richness for CSR strategies 

 

In the whole study area, the highest median values of species richness per plot 

were observed for the strategies with a S (stress-tolerant) component (Fig. 3.4), 

consistently with the expected dominance of this component in the specialized dune 

flora (Grime, 2001; Macedo et al., 2010; see Table 3.1). The dominance of the S 

component was more evident in the seaward habitats (EF and FD), with a gradual (and 

significant) replacement by plants with a R or C component towards the most landward 

habitats (DG and LS; Fig. 3.4). 

Fig. 3.4 - Median values of CSR species richness per vegetation plot for each habitat type. Boxes depict the 25th and 

75th percentiles and whiskers represent the 5th and 95th percentiles. Codes in the horizontal axis are for habitat types: 

embryonic foredunes (EF); foredunes (FD); interior dunes (ID); dry grasslands (DG); and low scrub (LS). Results for 

Kruskal-Wallis (H and p) tests are included in the figure. 

 

 

Along the sea-inland gradient, a general humped-back curve for species 

richness was observed for most strategies along the local gradient, with higher values 

observed at the centre of the gradient (ID; Fig. 3.4). This suggests that ID habitats are 

transitional zones where conditions allow the coexistence of plants from the several 

habitat types along the gradient, explaining the highest values of species richness for 

most plant strategies (Isermann, 2005; Peyrat & Fichtner, 2011; Álvarez-Molina et al., 
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2012). In the more landward habitats, the C component becomes more frequent in 

response to the lower levels of stress, especially regarding nutrient availability (Grime, 

2001; Kuiters et al., 2009; Maun, 2009). 

 

Though there was no clear regional pattern for any individual strategy, the 

highest median values were attained at the northernmost sites, whereas the 

southernmost sites seemed to exhibit a higher heterogeneity of species richness 

values (Fig. 3.5). However, a tendency was observed of CS and S strategists to 

become more frequent in the southernmost sites (Fig. 3.5), which may be connected 

with an increase in water stress, as described above (Grime, 1984; Otto et al., 2006; 

Ricalde et al., 2010). Overall, these results suggest an interaction between regional 

and local stress gradients (Forey et al., 2008; Macedo et al., 2010; Vaz et al., 2015), 

not only for the total species pool but also for individual strategies.  
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Fig. 3.5 - Median values of CSR species richness per vegetation plot for each site considering the whole study area (a) 

and each habitat type: embryonic foredunes (b); foredunes (c); interior dunes (d); dry grasslands (e); and low scrub (f). 

Boxes depict the 25th and 75th percentiles and whiskers represent the 5th and 95th percentiles. Codes in the vertical 

axis are for the sites: Apúlia (APU); Furadouro (FUR); Torreira (TOR); São Jacinto (SJA); Mira (MIR); Quiaios (QUI) and 

Cova Gala (CGA). Results for Kruskal-Wallis (H and p) tests are included in the figure. 
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3.2.3. Species richness for dune plant functional types 

 

The analysis of dune plant functional types (García-Mora et al., 1999) along the 

local sequence of five habitat types (Fig. 3.6) revealed an expected dominance of Type 

III species (dune specialists) in seaward habitats (EF and FD) and of Type II species in 

the more landward habitats (ID, DG and LS). Conversely, Type I species (generalist 

ruderals) were most frequent in intermediate positions along the gradient (ID and DG; 

Fig. 3.6), where the particular balance of stress and disturbance seems to be more 

suitable for generalist plants (García-Mora et al., 1999, 2000). 

Fig. 3.6 - Median values of species richness for plant functional types per vegetation plot for each habitat type. Boxes 

depict the 25th and 75th percentiles and whiskers represent the 5th and 95th percentiles. Codes in the horizontal axis 

are for habitat types: embryonic foredunes (EF); foredunes (FD); interior dunes (ID); dry grasslands (DG); and low scrub 

(LS). Results for Kruskal-Wallis (H and p) tests are also included. 

 

 

Again, no clear pattern for species richness per functional type was observed 

along the regional climatic gradient. Yet, Type I was always the functional type 

represented by fewer species while Types II and III exhibited the most heterogeneous 

values of species richness (Fig. 3.7). 
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Fig. 3.7 - Median values of species richness for plant functional types per vegetation plot for each site considering the 

whole study area (a) and each habitat type: embryonic foredunes (b); foredunes (c); interior dunes (d); dry grasslands 

(e); and low scrub (f). Boxes depict the 25th and 75th percentiles and whiskers represent the 5th and 95th percentiles. 

Codes in the vertical axes are for sites: Apúlia (APU); Furadouro (FUR); Torreira (TOR); São Jacinto (SJA); Mira (MIR); 

Quiaios (QUI) and Cova Gala (CGA). Results for Kruskal-Wallis (H and p) tests are included in the figure. 
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3.3. Patterns of species composition and their relation with 

environmental gradients 

 

 

3.3.1. Species composition for the total species pool 

 

Detrended Correspondence Analysis (DCA) revealed a high floristic 

heterogeneity among plots, reflected in the gradient length of the first DCA axis 

(DCA1, 5.91 standard deviation units, ter Braak & Smilauer, 2002; Leps & Smilauer, 

2003; Fig. 3.8). The cumulative variation explained by the first four DCA axes was 

25.3%. 

 

Fig. 3.8 - Detrended Correspondence Analysis plot (DCA1/DCA2) based on species composition (total pool) across the 

surveyed plots. Isolines represent the variation of species richness in the ordination space range, through the loess 

model option for visualisation (ter Braak & Smilauer, 2002). Only species with a minimum weight range of 7% are shown 

(ter Braak & Smilauer, 2002). Habitat types (embryonic foredunes, foredunes, interior dunes, dry grasslands and low 

scrub) are represented by distinct symbols and enclosed by the drawn polygons. Sites in the figure are: Apúlia (APU); 

Furadouro (FUR); Torreira (TOR); São Jacinto (SJA); Mira (MIR); Quiaios (QUI); and Cova Gala (CGA). 
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The first DCA axis (DCA1, 11.2%; Fig. 3.8) depicted the effect of the sea–inland 

gradient, expressed by the position of samples of each habitat type in the ordination 

space and also by the segregation of species along the axis (from left to right), from 

those typical of EF (e.g. Elymus boreali-atlanticus) and FD (e.g. Ammophila 

arundinacea) to those of ID (e.g. Artemisia crithmifolia), DG (e.g. Corynephorus 

canescens) and LS (e.g. Stauracanthus genistoides; Lomba et al., 2008). The second 

axis (DCA2, 7.3%) appeared to express the effect of the regional climatic gradient, 

reflected in the position of samples of each site along a north–south arrangement, with 

the northernmost site of Apúlia (APU) at one end of the axis and the southernmost 

sites of Quiaios (QUI) and Cova Gala (CGA) at the other. This was especially evident 

in the more landward habitat types (Fig. 3.8), in which the higher stability may enable a 

stronger effect of regional climate on community structure (Honrado et al., 2006). This 

could further be inferred from the relative position of typical Eurosiberian (or Atlantic) 

species (e.g. Jasione maritima var. sabularia and Ulex europaeus ssp. latebracteatus) 

and Mediterranean species (e.g. Stauracanthus genistoides and Corema album; Costa 

et al., 2000; Lomba et al., 2008; Costa et al., 2009). 

 

 

3.3.2. Species composition and CSR strategies  

 

The projection of CSR strategies in the ordination space confirmed that stress-

tolerant species are more common in the seaward positions of the local dune 

gradient (DCA1), whereas strategies with C or R components are dominant in 

landward habitats (Fig. 3.9), in line with previous results and consistently with 

ecological theory (Grime, 2001; Jiménez-Alfaro et al., 2015). 
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Fig. 3.9 - Detrended Correspondence Analysis plot (DCA1/DCA2) based on species composition (total pool) across the 

surveyed plots. Habitat types (embryonic foredunes, foredunes, interior dunes, dry grasslands and low scrub) are 

represented by distinct symbols and enclosed by the drawn polygons. Each species in the plot is represented by a circle 

with a distinct color according to its CSR strategy. The frequency of each CSR strategy and the abundance of each 

environmental proxy (Ammophila arundinacea and Vulpia alopecuros) are represented by arrows. 

 

 

Along the regional climatic gradient (DCA2), species with the C (rare in the 

overall dataset) or the S component were confirmed to be more common in 

southernmost sites. Conversely, the R component had a higher expression in the 

northern sites (Fig. 3.9). This suggests better conditions for survival of ruderal annuals 

under temperate climate, but also a possible north-south gradient of disturbance, 

consistent with the abundance of Vulpia alopecuros, an indicator of nutrient release 

due to disturbance in interior dunes (Costa et al., 2010; Lomba et al., 2008; Martins et 

al., 2013). Thus, in northern sites an increase in generalist annuals was observed 

(McIntyre et al. 1995; Kuiters et al., 2009; Honrado et al., 2010), whereas in southern 

sites the more prevalent drought stress creating conditions for a higher incidence of the 

S component (Grime, 1984; McIntyre et al., 1999; Honrado et al., 2010; Macedo et al., 

2010). 
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3.3.3. Species composition and dune plant functional types 

 

The projection of plant functional types (García-Mora et al., 1999) in the 

ordination space confirmed the gradual replacement of dune specialists (Type III) by 

dune species that are less adapted to the harsh environment (Type II) and by 

generalist ruderals (Type I) along the sea-inland gradient (DCA1; Fig. 3.10). This 

confirms a close connection between Type III species and seaward habitats, and 

between Type II species and landward habitats (García-Mora et al., 2001; Ferreira et 

al., 2006; Macedo et al., 2010). The pattern observed for Type I species (Fig. 3.10) 

was consistent with the one discussed above for ruderal and stress-tolerant ruderal 

species, and reflects much of their weaker tolerance to salt spray, waves and wind, as 

well as their adaptation to nutrient-rich, disturbed environments (García-Mora et al., 

2001; Macedo et al., 2010). 

 

Fig. 3.10 - Detrended Correspondence Analysis plot (DCA1/DCA2) of species composition (total pool) across the 

surveyed plots. Distinct habitat types (embryonic foredunes, foredunes, interior dunes, dry grasslands and low scrub) 

are represented by distinct symbols and enclosed by the drawn polygons. Each species in the plot is represented by a 

circle with a distinct color according to its plant functional type. The frequency of each plant functional type and the 

abundance of each considered environmental proxy (Ammophila arundinacea and Vulpia alopecuros) are represented 

by arrows. 
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Along the north-south climatic gradient (DCA2), there was a southwards 

tendency for species of Types I and II to be gradually replaced by species of Type III 

(Fig. 3.10). This is consistent with conditions of increasing environmental stress 

towards south and with a decrease in the effectiveness of facilitation (Brooker et al., 

2008; Castanho et al., 2015a,b), whereas highly adapted dune specialists are favoured 

(Bagousse-Pinguet et al., 2014), in line with the results described above for S 

strategists. 
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3.4. Co-occurrence of species, life strategies and functional 

groups in dune vegetation 

 

 

3.4.1. Species co-occurrence for the total species pool 

 

Considering the whole dataset, the C-score obtained for the input matrices 

exhibited a positive and significant value (8.62; p < 0.05), compared with the scores 

obtained for the 10 000 simulated matrices, suggesting the prevalence of (significant) 

segregation among species across the study area. Overall, this expresses the 

prevailing effects of the strong environmental gradients throughout the study area, and 

suggests a predominant effect of species sorting along those gradients in shaping 

dune plant communities (Vaz et al., 2015).  

 

Along the local sea–inland gradient, significantly different patterns of species co-

occurrence were found among the five habitat types (p < 0.01). Within each habitat 

type, co-occurrence analyses revealed negative (but non-significant) C-scores for EF 

and ID, but positive and significant values for FD, DG and LS (Fig. 3.11). This suggests 

the prevalence of species segregation in these three habitat types, expressing species 

sorting among sites (Lomba et al., 2008; Honrado et al., 2010; Brunbjerg et al., 

2012a,b; Vaz et al., 2015).  

 

Fig. 3.11 - Standardised C-scores calculated for each habitat type along the local sea-inland gradient. Statistical 

significance: *, p < 0.05, **, p < 0.01. 



FCUP 

A theoretical approach to a practical challenge – community ecology of dune vegetation and its 

relation with coastal dynamics  

100 

 

 

The analysis of co-occurrence patterns at each site along the climatic gradient 

resulted in positive and significant C-scores at all sites (Fig. 3.12), revealing species 

segregation across habitats. This segregation likely expresses the sorting of species 

with distinct requirements along the local gradient, and possibly also some interspecific 

competition in the more landward positions along that gradient (Brunbjerg et al., 2012b; 

Vaz et al., 2015).  

 

Fig. 3.12 - Standardised C-scores calculated for each site along the climatic gradient. Statistical significance: ***, p < 

0.01. 

 

 

Though no clear pattern was observed for the variation of C-scores along the 

regional gradient (Fig. 3.12), species co-occurrences among sites were found to be 

significantly different compared to the variability of species co-occurrence within sites 

(p < 0.05), suggesting the predominance of species segregation, not only within but 

also between sites. This may express the effects of the regional climatic gradient on 

species sorting (e.g. Forey et al. 2008), as discussed above, but also the effects of 

other factors discriminating conditions at the several sites, such as those related with 

coastal dynamics (e.g. Honrado et al., 2010; Fidalgo et al., 2014; see section 3.5). 
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3.4.2. Species co-occurrence for CSR plant strategies 

 

Overall, co-occurrence analysis among the different CSR strategies resulted in 

a low value for the C-score (0.27) with no statistical significance (p > 0.05), suggesting 

that the level of co-occurrence among the seven strategies is similar to the patterns 

expected if the species were randomly assigned to different strategies (Ulrich & Gotelli, 

2010; Götzenberger et al., 2012). 

 

When analysing the C-scores obtained for pairs of strategies, several negative 

and positive values were observed (though mostly non-significant; Fig. 3.13). However, 

positive and significant C-score values were found between the R and S strategies (R-

S; 1.67; p < 0.05), and between the SR and S strategies (2.36; p < 0.05), suggesting a 

(significant) segregation between those pairs of strategies (Fig. 3.13). The segregation 

of two extreme strategies, R and S, could be expected considering that plants with 

these strategies are adapted to quite distinct conditions of stress and disturbance, and 

will thus be sorted along the regional and local dune gradients (Grime, 1974, 1984, 

2001). The segregation between the SR and S strategies likely expresses their distinct 

positions along the disturbance gradient, with SR species occupying areas where 

stress is joined by some level of disturbance, accordingly (Grime, 1984, 2001; 

Brunbjerg et al., 2014a,b; Jiménez-Alfaro et al., 2015). 

 

Also, a (non-significant) tendency for aggregation was detected between the R 

and SR strategies (-1.19), and between the CS and R strategies (-0.96) (Fig. 3.13). In 

the first case, this aggregation likely expresses the responses of species with an R 

component to a same set of conditions, namely regarding nutrient release from 

disturbances (Grime, 1984, 2001; Maestre et al., 2009). In the second case, it may 

reflect the facilitation of ruderals by the dominant (nurse) plants of the CS strategy 

(Callaway, 1995; Castanho et al., 2012). 

 

Within each CSR strategy, a general tendency for species segregation was 

observed, as C-scores were found to be positive and significant for most strategies (Fig. 

3.13). This within-strategy segregation, which likely reflects competition among species 

with similar traits and resource requirements (Bertness & Callaway, 1994; Maestre et 

al., 2009), was statistically stronger for strategies with the S or the R components, 

which are the most common in the data set (Fig. 3.13).  
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Fig. 3.13 - Standardised C-scores calculated for the whole study area, and considering co-occurrences between pairs of 

CSR strategies (a) and within each CSR strategy (b). Statistical significance: *, p < 0.05; **, p < 0.01. 

 

 

Along the sea-inland gradient, both negative and positive values were obtained 

for the co-occurrence of CSR strategies in each habitat type (Fig. 3.14a). EF and ID 

showed trends for the segregation among CSR strategies, whereas FD, DG and LS 

exhibited evidence for aggregation among strategies. Interestingly, and although the 

obtained C-score values were not statistically significant, the pattern observed along 

the sea-inland gradient was rather symmetric to the one observed for the total species 
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pool (cf. Fig. 3.11). This suggests that species co-occurrence is at least partially 

mediated by plant strategies, with habitat filtering mechanisms determining the range 

of viable strategies in coastal dunes (Cornwell & Ackerly, 2009; Katabuchi et al., 2012). 

 

Again, C-score values for pair-wise relations among CSR strategies revealed 

both species aggregation and segregation (mostly non-significant; Fig. 3.14b), 

suggesting that within each habitat type the overall community assembly is at least 

partially mediated by plant strategies. This may include the sorting of strategies along 

gradients (Gitay & Wilson, 1995; Waugh & Aarssen, 2011; Brunbjerg et al., 2012b) as 

well as the development of both negative and positive interactions (Pugnaire et al., 

2011). Our results also suggest that co-occurrence patterns are dependent of each pair 

of strategies being analysed, which in turn will influence the prevailing co-occurrence 

pattern detected at the community level (Maltez-Mouro et al., 2010; Waugh & Aarsen, 

2011).  

 

For each CSR strategy, differences for species co-occurrences among habitat 

types were statistically significant for CS (p < 0.001) and C (p < 0.05) strategies. 

Conversely, within each strategy there was a clear dominance of species segregation 

(i.e. positive C-score values) within a given habitat type, especially in the case of SR 

and S species (Fig. 3.14c). Again, these results are likely the joint expression of 

strategy sorting along gradients through trait selection (Douma et al., 2012a,b) and of 

local competition between species with similar adaptations and requirements (Craine et 

al., 2013; Vaz et al., 2015).  
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Fig. 3.14 - Standardised C-scores calculated for each habitat type, and considering co-occurrences among CSR 

strategies (a), between pairs of strategies (b), and within each strategy (c). Statistical significance: *, p < 0.05, **, p < 

0.01. 
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No clear co-occurrence pattern was observed along the regional, climatic 

gradient (Fig. 3.15). Negative but non-significant (p > 0.05) C-score values were 

obtained for the majority of sites when analysing the co-occurrence patterns among all 

CSR strategies (Fig. 3.15a), suggesting randomness or some tendency for aggregation, 

possibly due to facilitative interactions among strategies (Ulrich & Gotelli, 2010). 

Contrastingly, Furadouro (0.95) and São Jacinto (1.07) showed evidence of 

segregation (also non-significant; p > 0.05) among CSR strategies, which is consistent 

with the sorting of species with different strategies along the local dune gradient (Gitay 

& Wilson, 1995; Waugh & Aarssen, 2011; Brunbjerg et al., 2012b; Vaz et al., 2015). 

 
 

Fig. 3.15 - Standardised C-scores calculated for each site, and considering co-occurrences among CSR strategies (a), 

between pairs of strategies (b), and within each strategy (c). Statistical significance: **, p < 0.01. 

 

 

The pair-wise analysis of co-occurrence also yielded non-significant C-score 

values (Fig. 3.15b). Yet, the observed values confirm that the relations among all 

strategies are the result of distinct pair-wise co-occurrence relations. In other words, in 

one same site both segregation and aggregation patterns occur between distinct pairs 

of CSR strategies, resulting in an overall non-significant value for the co-occurrence 

among strategies (Fig. 3.15a). 

 

Finally, co-occurrence patterns among species within each CSR strategy in the 

several sites revealed a prevalence (non-significant in most cases) of species 

segregation (Fig. 3.15c), suggesting an effect of competitive interactions among plants 

within one same strategy (Grime, 1977; Maestre et al. 2009; Bowker et al., 2010) 
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together with fine-scale sorting along the steep local gradients (Brunbjerg et al., 2012b; 

Vaz et al., 2015).  

 

 

3.4.3. Species co-occurrence for dune plant functional types  

 

Among all the dune plant functional types (García-Mora et al., 1999), C-score 

value was also low (0.83) and non-significant (p > 0.05). When focusing on the analysis 

of co-occurrence patterns between pairs of plant functional types, both positive and 

negative C-score values were attained (Fig. 3.16a). Specifically, a tendency for species 

from the Type I strategy to be aggregated relatively to the other two plant functional 

types was observed, suggesting that annual generalists may be facilitated by the more 

adapted plants of Types II and III (Garcia-Mora et al., 1999; Bertness & Callaway, 

1994; Cavieres et al., 2014). Conversely, a significant segregation between species 

belonging to Types II and III (2.28; p < 0.05) was detected. This likely reflects the 

gradual replacement of dune specialists (Type III) by other dune plants (Type II) along 

the local dune gradient, through competition and/or species sorting along the stress 

gradient (García-Mora et al., 1999; Jiménez-Alfaro et al., 2015; Vaz et al., 2015). 

 

Finally, results from the co-occurrence tests among species within each 

functional type revealed positive and significant C-score values, for all three 

functional types (Fig. 3.16b), suggesting species segregation regardless of the strategy 

type. This suggests that, within each strategy, different plant species take advantage of 

the specific conditions in each position along the local or regional gradients, including 

competition and species sorting (e.g. Maestre et al., 2010). 
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Fig. 3.16 - Standardised C-scores calculated for the whole study area, and considering co-occurrences between pairs of 

strategies (a), and within each strategy (b). Statistical significance: *, p < 0.05, **, p < 0.01; ***, p < 0.001. 

 

 

Co-occurrence analyses among habitat types revealed significant differences in 

C-score values (p < 0.001) for functional Type II. This suggests that, along the sea-

inland gradient, Type II species are more segregated across habitat types than 

randomly expected, possibly reflecting a strong adaptation of individual species to 

certain positions along the gradient (Gallego-Fernández & Martínez, 2011; Guerin et al., 

2014). Considering species co-occurrences within each habitat type (Fig. 3.17a), co-

occurrence analyses for plant functional types exhibited non-significant C-score values. 
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Yet, a possible local pattern was observed (Fig. 3.17a), with a tendency for 

aggregation of plant functional types at both extreme ends of the sea-inland gradient 

(i.e. EF and LS habitats), whereas strategies seem to occur segregated from each 

other in the centre of the gradient (FD, ID and DG). 

 

This pattern also reflects the results obtained for the pair-wise analyses of co-

occurrence (Fig. 3.17b). Plants of functional Types II and III tend to occur aggregated 

in EF, but segregated in more interior habitats (Fig. 3.17b), possibly reflecting a 

gradual increase of local competition as the two groups become more frequent and 

species diverse (Mouchet et al., 2010; Lewis et al., 2014a,b). Conversely, plants of 

Types I and II tend to segregate in FD and DG (Fig. 3.17b), again suggesting local 

competition for resources, but occur aggregated in LS habitats, where competition may 

be lower as Type II is here mainly represented by shrubs, which have deeper rooting 

systems compared with Type I ruderal annuals (García-Mora et al., 1999; Lucrezi et al., 

2014). 
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Fig. 3.17 - Standardised C-scores calculated for each habitat type, and considering co-occurrences among plant 

functional types (a), between pairs of strategies (b), and within each strategy (c). Statistical significance: *, p < 0.05. 

 

(a) 

(b) 

(c) 
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When analysing co-occurrence patterns within each functional type, there was 

a clear prevalence of within-strategy species segregation (Fig. 3.17c). Again, however, 

most C-scores were non-significant. In fact, Type I species were the only ones with a 

significant segregation among species, specifically in one of the habitats where they 

are more common (DG; see Fig. 3.6), which may be associated to some niche overlap 

among annual plants and thus increased local competition (Coomes et al., 2002; 

Turnbull et al., 2004).  

 

Along the regional climatic gradient, a tendency for aggregation of functional 

types was observed, especially in the southward sites (Fig. 3.18a). This prevalence of 

aggregation was also evident in pairwise comparisons (Fig. 3.18b), and may overall 

express the occurrence of facilitative interactions between species with distinct levels 

of adaptation to the dune environment, which would be more important in the southern, 

more stressful sites (Caldeira et al., 2005; Maestre et al., 2009; Gross et al., 2013).  

 

Conversely, but in line with previous results, the analysis of co-occurrence 

patterns within each plant functional type (Fig. 3.18c) revealed that the most 

common pattern was species segregation. This pattern was found to be significant in 

most sites, especially within Types II and III, and is consistent with strong competition 

for resources among species with similar requirements and adaptations (García-Mora 

et al., 1999; Kikvidze & Armas, 2010). In opposition, species of the Type I strategy 

showed a tendency for aggregation in the northernmost sites (Fig 3.18c). Here these 

species are more frequent and probably occur together due to their dependence on 

facilitative interactions with more adapted dune specialists (Tirado & Pugnaire, 2003; 

Cushman et al., 2010; Pugnaire et al., 2011), and/or to their similar response to 

disturbances towards inland habitats (Lewis et al., 2014a,b). These two processes 

would explain the observed patterns by enabling coexistence of ruderal plants 

(Cavieres & Badano, 2010).  
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Fig. 3.18 - Standardised C-scores calculated for each site, and considering co-occurrences among plant functional 

types (a), between pairs of strategies (b), and within each strategy (c). Statistical significance: *, p < 0.05, **, p < 0.01. 
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3.5. Community-level responses of dune vegetation to changes 

in coastal dynamics 

 

The results described in this section compare patterns of dune plant community 

structure between two contrasting types of coastal dynamics occurring in the 

surveyed coastal areas, i.e. transgressive versus meta-stable dunes. Based on 

previous research conducted in the study area (Granja, 1997; Carvalho et al., 2006; 

Macedo, 2008; Honrado et al., 2010; Macedo et al., 2010; Vaz et al., 2014) and 

elsewhere (e.g. Rubinstein et al., 2013; Hernández-Cordero et al., 2015), we assumed 

that vegetation changes induced by a shift in coastal dynamics would be more evident 

in the mobile dune complex (i.e. the EF and FD habitats) due to its seaward-most 

position (e.g. García-Mora et al., 1999; Hesp, 2002; Lemauviel & Rozé, 2003; Lucrezi 

et al., 2014; Zuo et al., 2014). 

 

Thus, the present section includes a comparative analysis of changes in the 

patterns of diversity and co-occurrence of the total species pool in the complex of 

mobile dunes under either transgressive or meta-stable coastal dynamics, followed by 

an outline of the main changes in CSR strategies and in dune plant functional types. In 

this regard, it points a test of the usefulness of information on plant community 

structure to signal changes on prevailing coastal dynamics. 

 

 

3.5.1. Patterns for the total species pool under contrasting coastal dynamics 

 

Twenty one plant species were found in the ensemble of meta-stable plots, and 

23 in the set of transgressive plots. Comparisons of median values of species 

richness between transgressive and meta-stable sites resulted in non-significant 

differences (Fig. 3.19a). However, values of species richness were more similar across 

transgressive plots, suggesting a homogenising effect of disturbance on community 

structure (Honrado et al. 2010). Meta-stable plots displayed the highest prevalence of 

species that are most typical of EF habitats, such as Calystegia soldanella and 

Otanthus maritimus (Ciccarelli et al., 2009), while transgressive plots showed the 

highest dominance of typical FD species, especially Ammophila arenaria (Fig. 3.19b). 

These are not surprising results since under transgressive dynamics some loss of 
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vegetation zonation is expected to occur, often resulting in the destruction of the 

seaward-most biotopes and associated vegetation (Rodwell et al., 2000; Honrado et al., 

2010; Martins et al., 2013).  

 

Fig. 3.19 - Median values of species richness considering the ensemble of plots from meta-stable and transgressive 

sites (a), and percentage of meta-stable and transgressive plots in which the three most frequent species occur (b): 

Calystegia soldanella, Otanthus maritimus and Ammophila arenaria. Boxes depict the 25th and 75th percentiles and 

whiskers represent the 5th and 95th percentiles. Results for Mann-Whitney (U and p) tests are included in the figure. 
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Focusing on species composition in the mobile dune complex, the Principal 

Component Analysis (PCA; Fig. 3.20) showed that a cumulative variation of 83.8 % 

was explained by the first four DCA axes. The first PCA axis (PCA1, 51.1%), mostly 

depicts a sea-inland gradient expressed by the segregation of samples and species of 

EF (right side of the plot; e.g. Elymus boreali-atlanticus and Polygonum maritimum) 

from those of FD (left side of the plot; e.g. Ammophila arundinacea, Crucianella 

maritima; Mateus, 1992; Lomba et al., 2008). 

Fig. 3.20 - Principal Correspondence Analysis plot (PCA1/PCA2) based on species composition across plots from meta-

stable and transgressive sites (represented by distinct symbols and enclosed by the drawn polygons). Only species with 

a minimum weight range of 7% are shown (ter Braak & Smilauer, 2002).Sites designations are as follows: Apúlia (APU); 

Furadouro (FUR); Torreira (TOR); São Jacinto (SJA); Mira (MIR); Quiaios (QUI); and Cova Gala (CGA). Habitat types: 

embryonic foredunes (EF) and foredunes (FD) are also exhibited. 

 

 

The second PCA axis (PCA 2: 14%) seemed to reflect the segregation of 

vegetation plots under meta-stable (bottom) or transgressive (top) dynamics (Fig. 

3.20).  This was also accompanied by the segregation of Artemisia maritima or 

Medicago marina (at the top of the ordination plot) from Calystegia soldanella and 
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Otanthus maritimus (at the bottom). These results are consistent with the fact that 

Artemisia maritima and Medicago marina are well-adapted to situations of coastal 

instability in foredune crests (Henriques & Neto, 2002), whereas Calystegia soldanella 

and Otanthus maritimus are more frequent in the typical communities of embryonic 

foredunes and early stages of foredune formation (Lomba et al., 2008; Ciccarelli et al., 

2012). 

 

In fact, ANOSIM tests confirmed significant differences in species composition 

between meta-stable and transgressive coastal dynamic types (R = 0.078; p < 0.05). 

Contrastingly to the results obtained for species richness, coastal dynamics seems to 

act as an important filter for species composition, promoting the prevalence of species 

with distinct dominance levels and ecological requirements under contrasting coastal 

dynamics (Tissier et al., 2013; Timmermann et al., 2014). 

 

Significant differences in the co-occurrence patterns were also observed 

between the two types of coastal dynamics (p < 0.001). Specifically, positive and 

significant standardised C-scores were found for meta-stable sites (C-score: 6.01; p < 

0.001) and positive, yet non-significant values for transgressive sites (C-score: 1.68; p 

> 0.05). These results suggest the prevalence of species segregation in meta-stable 

sites, most likely driven by the diversity of niches and thus species sorting across well-

developed EF and FD habitats. This segregation pattern is however modified in 

disturbed transgressive sites, where the collapse of EF habitats and the alteration of 

FD habitats due to erosion processes result in a more homogeneous community 

structure (Fig. 3.21; Honrado et al., 2010). 
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Fig. 3.21 - Standardised C-scores calculated for plots from meta-stable and transgressive sites. Statistical significance: 

***, p < 0.01. 

 

 

3.5.2. Patterns for CSR plant strategies under contrasting coastal dynamics  

 

Differences in species richness between meta-stable and transgressive sites 

were found to be non-significant for most CSR strategies (p < 0.05; Fig. 3.22). An 

exception was found for the values of species richness of the SR strategy (Fig. 3.22). 

These stress-tolerant ruderal plants may be severely affected by overwash and 

aeolian sand deposition (Costa, 1991; Costa et al., 1996; Hesp, 1991). In fact, this 

halonitrophilous pioneer vegetation dominated by Honckenya peploides and Cakile 

maritima ssp. integrifolia is found, not only in open sand across the upper beach, but 

also in EF habitats (Lomba et al., 2008; Acosta et al., 2009; Fenu et al., 2013a,b), 

which are severely affected by transgressive dynamics (Honrado et al., 2010). 
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Fig. 3.22 - Median values of species richness considering the ensemble of plots from meta-stable and transgressive 

sites for CSR plant strategies; (*) stands for statistically significant differences (p < 0.05) according to Mann-Whitney 

tests. 

 

 

 

For the patterns of species composition, the only significant difference between 

meta-stable and transgressive plots was observed for the S (R = 0.15; p < 0.001) and 

the SR (R = 0.04; p < 0.05) strategies. In fact, the projection of strategies in the 

ordination space (Fig. 3.23) suggests that species from the S strategy are more 

dominant in meta-stable plots than in transgressive plots. Contrastingly, species with 

an R strategy (both R and SR species) seem to be more predominant in transgressive 

plots (Fig. 3.23). Thus, in meta-stable sites, where the effect of stress gradients is more 

prominent, there is a higher incidence of stress-tolerant species, in contrast with sites 

where the effect of disturbance is likely more pronounced (transgressive sites), 

allowing ruderal plants to become more abundant (Grime, 1974, 2001; Michalet et al., 

2014).  
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Fig. 3.23 - Principal Component Analysis plot (PCA1/PCA2) based on species composition across plots from meta-

stable and transgressive sites (represented by distinct symbols and enclosed by the drawn polygons). Each species in 

the plot is represented by a circle with a distinct color according to its CSR strategy. The abundance of each CSR 

strategy is also represented by arrows. 

 

 

Differences in co-occurrence patterns of each CSR strategy were found to be 

non-significant across types of coastal dynamics (Fig. 3.24). Exceptions were found for 

the CS (p < 0.001) and the S (p < 0.001) strategies, which differed between the two 

types of coastal dynamics. In meta-stable sites, the CS and S strategies exhibited a 

significant aggregation of species (in both cases: C-score = 2.09; p < 0.05; Fig. 3.24), 

suggesting the effect of positive environmental filtering on species that are strongly 

adapted to the mobile dune environment (Gallego-Fernández & Martínez, 2011; 

Ciccarelli, 2015). 
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 Fig. 3.24 – Significant differences for standardised C- scores for the CS and S strategies across plots from meta-stable 

and transgressive sites. Statistical significance: *, p < 0.05. 

 

 

 

3.5.3. Patterns for dune plant functional types under contrasting coastal 

dynamics  

 

Regarding the median values of species richness for each plant functional type, 

only non-significant values were found between transgressive and meta-stable sites, 

with Type III specialists as the dominant functional type under both types of coastal 

dynamics (Fig. 3.25).  

Fig. 3.25 - Median values of species richness considering the ensemble of plots from meta-stable and transgressive 

sites plant functional types. 
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However, when focusing on species composition, only Type II species showed 

significant differences between meta-stable and transgressive sites (R = 0.09; p < 

0.05). As reported before (García-Mora et al., 1999; see Fig. 1.6), the projection of 

species in the PCA plot suggests a higher affinity of Type I and II species with 

transgressive plots. Type III species, in contrast, have a higher expression on meta-

stable plots (Fig. 3.26), in agreement with results for S strategists described above. 

These results, together with those obtained for species richness suggest important 

changes in plant diversity for the functional types, likely due to the fact that these 

include taxa with analogous ecological functions (da Silva et al., 2008; Gallego-

Fernández & Martínez, 2011).  

 

Fig. 3.26 – Principal Component Analysis plot (PCA1/PCA2) based on species composition across plots from meta-

stable and transgressive sites (represented by distinct symbols and enclosed by the drawn polygons). Each species in 

the plot is represented by distinct colors according to their plant functional type. The abundance of each plant functional 

type is also represented by arrows. 
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Finally, when focusing on co-occurrence patterns (Fig. 3.27), both Type II (p < 

0.001) and Type III (p < 0.001) species showed significant differences between the C-

score values obtained for meta-stable and transgressive sites. Despite the fact that co-

occurrence analysis within each type of coastal dynamics showed non-significant 

values, some aggregation of Type II (C-score = -0.41; p > 0.05) species and some 

segregation of Type III (C-score = 1.26; p > 0.05) species were observed in meta-

stable sites. In transgressive sites, a tendency for species segregation were observed 

for both Type II (C-score = 0.55; p > 0.05) and Type III (C-score = 1.52; p < 0.05) 

species. Accordingly, a transition from aggregated patterns of Type II species in meta-

stable sites to segregated patterns in transgressive ones was observed. These results, 

together with the ones for species composition, suggest that Type II species may be 

more greatly impacted by overwashing under transgressive conditions, leading to 

species spatial segregation both within and among sites (Martínez et al., 2006; 

Carvalho et al., 2012). 

 

 

 

Fig. 3.27 - Standardised C-scores calculated for each plant functional types in plots from meta-stable and transgressive 

sites. 
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4. Integrative discussion and conclusions 
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In this final chapter, the main findings reported in chapter 3 are combined and 

discussed under the proposed research objectives and questions (outlined in section 

1.4). More specifically, this chapter provides an integrative discussion of those 

results that most highlight the usefulness of community ecology theory to predict 

responses of dune ecosystems (and particularly of their plant communities) to 

environmental gradients and to changes in those gradients. 

 

The chapter includes two main sections. The first section (4.1) presents an 

integrative overview and discussion of the core results, following the brief topic-by-topic 

discussion provided in chapter 3. In a second section (4.2), the overarching 

conclusions of this study are presented in line with the research questions raised in 

section 1.4, and perspectives are outlined for future research aiming to further develop 

this approach and test it in a practical context of coastal change assessment and 

monitoring. 
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4.1. Summary and integrative discussion of the main findings 

 

This section discusses the core results of the research developed for the thesis 

under a theoretical, community-based approach. An integrative discussion is done of 

the diversity and co-occurrence patterns in the whole dune plant community, 

considering the total species pool as well as plant strategies and functional types. 

These patterns are discussed considering not only the underlying regional and local 

environmental gradients, but also the community-level effects of changes in prevailing 

coastal dynamics. 

 

 

4.1.1. Plant community structure along local dune gradients 

 

Along the sea-inland gradient, dune plant diversity (species richness, 

evenness and abundance) exhibited a humped-back pattern, translated in the 

highest diversity values in habitats located at the centre of the gradient and the lowest 

values towards both ends of the gradient (see Figures 3.1 and 3.2). This pattern seems 

to follow the humped-back model of species richness and biomass production (Grime 

1973, 2001; Al-Mufti et al., 1977; Forey et al., 2009, 2010; Pierce, 2014), which 

predicts the highest taxonomic richness at intermediate conditions of biomass 

production and of its limiting factors, including disturbance and stress (Pierce, 2014). 

Also, these results seem to be in line with the stress-gradient hypothesis (SGH; 

Bertness & Callaway, 1994, Michalet et al., 2015a,b), which relates intermediate levels 

of abiotic severity with the highest values of species diversity (Grime, 2001; Isermann, 

2011) and with an increase in facilitative interactions (Michalet et al., 2015a). Along the 

local dune gradient, the peculiar combination of stress and disturbance conditions of 

interior dunes (located at the centre of the gradient) can promote environmental 

diversity at finer scales (Provoost et al., 2011; Gratani et al., 2013). Under such fine-

scale heterogeneity of conditions, more species can find suitable conditions and dune 

plants may expand their realized niches (Bruno et al., 2003; Michalet et al.,  2006; 

Forey et al., 2010), resulting in the occurrence of species-rich vegetation mosaics 

(Levin et al., 2008; Pintó et al., 2014). 

 

 



FCUP 

A theoretical approach to a practical challenge – community ecology of dune vegetation and its 

relation with coastal dynamics  

128 

 

 

This humped-back response was more evident for (semi-)ruderal strategists 

with no, or only moderate, specific adaptations to the dune environment (i.e. SR, 

CR and Type I species; see figures 3.4 and 3.6). These plants seem to respond 

positively to the intermediate environmental conditions and highest niche diversity at 

the middle of the gradient (Grime, 1977; García-Mora et al., 1999, Grime, 2001; 

García-Mora et al., 2000). Here they may benefit from the moderate conditions of 

stress and disturbance that characterize interior dune habitats, as well as of the niche 

diversity resulting from such fine-scale environmental heterogeneity (Grime, 1974, 

1984; Grime et al., 2007; Isermann, 2011; Nylén et al., 2013). This is not the case in 

other dune habitats with more stable and uniform abiotic conditions, i.e., landward 

dunes colonized by scrub or woodland (Dolman et al., 2010; Ciccarelli et al., 2012; 

Tobias, 2014), where species with a stress-tolerant (S) and especially a competitor (C) 

component become more common and even dominant (Grime, 2001; Jentsch & 

Beyschlag, 2003; Bossuyt et al., 2007).  

 

At both ends of the local gradient, species diversity displayed the lowest values 

of plant diversity and the dominance of distinct plant strategies and functional types. In 

the seaward, mobile dune habitats, species of functional Type III and with an S-

component prevailed, such as the dominant perennial grasses Ammophila arenaria 

and Elymus boreali-atlanticus (see Figures 3.8-3.10). The adaptive syndromes 

characteristic of these plant groups (including dispersal by sea-water and sand burial 

tolerance; García-Mora et al., 1999, 2000) allow them to thrive under the harsh 

conditions of mobile dunes (Wilson & Sykes, 1999; Houle, 2002). Also, those harsh 

conditions act as severe filters for species with no or only moderate adaptations to the 

dune environment (Gallego-Fernandez & Martínez, 2011), and often even facilitative 

interactions with well-adapted nurse plants are not enough to allow those species to 

survive under the severe combination of stress and disturbance conditions that 

characterise highly energetic coastal areas (Toledo et al., 2015). 

 

Conversely, the more landward habitats were dominated by widespread 

and/or generalist species, mostly with an R component and included in the Type 

II functional type, such as Vulpia alopecuros, Corynephorus canescens, Ulex 

europaeus ssp. latebracteatus or Cistus salvifolius (Figures 3.8-3.10). These species 

are well adapted to prevail under less stressful conditions (Grime, 1977; García-Mora 

et al, 1999; Grime, 2001) but still with some level of disturbance due to sand blowing 
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from the seaward dunes (Dodd, 2013) or to anthropogenic perturbations (Grunewald, 

2006). Dominance by one or few species was also found to be more pronounced here 

than in interior dune habitats (see Fig. 3.2), which may contribute to the low values of 

species richness observed in dry grassland and scrub habitats (Hillebrand et al., 2008; 

Peyrat & Fichtner, 2011). 

 

 

4.1.2. Co-occurrence of species, life strategies and functional groups in dune 

vegetation 

 

Along the local dune gradient, species segregation was the predominant 

pattern at both the community and the whole dune system level, suggesting the 

prevalence of species sorting and competitive interactions along the sea-inland 

gradient. These results seem to disagree with the original SGH assumptions (Bertness 

& Callaway, 1994), in the sense that segregation was the predominant pattern, and 

significant aggregation could be expected but was not observed under severe 

conditions of mobile dunes (see Figure 3.11). Nonetheless, a general tendency for 

increasing species segregation was observed along with a decrease of environmental 

severity (i.e., in a sea-inland direction). As described in Vaz et al. (2015), the 

predominance of segregation suggests that competition and especially species sorting 

along gradients are the key processes in dune community assembly and dynamics. 

Moreover, the results reported in chapter 3 suggest that facilitative interactions may be 

infrequent in coastal dunes and restricted to few habitat types along the local gradient. 

 

A tendency for species aggregation was perceived in embryonic foredune 

and interior dune habitats. As described before, in embryonic foredunes only habitat 

specialists (Type III) and stress-tolerant plants (S strategists) were found to dominate. 

According to Maestre et al. (2009), under high levels of non-resource severity (which is 

the case in embryonic foredunes due to tidal nutrient input; Labuz & Grunewald, 2007; 

Labuz, 2013), aggregation among stress-tolerant species can prevail due to the local 

improvement of environmental conditions by benefactor plants (Michalet et al., 2006; 

Holmgren & Scheffer, 2010). Contrastingly, in foredunes, more stable conditions 

prevail at fine scales, e.g. due to soil stabilisation under Ammophila arenaria tussocks 

(Forey et al., 2009, 2010). This allows progressive foredune colonisation by 

competitive species (i.e., those with a C component and a Type II strategy) from 
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landward positions, promoting local species diversity (e.g. Wilson & Gitay, 1995; 

Tilman et al., 1997; Michalet et al., 2006) and a shift from aggregation to segregation 

likely due to increased competition and fine-scale species sorting along the steep local 

gradient (Holmgren & Scheffer, 2010; Vaz et al., 2015). In interior dunes, where SR, 

CR and Type I species prevail, species aggregation could be explained by the 

combination of intermediate levels of environmental stress and disturbance, promoting 

complex variations of environmental conditions at fine scales, where benefactor plants 

may allow other stress-tolerant or stress-intolerant species to expand their realised 

niches (Michalet et al., 2006, 2010; Holmgren & Scheffer, 2010; Piston et al., 2015). 

 

These patterns were further explored by interpreting pair-wise and intra-

group/strategy co-occurrence patterns. The observed patterns among species 

within strategies with an S-component (the prevailing component in the dune species 

pool) were inverse (but consistent) with the ones obtained for the whole community 

(see Figures 3.11 and 3.14). In seaward habitats, there was a dominance of 

aggregation among and between plant functional types (see Fig. 3.17), suggesting the 

occurrence of facilitative interactions under harsh conditions (Michalet et al., 2006, 

2015a), especially sand burial that may even significantly filter stress-tolerant plants 

(Franks & Peterson 2003; Maestre et al., 2009) and dune specialists (Type II and Type 

III; García-Mora et al., 1999). In ID habitats, species with SR and S strategies exhibited 

the prevalence of inter-specific segregation. This was also observed for species within 

the Type I and II functional types (see Fig. 17). These results may relate with 

competition for similar resources among species with partially similar strategies, 

combined with fine-scale sorting of species with partially distinct resource needs and 

tolerances (Reich et al., 2003; Kumordzi et al., 2015). Those same processes may also 

be responsible for the segregation between CS and S species, and between functional 

Types I-II and II-III, observed in the innermost habitats. Overall, these results are 

consistent with the expected occurrence of stronger negative interactions among 

species within functional groups than among species belonging to distinct groups 

(Grime, 2006; Gross et al., 2007; Adler et al., 2013).  
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4.1.3. Community-level responses of mobile dune vegetation to changes in 

coastal dynamics 

 

The typical zonation of plant species and vegetation along the local 

gradient is modified by a shift in coastal dynamics (Honrado et al., 2010). In the 

seaward-most vegetation, biomass is often totally or partially destroyed in the process 

(Rodwell et al., 2000; Honrado et al., 2010; Martins et al., 2013), thus causing a 

significant decrease in embryonic foredune characteristic species (e.g. Calystegia 

soldanella), as evidenced by plant composition analyses (see Figure 3.20). 

Nonetheless, overall plant diversity in mobile dunes does not seem to suffer significant 

changes following a shift to transgressive coastal dynamics. Still, there was a higher 

homogeneity for species diversity in eroding sites than in meta-stable sites (see Fig. 

3.19). Honrado et al. (2010) had already reported lower species turnover values along 

the local gradient in transgressive sites compared with meta-stable dune systems. 

Overall, this suggests that the increased disturbance (and stress) in transgressive 

dunes will have a homogenizing effect on species composition in mobile dune 

vegetation (Honrado et al., 2010), both within and between individual communities. 

Biotic homogenization processes act by selecting those species that are better adapted 

to ecological changes, which then reflects on community compositional patterns (Olden 

& Poff, 2003; Olden & Rooney, 2006; Devictor et al., 2010).  

 

The analysis of co-occurrence patterns revealed a shift from species 

segregation in meta-stable sites to random patterns in transgressive sites (see 

Figure 3.21). On the one hand, this highlights the importance of species sorting as a 

key process underlying community assembly and vegetation zonation along the steep 

local environmental gradients of meta-stable mobile dunes (Honrado et al., 2010). 

Moreover, this change in co-occurrence patterns highlights the disruption of stress 

gradients, biotic interactions and vegetation zonation due to the more intense and/or 

frequent disturbances, resulting in more random spatial structures of species 

assemblages in transgressive sites (Lomba et al., 2008; Acosta et al., 2009; Honrado 

et al. 2010). 
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In general, no significant differences were observed in species diversity for 

CSR strategies between the two types of coastal dynamics. Still, stress-tolerant 

ruderals (SR) suffered a reduction of species richness with the shift to transgressive 

dynamics (see Figure 3.22). However, the SR strategists that could cope with erosive 

dynamics (as well as ruderals) became relatively more abundant in the assemblages 

resulting from transgressive dynamics (see Figure 3.23). Conversely, stress-tolerant 

(S) species and competitive ruderals (CR) were more predominant in meta-stable 

dunes than in transgressive plots, confirming previous reports for S-strategists in the 

study region (Macedo et al., 2010) and suggesting facilitation of CR plants by foredune 

specialists (Maestre et al., 2009). Overall, meta-stable sites, which are mainly 

structured by stress gradients (Grime, 2001; Michalet et al., 2014), usually host more 

plants with stress-tolerant and competitive strategies, in comparison with transgressive 

sites (more affected by disturbance), where ruderal plants become more frequent 

(Grime, 1974, 2001; Michalet et al., 2010; see Fig. 3.23). Differences in co-occurrence 

patterns of each CSR strategy were predominantly non-significant under the two types 

of dynamics. Exceptions were found for the CS and the S strategies, which exhibited a 

significant aggregation of species in meta-stable sites, but random patterns in 

transgressive sites (see Figure 3.27), in line with the results obtained for the total 

species pool. 

 

Regarding plant functional types, Type II species were the ones responding 

more significantly to changes in coastal dynamics, showing a higher diversity and 

abundance under transgressive conditions compared to meta-stable sites (see Figure 

3.26). This is consistent with the combination of stress and disturbance conditions 

under transgressive dynamics, which is expected to favour the prevalence of species 

with moderate adaptation to stress and disturbance rather than pure stress specialists 

(García-Mora et al., 1999; Carboni et al., 2010; Gallego-Fernández & Martínez, 2011). 

A tendency for higher prevalence of Type III species in meta-stable dunes and of Type 

I species in transgressive habitats was also perceived (see Figure 3.26). Thus, the 

modified environmental conditions in transgressive mobile dunes can promote the 

replacement, to some extent, of species tolerant to sand burial and salinity (i.e. species 

of functional Type III) by plants from the other two functional groups (García-Mora et al., 

2000). 
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4.1.4. Interactions between local and regional gradients 

 

Along the regional climatic gradient, there was a general trend for community-

level species diversity to decrease from north to south, with the lowest values 

observed at the Mediterranean sites (see Figure 3.3). The decrease of precipitation 

and the increase of temperature observed along this direction (Costa, 2000, 2009; 

Loidi et al., 2007) may promote harsher environmental conditions, decreasing the 

effectiveness of facilitative interactions (Michalet et al., 2006; Holmgren & Scheffer, 

2010) and reducing the diversity of species in the dune systems (Harpole & Tilman, 

2007; Lu et al., 2014). In fact, a gradual replacement of typical Atlantic species by 

Mediterranean species was observed along the regional, climatic gradient (see Figure 

3.8), with stress-tolerant ruderals, a group of specialized species showing higher 

abundances in the southernmost sites (see Figure 3.12). Under more severe 

conditions at the regional scale, a loss of unspecialized plants from dune systems 

seems to be promoted, while specialized plants become more prevalent (Maestre & 

Cortina, 2004; Brooker et al., 2008; Honrado et al., 2010), suggesting some influence 

of regional heterogeneity and the prevalence of multi-scale co-occurrence patterns 

(Zeleny et al., 2010; Fidalgo et al., 2014; Redon et al., 2014).  

 

No clear patterns of species co-occurrence could be perceived along the 

regional climatic gradient. As discussed before, species segregation was the 

prevailing pattern at each site, suggesting competition and species sorting as main 

processes for community structure within sites (Brunbjerg et al., 2012b; Vaz et al., 

2015). In fact, co-occurrence patterns observed at the community level seemed to be 

related to the local sorting of, and interactions between strategies and functional types 

at each site. The prevalence of segregation between species with similar strategies or 

functional types, as well as the aggregation between pairs of distinct CSR strategies, 

strongly suggests that biotic interactions and species sorting at local scales are 

the main processes driving the spatial structure of communities (Forey et al., 

2008; Maltez-Mouro et al., 2010; Brunbjerg et al., 2012a,b), with only a minor role 

played by regional gradients. Community structure in the studied mobile dunes is thus 

primarily driven by the local, sea-inland gradient, and therefore also by the coastal 

dynamics prevailing at each site, in line with other studies conducted in the study area 

(Lomba et al., 2008; Honrado et al., 2010; Fidalgo et al., 2014) and elsewhere (Provost 

et al., 2004; Forey et al., 2008; Brunbjerg et al., 2012a,b). 
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No significant influence of the regional climatic gradient was perceived 

when evaluating responses of mobile dune vegetation to shifts in coastal 

dynamics. This could partially be attributed to the fact that the study focused on a 

specific part of the dune system (mobile dunes along a relative short biogeographic 

gradient), which allowed capturing a rather stable species composition in these habitat 

types (Forey et al., 2008; Kim et al., 2014; Vaz et al., 2015), thus masking any potential 

effect of the regional gradient. Nonetheless, Fidalgo et al. (2014) were able to identify 

interactions between biogeographic location and local conditions when analysing eco-

physiological responses of dune plants to changes in coastal dynamics along the same 

study area. Based on those findings, the authors advocated that such interactions 

among processes operating at different scales should be clearly elucidated before 

applying the resulting framework in the assessment and monitoring of prevailing 

coastal dynamics. Here, we could successfully discriminate meta-stable from 

transgressive sites based on selected features of community structure in mobile dunes 

(see Figures 3.22-3.27), even if the regional gradient did influence some features of 

community structure when the whole set of habitats along the dune gradient was 

analysed. 

 



FCUP 

A theoretical approach to a practical challenge – community ecology of dune vegetation and its 

relation with coastal dynamics  

135 

 

 

4.2. Conclusions and future perspectives 

 

In section 4.1, an integrative discussion of the main results was provided, 

connecting functional plant ecology with co-occurrence and biotic interactions to 

assess plant community structure and dynamics. In this final section we outline the 

overarching conclusions of the study, in line with the research questions defined in 

chapter 1, and identify some promising avenues for future research. Even if the 

research design may have suffered from a few caveats (small number of sites, 

relatively narrow biogeographic gradient), we were able to draw some important 

conclusions that may contribute to advance the state-of-knowledge and to outline 

future research directions. 

 

 

4.2.1. Overarching conclusions 

 

Our first research question was: What patterns of species diversity and co-

occurrence can be observed in plant communities along the local dune gradient? 

 

We were able to conclude that: 

 

- Overall, dune plant species diversity exhibits a humped-back pattern 

along the local dune gradient, with the highest values recorded in the middle of the 

gradient, in agreement with the various combinations of stress and disturbance and 

with predictions of core ecological theory.  

 

- Along the local dune gradient there is a clear vegetation zonation, with 

spatial segregation of plant species typical of seaward habitats from those of landward 

habitats, mainly determined by environmental sorting of species with specific resource 

needs and ecological preferences.  

 

- Species segregation is the predominant pattern of co-occurrence within 

and between habitat types, suggesting an overall prevailing role of species sorting 

and competition over facilitation in the assembly and dynamics of dune plant 

communities. 
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Concerning our second research question: How are plant strategies and 

functional types distributed along the local dune gradient? 

 

We obtained evidence to support the following conclusions: 

 

- In general, plant species of functional Type III and of strategies with an S-

component prevail in the seaward, mobile dune habitats, confirming the adaptation 

and ability of those species to thrive under severe environmental conditions. 

 

- When moving landward from the beach along the local gradient, a gradual 

replacement of strategies with an S-component by those with an R-component 

occurs, highlighting the role of environmental stress and resource availability in locally 

sorting species and thereby structuring plant communities.  

 

- Concurrently, Type III species were gradually replaced by Type I and II 

species in a landward direction, confirming that the harsh conditions in the dune 

system act as effective filters for species with no or moderate adaptations to the 

combined effect of stress factors and disturbances that characterise coastal dunes. 

 

 

For our third research question: How are the observed patterns of species 

diversity and co-occurrence mediated by plant strategies and functional types? 

 

We were able to conclude that: 

 

- The humped-back response of plant species diversity was more evident 

for (semi-)ruderal strategists with no specific adaptations to the dune environment 

(i.e. SR, CR and Type I species), consistently with the moderate conditions of stress 

and disturbance that characterize, with various small-scale combinations, interior dune 

habitats. 

 

- The predominance of species segregation across plant strategies and 

functional types confirms a key role of species sorting according to stress-tolerance 

and also of competitive interactions, and confirms that facilitation may, in fact, not be 
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so frequent in coastal dunes (due to the extreme levels of environmental severity), 

as well as ineffective and restricted to specific habitat types. 

 

- A tendency for species aggregation was perceived in the embryonic foredune 

and interior dune habitats, where localized facilitation and fine-scale heterogeneity 

of conditions may enable species and strategies that are less adapted to the dune 

environment. 

 

 

Finally, regarding our fourth research question: Is this theoretical approach, 

based on co-occurrence patterns and functional profiles of species assemblages, 

useful to identify ecological changes induced by shifts in prevailing coastal dynamics? 

 

We found evidence to conclude that: 

 

- Plant diversity in mobile dunes does not seem to suffer significant 

changes following a shift to transgressive coastal dynamics, suggesting that this 

component of community structure may not be an effective indicator of ecological 

change driven by modifications in coastal dynamics. 

 

- Different plant strategies and functional profiles exhibited contrasting co-

occurrence patterns under the two types of coastal dynamics, highlighting that 

interactions between abiotic filters, species traits, and biotic factors will drive 

vegetation responses to shifts in coastal dynamics. 

 

- The typical zonation of species, plant strategies and functional types in mobile 

dune communities along the local gradient was changed under transgressive coastal 

dynamics, suggesting that indicator selection for ecological assessment and 

monitoring should focus on the functional profile of plant communities. 

 

- No significant regional influence was observed in local responses of 

mobile dune plant communities to changes in coastal dynamics. Still, some 

interactions between local and regional processes were perceived for the whole set of 

dune habitats, confirming previous reports. Those interactions should be carefully 
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elucidated before the actual application of our findings in coastal assessment and 

monitoring. 

 

 

4.2.2. Avenues for future research 

 

From the many possible research avenues, five can be highlighted due to their 

potential contribution to build upon our results and advance the application of 

ecological theory in the assessment and anticipation of ecological changes in coastal 

zones: 

 

- Functional ecology: A promising line of research would involve refining the 

analysis of functional profiles of species assemblages, by complementing the analysis 

based on plant strategies and functional groups with assessments based on the 

distribution of traits (Bernhardt-Rӧmermann et al., 2011; Sterk et al., 2013). The 

emphasis should be on those traits that are more closely related with adaptation to the 

dune environment, and especially with dune resilience under environmental change. 

 

- Spatial ecology: Analysing the fine spatial patterns of species, life strategies, 

functional groups and/or traits would add significantly to the assessment of co-

occurrence, species sorting and biotic interactions (Dullinger et al., 2007; Maltez-Mouro 

et al., 2010; Waugh & Aarssen, 2011). The recent advances in the use of unmanned 

airborne vehicles (UAVs, or “drones”) for ecological and environmental assessment 

opens a new avenue for exploring all the potential of very-high spatial resolution 

imagery (Anderson & Gaston 2013), including in coastal areas (Mancini et al., 2013; 

Calviño-Cancela et al., 2014; Chikhradze et al., 2015; Gonçalves & Henriques, 2015). 

The potential of very-high resolution imagery has recently been tested, with promising 

results, in the exploratory analysis of spatial co-occurrence between plant species in 

coastal dune habitats (Gomes, 2012). 

 

- Experimental ecology: Experimental approaches to analyse community 

assembly and dynamics under controlled conditions have been a fruitful field in 

ecological research (Tilman et al., 1997; Dormann, 2008; Castanho et al., 2015b). 

Experimental designs can be used to simulate focal gradients or processes, as well 

as the effects of changes in environmental conditions on community structure and 



FCUP 

A theoretical approach to a practical challenge – community ecology of dune vegetation and its 

relation with coastal dynamics  

139 

 

 

functional profile, and downstream on ecosystem functioning and properties such as 

productivity or resilience. The focus in this case should be on analysing quantitative 

variations of traits, types and intensity of biotic interactions, and the resulting 

community structure along quantified or simulated gradients of dune stress factors 

(Mori et al., 2014; Laughlin et al., 2015) 

 

- Long-term research and monitoring: Long-term ecosystem research (LTER) has 

emerged as an attempt to analyse processes operating over long time frames as well 

as their effects on biological or ecological attributes of ecosystems (Turner et al. 2003). 

Applying an LTER-like approach to coastal dunes, based on frequent surveillance of 

core ecological indicators, could allow a “(near-)real-time” analysis of species- and 

community-level responses to gradual or abrupt changes in the prevailing coastal 

dynamics as well as to discrete catastrophic events, while at the same yielding data 

time-series against which the general model described in this thesis could be validated. 

 

- Resilience and ecosystem services: The more refined analyses of spatially- and 

temporally-explicit and multi-scalar processes, allowed by an LTER-like approach, 

could offer a significant contribution for identifying and anticipating critical transitions 

towards new, possibly undesired system states (Scheffer et al., 2012). An integrative 

approach to community dynamics, identifying tipping points in species interactions and 

the functional profiles of species assemblages, would allow assessing and promoting 

dune ecosystem resilience to shifts in coastal dynamics, stimulating the provision of 

ecosystem services and thereby minimizing coastal hazards (Lozoya et al., 2011). 
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Appendix 1 - List of species recorded during field surveys. 

Species names Family 

Aetheorhiza bulbosa ssp. bulbosa (L.) Cass. Compositae 

Agrostis stoloniferaL. var. pseudopungens (Lange) Kérguélen Gramineae 

Aira praecox L. Gramineae 

Ammophila arenaria (L.) Link ssp. arundinacea H. Lindb. Gramineae 

Anagallis monelli L. var. macrophylla (Ball) Vasc. Primulaceae 

Andryala integrifolia L. Compositae 

Anthyllis vulneraria L. ssp. iberica (W. Becker) Jalas ex Cullen Leguminosae 

Antirrhinum cirrhigerum Welw. ex Ficalho Scrophulariaceae 

Artemisia crithmifolia L. Compositae 

Briza maxima L. Gramineae 

Bromus diandrus Roth Gramineae 

Bromus rigidus Roth Gramineae 

Cakile maritima Scop. ssp. integrifolia (Hornem.) Greuter et Burdet Cruciferae 

Cakile maritima ssp. maritima Scop. Cruciferae 

Calystegia soldanella (L.) R. Br. Convolvulaceae 

Carex arenaria L. Cyperaceae 

Centaurium chloodes (Brot.) Samp. Gentianaceae 

Cerastium diffusumssp. diffusum Pers. Caryophyllaceae 

Cistus salviifolius L. Cistaceae 

Corema album (L.) D. Don Empetraceae 

Corrigiola littoralis ssp. littoralis L. Caryophyllaceae 

Corynephorus canescens (L.) P. Beauv. Gramineae 

Crataegus monogyna Jacq. Rosaceae 

Crucianella maritima L. Rubiaceae 
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Species names Family 

Cyperus capitatus Vand. Cyperaceae 

Cytisus grandiflorus (Brot.) DC. Leguminosae 

Daphne gnidium L. Thymelaeaceae 

Elymus farctus (Viv.) Runemark ex Melderis ssp. boreali-atlanticus 
(Simonet et Guin.) Melderis 

Gramineae 

Erodium cicutarium (L.) L'Hér. Geraniaceae 

Eryngium maritimum L. Umbelliferae 

Euphorbia paralias L. Euphorbiaceae 

Euphorbia portlandica L. Euphorbiaceae 

Evax pygmaea (L.) Brot. ssp. ramosissima (Mariz) R. Fernandes et 
I. Nogueira 

Compositae 

Filago minima (Sm.) Pers. Compositae 

Halimium calycinum (L.) K. Koch Cistaceae 

Helichrysum italicum (Roth) G.Don ssp. picardi (Boiss. et Reut.) 
Franco 

Compositae 

Herniaria ciliolata Melderis ssp. robusta Chaudhri Caryophyllaceae 

Hypochaeris glabra L. Compositae 

Hypochaeris radicata L. Compositae 

Iberis procumbens ssp. procumbens Lange Cruciferae 

Jasione maritima (Duby) Merino var. sabularia (P. Cout.) Sales et 
Hedge 

Campanulaceae 

Juniperus phoenicea ssp. phoenicea L. Cupressaceae 

Lagurus ovatus L. Gramineae 

Leontodon taraxacoides ssp. taraxacoides (Vill.) Mérat Compositae 

Linaria polygalifolia Hoffmanns. et Link Scrophulariaceae 

Lotus creticus L. Leguminosae 

Lupinus angustifolius L. Leguminosae 
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Species names Family 

Malcolmia littorea (L.) R.Br. Cruciferae 

Medicago marina L. Leguminosae 

Myrtus communis L. Myrtaceae 

Orobanche purpurea Jacq. Orobanchaceae 

Otanthus maritimus (L.) Hoffmanns. et Link Compositae 

Pancratium maritimum L. Amaryllidacea 

Paronychia argentea var. argentea Lam. Caryophyllaceae 

Plantago coronopus L. Plantaginaceae 

Polycarpon tetraphyllum ssp. tetraphyllum (L.) L. Caryophyllaceae 

Polygonum maritimum L. Polygonaceae 

Polypodium interjectum Shivas Polypodiaceae 

Quercus suber L. Fagaceae 

Reichardia gaditana (Willk.) Samp. Compositae 

Rubia peregrina L. Rubiaceae 

Rubus ulmifolius Schott Rosaceae 

Rumex acetosella L. ssp. angiocarpus (Murb.) Murb. Polygonaceae 

Scirpoides holoschoenus (L.) Soják Cyperaceae 

Scrophularia frutescens L. Scrophulariaceae 

Sedum acre L. Crassulaceae 

Sedum album L. Crassulaceae 

Sedum sediforme (Jacq.) Pau Crassulaceae 

Senecio gallicus Vill. in Chaix Compositae 

Sesamoides purpurascens (L.) G. López Resedaceae 

Seseli tortuosum L. Umbelliferae 

Silene littorea ssp. littorea Brot. Caryophyllaceae 



FCUP 

A theoretical approach to a practical challenge – community ecology of dune vegetation and its 

relation with coastal dynamics  

180 

 

 

Species names Family 

Silene niceensis All. Caryophyllaceae 

Silene portensis ssp. portensis L. Caryophyllaceae 

Stauracanthus genistoides (Brot.) Samp. Leguminosae 

Trifolium arvense L. Leguminosae 

Ulex europaeus L. ssp. latebracteatus (Mariz) Rothm. Leguminosae 

Verbascum litigiosum Samp. Scrophulariaceae 

Vulpia alopecuros (Schousb.) Dumort. Gramineae 

Xolantha guttata (L.) Raf. Cistaceae 



FCUP 

A theoretical approach to a practical challenge – community ecology of dune vegetation and its 

relation with coastal dynamics  

181 

 

 

Appendix 2 - List of species classified according to the CSR scheme of Grime (1974) 

and to the dune plant functional types (PFT) of García-Mora et al. (1999). 

Species CSR PFT 

Aetheorhiza bulbosa SR III 

Agrostis stolonifera var. pseudopungens CS II 

Aira praecox SR I 

Ammophila arenaria ssp. arundinacea CS III 

Anagallis monelli S II 

Andryala integrifolia CR II 

Anthyllis vulnerari ssp. iberica CS II 

Antirrhinum majus ssp. cirrhigerum S II 

Artemisia campestris ssp. maritima CS II 

Briza maxima R I 

Bromus diandrus R I 

Bromus rigidus R I 

Cakile maritima ssp. integrifolia SR III 

Cakile maritima ssp. maritima SR III 

Calystegia soldanella CS III 

Carex arenaria SR III 

Centaurium chloodes SR II 

Cerastium diffusum R I 

Cistus salvifolius CR II 

Corema album CS III 

Corrigiola littoralis SR II 

Corynephorus canescens CS II 

Crataegus monogyna C II 
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Species CSR PFT 

Crucianella maritima S III 

Cyperus capitatus SR III 

Cytisus grandiflorus CS II 

Daphne gnidium SR II 

Elytrigia juncea ssp. boreali-atlantica CS III 

Erodium cicutarium ssp. bipinnatum SR I 

Eryngium maritimum S III 

Euphorbia paralias S III 

Euphorbia portlandica SR II 

Evax pygmaea ssp. ramosissima SR I 

Filago minima SR I 

Halimium calycinum CS II 

Helichrysum italicum CS III 

Herniaria ciliolata CS II 

Hypochoeris glabra R II 

Hypochoeris radicata CR II 

Iberis procumbens SR III 

Jasione maritima var. sabularia CS III 

Juniperus phoenicea CS III 

Lagurus ovatus SR I 

Leontodon taraxacoides ssp. taraxacoides CSR II 

Linaria polygalifolia ssp. polygalifolia SR II 

Lotus creticus CS III 

Lupinus angustifolius R I 

Malcolmia littorea SR II 
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Species CSR PFT 

Medicago marina S III 

Myrtus communis C II 

Orobanche purpurea SR II 

Otanthus maritimus S III 

Pancratium maritimum S III 

Paronychia argentea SR II 

Plantago coronopus SR II 

Polycarpon tetraphyllum R I 

Polygonum maritimum CS III 

Polypodium interjectum CR II 

Quercus suber C II 

Reichardia gaditana CSR II 

Rubia peregrina CR II 

Rubus ulmifolius CSR II 

Rumex acetosella ssp. angicarpos SR II 

Scirpoides holoschoenus CS II 

Scrophularia frutescens CS II 

Sedum acre CS II 

Sedum album CS II 

Sedum sediforme CS II 

Senecio gallicus CR I 

Sesamoides purpurascens CS II 

Seseli tortuosum CS II 

Silene littorea SR I 

Silene niceensis SR I 
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Species CSR PFT 

Silene portensis SR I 

Stauracanthus genistoides CS II 

Trifolium arvense R I 

Ulex europaeus ssp. latebracteus CR II 

Verbascum litigiosum CS II 

Vulpia alopecuros R I 

Xolantha guttata R I 
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Appendix 3 – Spearman correlation test results (R) between the species richness of each class of CSR and functional type classifications (n = 

92). Statistical significance: * p < 0.05; ** p < 0.01; *** p < 0.001. 

Species 
classification 

I II III C CR CS CSR R S SR 

I 

 

0.487*** -0.147 -0.057 0.147 0.401*** -0.084 0.835*** -0.223* 0.774*** 

II 

  

-0.172 0.366*** 0.558*** 0.725*** -0.035 0.515*** -0.077 0.518*** 

III 

   

0.229* -0.232* 0.241* 0.214* -0.256* 0.729*** -0.035 

C 

    

0.161 0.252* 0.378*** -0.106 0.297* -0.125 

CR 

     

0.283** -0.077 0.226* -0.261* 0.130 

CS 

      

-0.279** 0.351** 0.080 0.324** 

CSR 

       

-0.133 0.150 -0.011 

R 

        

-0.246* 0.545*** 

S 

         

-0.252* 

 

 

 


