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 Thesis abstract 

The mechanisms that enable great species diversity in extremely nutrient-impoverished 

landscapes are still little studied compared to nutrient-richer places. Understanding how plant species 

and communities in these landscapes respond to soil nutrient increases, and how they interact with 

each other, is crucial to predict community composition and plan restoration projects. The main 

objective of this thesis was to explore how soil nutrients, especially phosphorus, can shape species 

diversity in nutrient-impoverished plant communities, by studying the response of plant nutrient-use 

and -acquisition traits to native and altered soil conditions, and to test a mechanism that can increase 

species coexistence in those areas.  

Firstly, I explored the dynamics of native Cerrado vegetation, as shaped by soil phosphorus 

concentration, and contrasted it with that of non-native invaded vegetation. I discuss the feedbacks 

involved in the maintenance of states dominated by native and non-native invasive species and how 

this relates to soil phosphorus availability. Furthermore, using a long-term soil fertilisation 

experiment, I discuss how an alternative low-diversity state dominated by non-native invasive grass 

species might emerge. Finally, I structured a conceptual model for the Neotropical savannahs to 

understand the hysteresis linked to soil P availability and the challenge of restoration in phosphorus-

depleted ecosystems. 

In the second study, I evaluated the community composition and nutrient-use and -acquisition 

traits of a three-year-old restoration area compared to an area of cerrado grassland vegetation, and 

an abandoned pasture area, dominated by non-native invasive grass species. I hypothesised that the 

dominant species in the restored site would present higher leaf nutrient concentration and rely on 

mycorrhizal colonization for nutrient acquisition, leading to the dominance of acquisitive species in 

the restored plant community. The results confirmed the predictions, and the community at the 

restoration site displayed attributes similar to the abandoned pasture site rather than the native site, 

underpinning high nutrient stock above ground, contrary of what is expected for native Cerrado areas.  

In the third study, I investigated whether the presence of cluster-root-bearing species can 

benefit the growth and tissue nutrient concentration of a species with mycorrhizal associations, and 

whether this positive interaction would lead to changes in its root architecture. I hypothesized that 

Hibbertia racemosa (focal species) would change its root positioning and length in the presence of 

Banksia attenuata (cluster-roots bearing), since cluster roots would increase soil P availability. When 

cultivated with B. attenuata, the focal plants extended their roots towards B. attenuata roots, with 

greater specific root length and a tendency to allocate a greater proportion of their roots in the upper 

20 cm of the soil. These results highlight that root interactions in nutrient-poor environments 

contribute to shaping species coexistence, and therefore diversity, through facilitation. 
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In this thesis I present new insights into how soil nutrient enrichment affects species 

composition and resistance to non-native invasive species. Furthermore, a mechanism underlying 

facilitative interactions, sustaining biodiversity in nutrient-poor communities. Together, I present 

relevant advances in understanding the mechanisms underlying the distribution and persistence of 

native species from nutrient-poor landscapes and non-native invasive species, and how this 

knowledge can support further research on the challenges of restoring native Cerrado under nutrient 

enriched soils. 
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Thesis abstract in Portuguese (Resumo) 

Compreender como espécies e comunidades de plantas em paisagens com solos oligotróficos 

respondem ao aumento de nutrientes do solo e como isso afeta interações interespecíficas é crucial 

para prever a composição da comunidade. O principal objetivo desta tese foi explorar os mecanismos 

pelos quais os nutrientes do solo, principalmente o fósforo, moldam a diversidade de espécies, e as 

estratégias de uso e aquisição de nutrientes em ecossistemas pobres em nutrientes e testar um 

mecanismo que possa permitir a coexistência de espécies nestes locais. 

Primeiramente, explorei a dinâmica da vegetação nativa do Cerrado, moldada principalmente 

pela concentração do fósforo no solo. Para isso discuto separadamente os feedbacks envolvidos na 

manutenção de estados dominados por espécies nativas e de estados dominados por espécies 

invasoras não nativas e como isso se relaciona com a disponibilidade de fósforo do solo. Além disso, 

usando um experimento de fertilização do solo de longo prazo, discuto, como um estado alternativo 

de baixa diversidade dominado por invasoras não nativas pode emergir. Finalmente, estruturei um 

modelo conceitual para entender a histerese ligada a disponibilidade de P no solo e o desafio de 

restaurar a vegetação nativa em ecossistemas empobrecidos em fósforo. 

No segundo estudo, avaliei a composição da comunidade e seus atributos de uso e aquisição 

de nutrientes de uma área de restauração de três anos em comparação com uma área de vegetação 

nativa e uma área dominada por espécies de gramíneas invasoras não nativas. Levantei a hipótese de 

que as espécies dominantes no local restaurado apresentariam maiores concentrações de nutrientes 

foliares e dependeriam da colonização micorrízica para aquisição de nutrientes, contribuindo para a 

dominância de espécies aquisitivas na comunidade vegetal restaurada. Os resultados confirmaram as 

previsões, e a comunidade no sítio de restauração apresentou atributos semelhantes ao sítio de 

pastagem abandonado em vez do sítio nativo. 

No terceiro estudo, investiguei se a presença de uma espécie com raízes em cluster pode 

beneficiar o crescimento e a concentração de nutriente foliar de uma espécie com associações 

micorrízicas, e se essa interação positiva levaria a mudanças na sua arquitetura raiz. Levantei a 

hipótese de que Hibbertia racemosa (espécie focal) altera o posicionamento da raiz e seus atributos 

em presença de Banksia attenuata, com “cluster-roots”. Quando cultivadas com B. attenuata, as 

plantas focais estenderam suas raízes em direção às raízes de B. attenuata, com maior comprimento 

específico de raiz e tendência a alocar maior proporção de suas raízes nos 20 cm superiores do solo. 

Esses resultados destacam que as interações radiculares em ambientes pobres em nutrientes 

contribuem para moldar a coexistência de espécies e, portanto, a diversidade, por meio de facilitação. 

Nesta tese apresento novas ideias sobre como o enriquecimento de nutrientes do solo afeta 

a composição de espécies e a resistência a espécies invasoras não nativas. Além disso, um mecanismo 
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subjacente a interações facilitadoras, sustentando a biodiversidade em comunidades pobres em 

nutrientes. Em conjunto, apresento avanços relevantes na compreensão de mecanismos subjacentes 

à distribuição e dominância de espécies nativas em paisagens pobres em nutrientes e como estes 

avanços podem dar suporte a pesquisar futuras focadas na restauração de vegetação nativa de 

Cerrado sobre solos enriquecidos em nutrientes.  
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CHAPTER ONE - General introduction 



 

2 

 

1.0 Introduction  

In addition to precipitation and temperature, nutrient supply is a major driver of species diversity, 

especially in nutrient-poor ecosystems. Patterns in plant communities diversity have been related more often 

to edaphic factors since 80’s and 90’s (Grubb, 1989; Richter and Babbar, 1991), however, over the last two 

decades research has increased suggesting that this factor plays larger roles in plant community assembly 

than previously thought. Despite that, the mechanisms that enable great species diversity in extremely 

nutrient-impoverished landscapes that occur mainly in the southern hemisphere are still little studied 

compared to nutrient-rich landscapes or even not extremely nutrient-poor landscapes. To deepen into this 

knowledge, in this chapter we look at the background involving species diversity and distribution, regarding 

pedogenesis and soil nutrient availability, and how this knowledge extends further to restoration practices 

in extremely nutrient-poor environments like the Neotropical savannahs. To do so, I will present a brief 

literature review on how plants can use and acquire soil nutrients efficiently and how soil nutrients can shape 

species diversity and how to apply this knowledge when we want to restore these ecosystems. Finally, I will 

state my thesis purpose and the chapters that comprise it.  

The majority of literature involving plant diversity, community assembly and edaphic factors are 

concentrated in temperate regions, where the soils are more recent and richer, mostly N limited rather than 

P limited (Hopper, 2009). However, in nutrient poor places, the mechanisms governing species and diversity 

and coexistence are much poorly studied. Despite severe nutrient impoverishment, these places harbour 

very high plant species diversity (Hopper, 2009; Silveira et al., 2016). One of the mechanisms that drives 

species diversity in these habitats is soil nutrient availability, because it influences primary productivity, 

which influences the rate at which plant species can be displaced from a community according to 

productivity-diversity theories (Huston, 1979). To thrive in these ecosystems, plants present notable diversity 

of nutrient-use and -acquisition strategies (Lambers et al., 2010; Zemunik et al., 2015). Thus, each species 

relies on different mechanisms for efficient nutrient acquisition and use; some combine morphological and 

physiological adaptations to acquire and use nutrients effectively (Shane and Lambers, 2005), whereas others 

depend on soil microbiota (e.g., fungi and bacteria), and, finally, others rely on facilitation by neighbours 

(Callaway, 2007).  

These nutrient-poor areas occur mainly in the southern hemisphere, such as in south-western 

Australia and in central Brazil, where soils have been leached and eroded for long periods (Mucina and 

Wardell-Johnson, 2011). Much of the literature about these nutrient-impoverished sites is concentrated in 

the Southwest Australian Floristic Region, where more than 50 years of research has accumulated. 

Structurally, the Southwest Australian Floristic Region is dominated by mesic forests in the far south-west, 

and by woodlands, shrublands and heathlands in the semi-arid area (Lambers, 2014). The latter is 

characterised by a rich and diverse flora dominated by sclerophyll shrubland adapted to a Mediterranean 

climate and nutrient-poor soils (Figure 1b) (Lambers, 2014). For the Brazilian Cerrado vegetation, most of the 
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research on mineral nutrition has started in the beginning of the 21st century, and although advancing, it is 

still in its infancy. The Cerrado is a phytogeographic domain in central Brazil formed by a mosaic of vegetation 

types that range from grasslands to savannahs (grasslands with the presence of trees) and woodland 

savannahs (closed canopy savannahs) (Gardner, 2006). Also characterized by a rich and diverse flora adapted 

to a seasonally dry climate and nutrient-poor soils (Figure 1a). 

Research on both, Kwongan and Cerrado, is crucial to face a fast-changing world, where the idea of 

food production and security to a fast-growing population dominates and threatens the conservation of 

those places. Additionally, understanding how to restore those ecosystems after land-use change, is a 

challenge that research must face. Assessing the effects of soil-use change on plant communities and soil 

health are important to understand how to restore ecosystem functions disrupted by soil nutrient 

enrichment and use of non-native species. First, in this chapter I introduce the background involving species 

diversity and distribution, regarding pedogenesis and soil nutrient availability, and how this knowledge may 

be applied in restoration practices in nutrient-poor environments. To do so, I will present a brief literature 

review on how plants can use and acquire soil nutrients efficiently and how soil nutrients can shape species 

diversity, followed by an overview of challenges faced on native ecosystems with non-native invasive species 

and how to apply this knowledge when we want to restore these nutrient-poor ecosystems. Finally, I will 

state my thesis purpose and the chapters that comprise it, two of them focused on the Cerrado vegetation, 

where I spent most of the time of my PhD, and one of them focused on a pair of species from the Kwongan 

vegetation, which I worked on when I studied one year abroad at The University of Western Australia. 

 

 

Figure 1. (a) Photograph of the Cerrado at Chapada dos Veadeiros national park in central Brazil; the photo 

emphasises a grassland, common open vegetation in this vegetation domain. (b) Photo of the sclerophyll 

shrubland (Kwongan) in south-western Australia Lesueur National Park.  

1.1  Plant species functioning and diversity in nutrient-poor ecosystems 

The soil parent material and the pedogenesis process determine soil nutrient composition and 

concentration (Walker and Syers, 1976). The soil phosphorus (P) comes from the parent rock, while most of 

the nitrogen (N) comes from N-fixing plants. In young landscapes, the P in soil is still high, and N concentration 
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is low, since it depends on N-fixing organisms to build up the concentration. As the vegetation becomes 

established, inputs from atmospheric N2 fixation increase, resulting in increasing soil N concentration and, 

so, N and P become co-limiting nutrients. As soils age further, with soil erosion and leaching, P becomes 

increasingly limiting, either because total soil P concentration decreases, because it is rapidly occluded in iron 

and aluminium oxides in soils of low pH, or because it becomes insoluble as calcium phosphates where the 

pH is high (Walker and Syers, 1976; Lambers et al., 2008). Additionally, the low availability of P limits 

nodulation and N2 fixation, thus N concentrations also decline in older soils, but N does not become as limiting 

for plant productivity as P. Therefore, during the pedogenesis process there is a shift in soil nutrient 

concentrations, beginning from N being limiting for plant productivity in the youngest stages to P becoming 

increasingly limiting in the oldest stages (Lambers et al., 2008).   

Terrestrial plants absorb P through their roots, and this process is influenced by nutrient supply and 

nutrient movement to the root surface. The soil nutrients move towards the root surface through mass flow 

or diffusion, so they can be taken up (Barber, 1995). On the one hand, mass flow occurs depending on root 

water uptake as a result of transpiration, so it is influenced by transpiration rate. Diffusion, on the other 

hand, depends on nutrient concentration gradients and on diffusion coefficients. The diffusion coefficient is 

different for each mineral and depends on soil conditions, and for P it is very low, so P has a very low mobility 

in the soil. Therefore, diffusion usually limits its supply to the plant, particularly in natural ecosystems 

(Schachtman, Reid and Ayling, 1998). As roots can take up inorganic phosphorus (Pi) faster than Pi diffuses 

in soil, a zone around the roots depleted in Pi is created. In response to P shortage, plants allocate more 

resources to root growth, but also alter their morphology and physiology, investing in increasing root surface 

area to volume of soil (Lynch, 1995). Alternatively, plants can establish symbiotic associations with 

mycorrhizal fungi, providing photosynthates to the fungi in return of rapid hyphal growth that increases the 

surface area for nutrient uptake (Smith and Read, 2010).  

In severely nutrient-impoverished places, we find a diversity of nutrient-acquisition strategies to 

cope with the nutrient limitation (Zemunik et al., 2015). Different mycorrhizal symbiotic associations can be 

found, such as arbuscular mycorrhizas, which are characterised by forming arbuscules inside root cells and 

extensive mycelia development in the soil, scavenging nutrients and transporting them over relatively long 

distances (Brundrett, 2009). Additionally, we find an increase in occurrence of other specific strategies 

involving morphophysiological adaptations, parasitic associations, and carnivorous plants. In the first case, 

plants exhibit a ‘mining’ nutrient-acquisition strategy (explained in detail below) in contrast to scavenging 

strategies. In the second and third cases plants acquire nutrients from the host and from prey species, thus 

acquiring extra nutrients (Lamont, 1982). 

In addition to the fact that phosphate moves very slowly in the soil and that roots can take up Pi 

much faster than Pi reaches the root surface, in severely impoverished soils the P is bound to oxides and 

hydroxides of aluminium and iron (Walker and Syers, 1976). In this case, plants combine morphology and 

physiology to acquire P more efficiently (Shane and Lambers, 2005). These root specialisations were first 
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described in 1960 by Purnell in Proteaceae species, where she characterised them as a dense set of root hairs 

on determinate rootlets on a part of a root axis (Purnell, 1960). After that, cluster roots have been described 

in many other Proteaceae species (Jeffrey, 1967; Lamont, 1982; Zúñiga-Feest, Delgado and Alberdi, 2010; de 

Britto Costa et al., 2016), and families (Fabaceae, Betulaceae, Casuarinaceae, Elaeagnaceae and Myricaceae) 

(Shane and Lambers, 2005). Other specialised structures have also been described in other families with 

similar function to cluster roots, such as dauciform roots in Cyperaceae (Shane et al., 2006), and capillaroid 

roots in Restionaceae (Lambers et al., 2006).      

The specialised structures mentioned above combine morphology and physiology to increase P 

acquisition, and the key trait is their carboxylate exudation. These structures exude large quantities of 

carboxylates into the rhizosphere, building up a high concentration of these compounds, which mine P once 

unavailable for root uptake (Shane and Lambers, 2005). The ability to mobilise P increases with the number 

of carboxyl groups in the carboxylate structure, citrate (a trivalent anion), malate, and oxalate (both bivalent 

anions) have multiple carboxyl groups, and a great affinity for Fe3+ and Al3+, and replace P previously 

complexed by these metals, increasing P availability (Oburger et al., 2009). This strategy allows intense 

exploitation, hence the name mining, of small soil patches, as opposed to scavenging strategies of 

mycorrhizas (Lambers et al., 2008). 

Besides efficient acquisition mechanisms, species have traits to efficiently use the P once acquired. 

Nutrient-use efficiency of a whole plant is usually a measure of the productivity per nutrient taken up in the 

plant (Vitousek, 1982). In nutrient-poor environments, species selection is on traits that reduce nutrient 

losses and increase nutrient-use efficiency (Aerts and Chapin, 1999). The strategies for achieving a high 

nutrient-use efficiency include reducing nutrient demand (slow growth and low nutrient concentrations), 

efficient and proficient nutrient remobilisation from senescing organs, maintaining fast rates of 

photosynthesis and investing in long leaf life span (Aerts and Chapin, 1999). Reducing nutrient demand 

means to maintain leaf functioning with low nutrient concentrations; this can be achieved by reducing the Pi 

concentration in the vacuoles, replacing phospholipids in the cell membranes by galactolipids or sulfolipids, 

concentrating the Pi in photosynthetically active tissues (Lambers et al., 2011), and functioning at very low 

rRNA levels (Sulpice et al., 2014). Moreover, the chemical form of P in the cell is also a determining factor; it 

has to be in an available form (Pi) and not bound to cations in the cytoplasm in order to participate in the 

metabolic processes (Schachtman, Reid and Ayling, 1998).  

Efficient and proficient leaf nutrient remobilisation are also important traits, which relate the 

capacity of each species to withdraw the nutrient from senescing leaves or other organs, in relative and 

absolute amounts, respectively (Killingbeck, 1996). These two parameters studied to understand whether 

there is a correlation between them and soil fertility in evergreen and deciduous species (Pugnaire and 

Chapin, 1993). Studies carried out along a chronosequence of soil development, such as the Jurien Bay dune 

chronosequence in Western Australia, Franz Josef chronosequence in New Zealand and the volcanic-island 

chronosequence in Hawaii showed significant differences of P concentration in the senesced leaves along the 
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stages of soil development (Richardson et al., 2005; Hayes et al., 2014). More specifically, resorption 

efficiency decreases with increasing green leaf nutrient concentrations and soil fertility.   

 Plants can exude up to 20% of their photosynthetic carbon into the rhizosphere, turning it into a rich 

environment for microorganisms to proliferate (Jones, Nguyen and Finlay, 2009). Bacteria, fungi, oomycetes, 

viruses and archaea that live in the soil are attracted and fed by compounds exuded by roots (e.g., 

carbohydrates and mucilage) (Philippot et al., 2013). For this reason, the rhizosphere environment is rich in 

microorganisms compared with that of the soil surrounding it (rhizosphere effect) (Rovira, 1969). These 

microorganisms can enhance the capacity of plants to acquire P from soil through various mechanisms, for 

example, P-solubilising bacteria can directly solubilise and mineralise mineral-bound and organic phosphates 

through metabolic processes (Bever, Platt and Morton, 2012). This interaction with soil bacteria can be 

beneficial on P-impoverished soils, such as in OCBILs (old, climatically-buffered, infertile landscape), if it is 

less costly to plants and positively affects plant persistence in these environments. However, to date, we 

have little information on whether plants are able to host specific interactions to enhance P availability other 

than by association with mycorrhizal fungi in natural ecosystems.  

 Soil microbiota also have large impacts on plant interactions, both negatively with soil-borne 

pathogens and positively with root symbionts, and consequently on plant diversity and composition. Even 

though the root specialisations are very efficient at acquiring nutrients sorbed to soil particles in those soils, 

we find species that rely on soil microorganisms, such as fungi and bacteria, to acquire part of their nutrients 

(Lambers et al., 2008). The most common association found is with mycorrhizal fungi which involves 

exchanges of carbon from photosynthesis to the fungus and immobile nutrients to the plants, such as P 

(Brundrett, 2009). This association enables a “scavenging” nutrient-acquisition strategy, because with the 

rapid hyphal growth the volume of soil explored is greater and the poorly mobile soil nutrients (e.g., P and 

zinc (Zn)) can be accessed (Lambers and Oliveira, 2019). Furthermore, some types of mycorrhizas, such as 

ericoid and ectomycorrhizas, release phosphatases and organic acids in the soil; therefore, they have access 

to organic pools of P in the soil (Plassard et al., 2011). However, on nutrient-impoverished sites, it is too costly 

to maintain this symbiosis, because of the carbon cost to the plant, and sometimes it does not equalise the 

nutrients acquired by the fungus (Raven et al., 2018). 

In severely nutrient-impoverished habitats, the predominant process determining species 

coexistence is facilitation, rather than competition, because the facilitative interactions become more 

important in stressful environments (SGH - Stress gradient hypothesis) (Bertness and Callaway, 1994). The 

SGH postulates that the relative importance of competitive versus facilitative interactions among plant 

species changes along a gradient of environmental harshness, and facilitation would occur when abiotic 

stress is high, or consumer pressure is intense (Bertness and Callaway, 1994). The facilitation process occurs 

in any pairwise interaction in which at least one species benefits (sensu Callaway, 2007). In OCBILs, with P 

sorbed onto soil particles, facilitative interactions are possible since species with “scavenging” strategies may 

rely on species with “mining” strategies to acquire nutrients. The outcome of facilitation between species 
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with different nutrient-acquisition strategies has been reported in some studies, as the biomass increasing 

in the species relying on facilitation (Muler et al., 2014; Cu et al., 2005; Gardner and Boundy, 1983), but there 

are few studies about the mechanisms that underlie this process, which is the focus of chapter four of this 

thesis.   

1.2  Plant species invasion on nutrient-poor ecosystems  

Non-native species are species whose presence in a specific ecosystem is attributed to human actions 

that enable them to overcome fundamental biogeographical barriers (Hui and Richardson, 2017). On several 

occasions, these non-native species become invasive to the ecosystem once introduced, through a complex 

network of interactions that facilitate the non-native species to overcome the barriers of naturalisation until 

they sustain self-replacing populations (Hui and Richardson, 2017). Impacts of invasive plants are context-

dependent and may vary with time according to invasion, invader traits and characteristics of the recipient 

community (Catford et al., 2019). Theoretical models illustrate the trajectory during the course of increasing 

ecosystem degradation by plant invasions with three thresholds being crossed (Gaertner et al., 2012, 2014). 

The first threshold is reached when structural biotic interactions within the invaded community begin to 

change (e.g., altered species composition and structure). A second threshold is crossed when the first 

changes alter to structural biotic interactions and abiotic factors amplify (e.g., altered water availability). In 

a later stage of invasion, a third threshold may be reached when changes in structural components result in 

changes in functional components (e.g., altered nutrient cycling). These changes in functional components 

initiate positive feedback loops in which the invasive species alters the important ecosystems functions 

(Jeschke et al., 2014) 

In nutrient-poor ecosystems, we observe the invasion of both woody and non-woody species. In the 

Cerrado, for example, the common woody exotic invasive species are pine trees (Pinus spp), a gymnosperm 

species that was first brought to Brazil specially for timber and resin production for paper industry and now 

is invasive in Cerrado ecosystems (Simberloff et al., 2010). Invasion by non-woody species, specially by 

African C4 grasses, such as Urochola spp. and Andropogon spp., are also common in the Cerrado (Pivello, 

Shida and Meirelles, 1999). These species were brought mainly for pastures for cattle grazing, since their 

leaves are more nutritious than those of native Cerrado grasses, especially due to their higher nutrient and 

lower fibre content. In other nutrient-poor ecosystems, invasion is also frequent by African C4 grasses 

(Bridgewater and Backshall, 1981) and by Acacia species in the Fynbos (Milton and Hall, 1991).  

Since 1965, with Baker et al. trying to identify traits of an “ideal weed”, studies attempting to profile 

successful invader traits increased. Much has been discussed about the common traits among invasive 

species and how they differ from those of native co-occurring species traits; however, we find studies 

highlighting species identity and context dependency of successful invaders (Mitchell et. al., 2006). Non-

native invasive species found in natural nutrient-poor ecosystems, do present similar r-strategist traits (e.g. 
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short life cycles, fast-growth rates, and high propagule production) occupying the “high-return” of the leaf 

economics spectrum. However, together with this, phenotypic plasticity is important when differing from 

native species to be able to maintain sufficiently rapid growth rates, even in low-resource environments 

(Funk, 2008). More recently, studies highlighted important differences in resource allocation between native 

and non-native species that contribute to faster returns (Funk, Glenwinkel, and Sack, 2013). However, studies 

focusing on belowground organs traits and their effect on soil nutrient cycling to lead soil processes and 

legacy effects of invasive species, are lacking.   

1.3  Plant-soil feedbacks and restoration ecology in the Cerrado  

The main causes of Cerrado native vegetation degradation are land clearing for pastures and crops 

(Strassburg et al., 2017). As these activities have expanded in the past five decades and non-native grasses 

have begun to increase in dominance, invading large tracts of native Cerrado vegetation (Pivello, Shida and 

Meirelles, 1999; Ofstehage, 2017). These land-use changes involve native vegetation suppression, soil 

ploughing, fertilisation, and alkalinisation and all of them contributes to alter essential soil properties that 

enables the persistence of diverse native community (Batlle-Bayer, Batjes and Bindraban, 2010). At the same 

time, these activities introduce and favour the dominance and persistence of invasive non-native grasses 

(Ratter, Ribeiro and Bridgewater, 1997).  

To revert Cerrado degradation, national initiatives have emphasised the necessity to restore 2.4 

million ha in the Cerrado domain (in Portuguese, PLANAVEG (Ministério do Meio Ambiante, 2017)), however, 

there are still few experiments involving the urgent issue of how to restore these areas. Of the few studies, 

almost all focus on proposing Cerrado restoration techniques. Durigan et. al. (2011), for example, proposes 

that in areas where the soil still preserves the gem and bud bank, isolation of the disturbing agent and 

monitoring the natural regeneration is recommended. Adversely, in areas with low native vegetation 

recovery capacity, techniques such as planting seedlings have been widely used, as reported by Melo et. al. 

(2004). Another possible method is the transposition of topsoil from non-degraded areas to degraded areas 

to be restored, which depends on the regrowth of buds and roots to resume vegetation (Ferreira et. al., 

2015). Finally, recently, some large-scale restoration experiments, which use techniques of direct seeding 

(Campos-Filho et. al., 2013) have shown that the use of seeds of determinate species of shrubs and grasses 

allows for a fast soil cover, reducing for the need for maintenance to remove invasive non-native grasses, at 

least in the initial stages of restoration. 

 In addition to proposing techniques, studies that follow and evaluate the restoration outcomes 

regarding community resilience and ecosystem process are extremely important to validate the methods 

being used. Most of the studies that follow and evaluate the restoration processes, use as indicators the 

species diversity and community composition (Pellizaro et al., 2017) and rarely include parameters related 

to ecosystem functions, such as functional diversity and how they relate to ecosystem functions. Functional 

traits include quantitative and qualitative morphophysiological parameters that are measured in the 
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individual scale and are a response to the physical and biotic environment that the individual lives in (De 

Bello et. al., 2010). The set of functional traits present in the community have an effect in soil, the so-called 

direct plant-soil feedbacks (Bever, Westover and Antonovics, 1997). The set of feedbacks predominating in a 

system can be determinant for the dominance of native species or the dominance of non-native invasive 

species (Gaertner et al., 2012, 2014). Thereby, if functional traits parameters are not considered, the practice 

of ecological restoration in these sites can be hindered by changes in key soil properties that promote grass 

invasion.  

As one of the major challenges in restoration ecology is the dominance of non-native invasive 

species in degraded places and how to sustain back the dominance of native species. Thus, we should take 

advantage of ecological theories specific to nutrient poor and high species diverse communities in order to 

better guide restoration practices. Recently, direct seeding methods have been used as a strategy to restore 

Cerrado vegetation in large scale projects (Sampaio et al., 2019). One of the strategies in direct seeding 

methods is to use a high seed density of native fast-growing species that will cover soil faster than non-native 

species. However, despite promising results in the short-term, these restoration projects might be promoting 

the dominance of different functional groups then the native Cerrado (Giles et. al., 2021). As suggested by 

Suding et al. (2004) and Gaertner et al. (2012) it is necessary to understand which thresholds and feedbacks 

were altered in the degraded state compared to the native state. In the Cerrado, soil nutrient availability, 

especially P, is one important factor with thresholds that determine species composition and dominance of 

native species; thus, its management should be included in the restoration practice and planning. Some 

works have proposed and tested, in other vegetations domains, methods to lower soil P availability, such as 

chemical amelioration by adding aluminium sulphate and elemental sulphur (Gilbert et al., 2003), topsoil 

removal (Verhagem et al., 2001) or constant vegetation harvesting (Perring et al., 2009). Thus, innovative 

frameworks that include soil abiotic attributes are imperative to develop effective restoration processes in 

the Cerrado domain. Frameworks that prioritise high species diversity, persisting in nutrient-poor soils can 

help us overcome the major restoration ecology challenges in nutrient-poor ecosystems. In this regard, 

chapters two and three of this thesis focus to fill part of this knowledge gap for the Cerrado.  

The specific soil properties such as the nutrient-impoverished soils, especially P, are imperative to 

maintain the predominance of species richness and diversity of the native nutrient-poor vegetation and to 

avoid invasion by non-native invasive species. We should study not only how these changes in soil use affect 

soil nutrient availability, but also how native and non-native invasive species respond to these changes, 

directly affecting their occurrence and dominance in these places. Thus, the main problem addressed in this 

thesis is how native communities from P poor soils functions and which responses they present to soil 

nutrient addition and how this knowledge may help us to restore abandoned pastures in neotropical 

savannah like the Cerrado. Although research have been conducted to explore the patterns in these nutrient-

impoverished sites, little is known on how these mechanisms interact in restoration practices after land-use 

change. 
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1.5 Thesis outline    

In the context of the challenges outlined above, the purpose here is to explore mechanisms of 

nutrient-acquisition and -use of by which soil nutrients can shape species diversity, in natural and degraded 

nutrient-impoverished plant communities. For this, I established the following research aims and hypothesis 

divided in three chapters.  

In Chapter two, I explore the dynamics of an open plant community in the Cerrado in two possible 

alternative stable states, the native open Cerrado vegetation and an open vegetation dominated by non-

native species, as dependent on soil P availability. By describing plant P-acquisition and -use mechanisms 

linked to soil P availability, in structured positive feedbacks. I further hypothesised that soil P availability is a 

major determinant of native Cerrado vegetation resistance to invasion by non-native invasive grasses. To test 

this hypothesis, I asked: How does a native open Cerrado vegetation respond to soil-nutrient enrichment? In 

addition, would the cessation of soil fertilisation lead to the persistence of low diversity state with dominance 

of fast-growing species? 

To answer these questions, I used data from a long-term fertilization experiment, published in 

Bustamante et al., (2012) and Melo (2019), from an experiment in the Cerrado sensu stricto vegetation in the 

Ecological Reserve of the Brazilian Institute for Geography and Statistics. The dominance of non-native 

invasive species after fertilisation started was shown previously by both studies, and the persistence of non-

native species after fertilisation ceased was shown by Melo (2019).  Thus, I anticipated that invasive species 

would still dominate the studied area even after a decrease in soil available P, and that this characterizes a 

hysteresis in Cerrado ecosystems in response to soil P. By identifying the hysteresis in the system, I 

highlighted the implications and challenges when pristine Cerrado soil conditions are altered and need to be 

restored.  

In chapter three, I collected data of nutrient-acquisition and -use traits, theoretically explored in 

chapter two, to understand the responses of native Cerrado species and non-native invasive species to the 

pristine, native Cerrado, and altered soil conditions, an abandoned pasture, and a restored site. I sought to 

understand whether the above and belowground traits related to nutrient-use and -acquisition strategies in 

the restored sites are still similar to the abandoned pasture or native sites. I first anticipated that soils from 

the abandoned pasture and restored sites would present higher nutrient concentrations, due to previous soil 

management. Additionally, I hypothesised that the dominant species at the restored site would present 

higher leaf nutrient concentrations and rely on mycorrhizal colonization for nutrient acquisition, rather than 

morphophysiological adaptations, contributing to the dominance of acquisitive-nutrient use traits and 

“scavenging” nutrient-acquisition strategies on species in the restored plant community.  

 This study was developed in a restoration area in the Chapada dos Veadeiros National Park in Central 

Brazil. The restoration was done by a private company in 2016 using the direct seeding method suitable for 

large scale restoration purposes. To test the hypothesis, I installed experimental plots in three vegetation 
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types treatments, native Cerrado grassland; abandoned pasture; and a three-year-old restored area, to 

access species community composition, species leaf nutrient concentration, root mycorrhizal colonization 

percentage and above and below biomass production. The three areas were adjacent to each other, present 

in the same topographic and soil type.  

Finally, using two species native from the Kwongan vegetation, I investigated whether the presence 

of a putative facilitative cluster-root-bearing neighbouring species can benefit growth and leaf nutrient 

concentration of a species with contrasting nutrient-acquisition strategy (mycorrhizal) and whether this 

positive interaction would lead to changes in its root architecture. Cluster-root-bearing species, such as 

Banksia attenuata, has already been shown to facilitate non-cluster-root-bearing species, such as Hibbertia 

racemosa; thus, in this work, I focused on the root architectural mechanisms underlying this interaction 

between the two species. For this purpose, I conducted a glasshouse experiment using rhizoboxes (flatten 

rectangle pots with one transparent acrylic side), so I could precisely access root growth and positioning. I 

hypothesised that H. racemosa would direct its root growth towards B. attenuata and that its roots, when 

closer to B. attenuata roots, would present root traits more related to nutrient absorption rather than 

nutrient foraging.           

 This work was developed in a cotutelle scheme, with the first two chapters done in The University of 

Campinas and the third one done in The University of Western Australia. The first two research papers refer 

to the restoration of Cerrado native areas, in the first one I used a past fertilisation experiments to develop 

a conceptual model about how the changes in soil P availability can change the dominance of non-native 

invasive species. In the second one, I did a field experiment to test whether the species in a three-year old 

restoration site would follow the native or the abandoned pasture characteristics of nutrient-use and-

acquisition strategies. The third chapter was developed during the year abroad in The University of Australia. 

This study, although developed with species from a different ecosystem, aligns with the restoration in 

nutrient-poor ecosystems context, since it includes, at the species level, interspecific interactions effects on 

biomass allocation and species functional composition in nutrient-impoverished ecosystems. 
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Phosphorus enrichment decreases Neotropical savannah resistance to 

invasion by non-native grasses, hindering successful restoration 

 
Patrícia de Britto Costa, Bernardo M. Flores, André Mouro D’Angioli, Marina Hirota, Michele Sá Dechoum, 

Mercedes M. C. Bustamante, Thiago R. B. Mello, Rafael S. Oliveira. 

 

2.1 Abstract 

 The Brazilian Cerrado is the most biodiverse savannah in the world, but also the most threatened. 

Land-use changes and subsequent invasion by non-native grasses used as forage for cattle are major causes 

of ecosystem degradation and species loss in the Cerrado and strongly constrain successful restoration 

efforts. Non-native invasive grasses are sown during pasture implementation, preceded by soil liming and 

fertilisation. However, with time, non-native grasses become highly invasive, disrupting important feedbacks 

that maintain native vegetation resilience and ecosystem processes. Cerrado soils usually have low 

phosphorus (P) availability, which acts as a filter favouring mostly slow-growing plant species. Native plant 

species from nutrient-impoverished soils tend to acquire and use P efficiently, and their coexistence is likely 

favoured by facilitation, rather than competition. Here we propose a conceptual model with soil P availability 

underlying native Cerrado resilience. This nutrient is more limiting for invasive non-native species than for 

native species with a wide range of strategies to acquire and use P efficiently. We highlight the positive 

feedbacks intrinsic to the cerrado system, bottom-up controlled by P availability in soil for plants, and how 

feedbacks can change once invasive grasses are present leading to an alternative low-biodiversity stable 

state. Moreover, we explore empirical data from a case study of a fertilisation experiment in the Cerrado to 

support our conceptual model. With these findings, we propose new alternatives to support restoration 

efforts. 

 
Key words: Cerrado; Soil Nutrient limitation; Soil P fertilisation; Bi-stability; alternative states; positive 
feedbacks; resilience.   
 

2.2 Introduction  

 Cerrado, in central Brazil, is the most biodiverse savannah in the world and its herbaceous 

component is especially hyperdiverse (Sano, Almeida and Ribeiro, 2008; Filardi et al., 2018). Arguably, it is 

also the most threatened due to large-scale land-use change for crop and cattle production (Soares-Filho et 

al., 2014), with introduction of non-native invasive grasses (Pivello, Shida and Meirelles, 1999). Previous 

studies have attempted to understand the mechanisms by which non-native invasive grasses become 

dominant in such ecosystems (Levine et al., 2003). However, we still lack a general predictive framework 

addressing how this process may reduce native vegetation resilience and enable the non-native species to 
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dominate persistently, even after disturbances have ceased. This understanding is crucial to guide effective 

conservation and restoration efforts.  

 The knowledge on old-growth tropical grasslands conservation and restoration remains limited 

compared to temperate grasslands (Buisson et al., 2019). Often species successional theories are applied, 

where fast-growing species would colonise the space first and slow-growing plants would be included in a 

later steady-state community. These concepts imply a directional and predictable outcome of the community 

assembly (Niering, 1987). However, in species-rich and nutrient-poor soils ecosystems, the predominance of 

slow-growing species often decreases species competition and enables high functional diversity coexistence, 

at all community stages (Lambers et al., 2010; Zemunik et al., 2018). 

 Although soils in the Cerrado domain exhibit a fair amount of total P, most of this nutrient is poorly 

available for plant uptake (Lopes and Guilherme, 2016). Hence, a common soil management practice is to 

increase P availability through liming and fertilisation, followed by introduction of non-native grass species 

that are especially nutritious for grazing cattle (Lopes and Guilherme, 2016). By increasing total P in the 

system or just increasing the relative amount of P in available P soil pool, these practices, alter important soil 

processes (e.g., organic matter decomposition and nutrient mineralisation rates) (Cole et al., 1987), 

disrupting the natural Plant-soil feedback, favouring the dominance of non-native invasive species (Gaertner 

et al., 2012, 2014), and reducing the possibilities for restoration (Suding, Gross and Houseman, 2004). 

 Restoration of degraded savannahs in the Cerrado domain is a key goal in the next decade (Strassburg 

et al., 2017). Restoration methods have been developed in the Cerrado context (Cava et al., 2018; Buisson et 

al., 2019; Nerlekar and Veldman, 2020), but still with very low success (Buisson et al., 2019), mostly due to 

the persistence of invasive grass species. Here, we present a conceptual model that combines the theories 

of complex dynamic systems (Scheffer et al., 2001) and biological invasions (Hui and Richardson, 2017) to 

explore the mechanisms by which disturbances enable aggressive invasion by non-native grasses in the 

Cerrado. First, we explore the native Cerrado ecosystems, and how it can shift to an invaded low-biodiverse 

state, as dependent on soil nutrient availability (especially P). We then, review and conceptualize general 

mechanisms that compose feedbacks that may stabilise a native Cerrado state, as well as an invaded low-

biodiversity state, under similar soil P availability. Finally, using empirical data from a long-term fertilisation 

experiment in a Cerrado stricto sensu vegetation (grasslands with the presence of trees) we tested the 

hypothesis that soil phosphorus enrichment can lead this vegetation to an alternative low-biodiversity state 

with non-native species, to propose a framework to support conservation and restoration initiatives.  

2.3 Soil P as a critical driver of Neotropical grassland resilience  

 The Cerrado is a mosaic of vegetation types determined mostly by geomorphological factors such as 

soils, relief, and topography (Furley, 1999; Lira-Martins et al., 2022). Open savannah and grassland 

communities are thought to be resilient to relatively frequent fires, since most plant species contain buds 

representing a bud bank that can resprout after fires (Pilon et al., 2021). The Cerrado exhibits high functional 
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diversity that likely reflects a wide range of adaptations to multiple abiotic constraints including low soil 

nutrient availability. Native Cerrado soils are ancient, and much of the P is unavailable for plant uptake, since 

it is sorbed onto iron and aluminium oxides and hydroxides (Walker and Syers, 1976). Soil phosphorus is 

derived from soil parent material and with time, P becomes occluded or is eroded from the landscape on a 

geological time scale, decreasing total P availability for plant communities (Walker and Syers, 1976). Total P 

in soil comprises organic, inorganic and microbial P. The organic P is contained in live and senescent plant 

organs, and it is only available for plant species that release phosphatases through their roots or species that 

have symbiotic associations with ectomycorrhizal fungi (Lindahl and Tunlid, 2015). The inorganic P is present 

in two basic forms in the soil, non-occluded and occluded, the former is found in soil solution readily available 

form for plant uptake and the latter on bound to soil mineral particles (Mengel et al, 2001).  

Because of high concentrations of Al and Fe oxides and hydroxides, a significant part of the soil 

inorganic pool is sorbed into these oxides and hydroxides, and only plant species that release P-mobilising 

root exudates have access to this resource in the soil. In these environments, native species thrive, and most 

non-native invasive species are P-limited (Lannes et al., 2016). Thus, even in the presence of non-native 

species propagules, grass invasion is unlikely (Suding et al., 2013) (Figure 1- box a; circle1).  The increases of 

soil P availability, for example, after fire events (Fisher et al., 2006) or soil liming and fertilisation, decreases 

native vegetation resilience and enables non-native species invasion in native Cerrado areas (Da Silva and 

Batalha, 2008). These non-native invasive plants can become drivers of ecosystem degradation (Didham et 

al., 2005), by shifting native plant-soil feedbacks, and affecting ecosystem nutrient-cycling rates (Peñuelas et 

al., 2010) (Figure 1- box b; circle 2). Restoration efforts in these ecosystems should, firstly, focus on restoring 

abiotic conditions, decreasing the non-native state resilience (Figure 1- box c; circle 3), and, secondly, invest 

in methods to reassemble native plant species community, when the resilience to non-native invasion 

increases (Figure 1- box d; circle 4) (Suding, Gross and Houseman, 2004).  
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investment in ribosomal RNA (Sulpice et al., 2014; Yan et al., 2019). Finally, species that increase nutrient 

residence time by investing in leaf construction with high carbon (C):nutrient ratio, producing lignin and 

tannins, showing less herbivory rates (Mooney and Gulmon, 1982). Such nutrient-conserving traits result in 

a slow litter production rate, with a high C to nutrient ratio, when compared with that in more fertile habitats 

(Nardoto et al., 2006). These traits also shape the characteristics of the soil microbiota related to 

decomposition, and, consequently, the fate of the elements in the organic matter (Cleveland and Liptzin, 

2007; De Deyn, Cornelissen and Bardgett, 2008).  

 In addition to using nutrients efficiently, the native Cerrado plant species also efficiently acquire 

nutrients, especially P. Studies on mineral nutrition in campos rupestres, a species-rich and nutrient-poor 

herbaceous ecosystem within the Cerrado domain, have shown that many species in these plant 

communities rely on root exudates such as carboxylate and phosphatases to acquire P from sorbed inorganic 

forms or from organic forms in the soil (Oliveira et al., 2015; Abrahão et al., 2019). Root exudates comprise, 

on average, between 2 and 10% of the total carbon fixed in photosynthesis for a plant (Jones, Nguyen, and 

Finlay, 2009), for example, sugars, mucilage, and organic acids, as well as enzymes like phosphatases (Jones, 

1998). In P-impoverished systems, this fraction may be considerably greater (Lambers et al., 2006). Despite 

soil microbes utilising this C source as energy source, the microbial community in each plant species’ 

rhizosphere is different, specifically because the compounds exuded are species specific (Semchenko et al. 

2014). Additionally, species that acquire P from distinct soil P pool are common, such as in carnivorous plant 

species (Guilheme Pereira et al., 2012; Zemunik et al., 2018), and species that acquire P from similar P pool 

but at different time, such as phosphophile species, that benefit of increased soil P availability after fire 

events (Lambers et al., 2022). 

 The native plant communities strategies of nutrient use and acquisition described above have 

significant effects on the ecosystem nutrient cycles due to their effects on the mineralisation-immobilisation 

dynamics by soil microbiota. The mineralisation-immobilisation dynamics of organic matter and nutrients is 

influenced by differences in the stoichiometric balance of the soil microbial community and its substrate – 

i.e. its source of nutrients and energy such as litter and root exudates (Manzoni et al., 2008, 2010; Sinsabaugh 

et al., 2013). Overall, the mineralisation-immobilisation dynamics is mainly influenced by variation in 

substrate characteristics, since soil microbiota have a consistent stoichiometric balance worldwide 

(Cleveland and Liptzin, 2007), while the stoichiometric balance of substrate varies significantly among plant 

species, according to their strategies of nutrient use and acquisition (Freschet et al. 2013). In nutrient-poor 

savannah ecosystems, the production of substrates (both litter and root exudates) with high C:nutrient ratio 

and/or high concentration of recalcitrant compounds i.e. lignin and defence molecules, reinforces the 

nitrogen and phosphorus limitation by soil microbiota, leading to a slow degradation of dead organic matter 

and a preferential immobilisation of nutrients in soil microbial biomass and a high mineralisation of C to the 

atmosphere (Manzoni et al., 2008, 2010; Sinsabaugh et al., 2013). This leads to two main patterns in 

ecosystem nutrient cycling: i) a high immobilisation of nutrients in dead organic matter, which takes long to 
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decompose; ii) a high immobilisation of nutrients in soil microbial biomass, whose growth is N and P limited. 

Consequently, the nutrient turnover in native savannah ecosystems is expected to be slow. 

 The slow nutrient turnover in the soils is expected to favour the recruitment of native Cerrado species 

since maintaining low P availabilities allows time for species to resprout or establish from seeds.  The Cerrado 

vegetation may have a soil seed bank; however, some studies show that most of the Cerrado seeds are 

unviable (Dayrell et al., 2016), and most of the species might reproduce mainly by bud banks, including 

rhizomes, xylopodia, corms, bulbs, and aboveground fragments that have the potential to resprout (Pausas 

et al., 2018). Particularly, herbs resprout from bud banks after disturbance events, although they can also 

recruit from seeds (Williams et al., 2005). Similarly, shrubs and trees have a high resprouting ability (Medeiros 

and Miranda, 2008), and may propagate after fire (Hoffmann, 1998). Taken together, the mechanisms 

summarised above contribute to maintain low P availability in soils where native plant species dominate 

which, in turn, favours the recruitment of slow-growing native species. 

2.4.2 Non-native invasive communities 

 As a consequence of soil fertilisation, the total P concentration increases, as well as the available P 

pool concentration, since the soil P-sorption capacity is surpassed, leaving P readily available for plant uptake. 

Soil liming alone does not have an effect on total P, but by increasing soil pH and consequently decreasing 

adsorption on to Al and Fe hydroxides surfaces (Haynes, 1982), it transforms a fraction of occluded into 

available P. After these soil management practices, either alone or combined, a niche is opened for fast-

growing species to colonise and outcompete the native species, since the latter either do not respond to 

nutrient addition (Nardoto et al., 2006; Cunha-Blum et al., 2020) or can present leaf P toxicity, which 

decreases overall plant fitness (Lambers et al., 2011). These invasive grasses coexist with few native Cerrado 

species, mainly with non-herbaceous species that do not show niche overlap such as shrubs and trees, 

possibly due to root spatial niche partitioning (Damasceno et al., 2018). However, the substitution of a range 

of native species by one (or few) dominant non-native species triggers profound changes in the ecosystem.  

 The most common invasive non-native grass species in the Cerrado are native to eastern Africa (e.g., 

Melinis minutiflora Beauv., Urochloa eminii (Mez) Davidse, Hyparrhenia rufa (Nees) Stapf, Andropogon 

gayanus Kunth, and Panicum maximum Jacq. (Pivello, Shida and Meirelles, 1999). These species differ from 

native Cerrado savannah species in relation to their resource acquisition and use strategies, exhibiting fast 

growth rates, and low nutrient-resorption efficiency (Milbau and Nijs, 2004). Consequently, invasive non-

native grass species produce more litter, with lower C:nutrient ratio and lower concentration of recalcitrant 

compounds than native grasses. These differences in substrate characteristic produced by native and non-

native invasive grasses have consequences for the nutrient cycling dynamics of these ecosystems. For 

instance, the production of nutrient-rich – i.e. low C:nutrient ratio - labile substrate, reduces the nitrogen 

and phosphorus limitation of soil microbiota and increase carbon limitation, increasing the decay rate of dead 

organic matter and the mineralisation of nutrients (Manzoni et al., 2008, 2010; Sinsabaugh et al., 2013). This 
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leads to two main patterns in ecosystem nutrient cycling: i) a low immobilisation of nutrients in dead organic 

matter, which is rapidly decomposed; ii) a rapid mineralisation of nutrients in soil microbial biomass. 

Consequently, the establishment of non-native invasive grasses is expected to increase the nutrient cycling 

rate of the ecosystem. 

 Low C:N or C:P grass litter shifts microbes towards C limitation resulting in rapid decomposition as 

they consume labile C and release N and P (Manzoni et al., 2010). Consequently, soil P availability is expected 

to increase when invasive non-native grasses replace the native ones (Spirito et al., 2014). In addition, 

invasive non-native species may release phytotoxic substances through root exudation or leaf shedding, with 

multiple effects, such as anti-fungal and allelopathic effects (Cappuccino and Arnason, 2006). These 

compounds have a great impact on the soil microbial community; for example, Urochloa eminii exudes 

antifungal compounds that lead to the inhibition of the mutualistic association between the fungus and 

native species (Kobayashi and Kato-noguchi, 2015); an effect known as degraded mutualism (Vogelsang and 

Bever, 2009). In addition, invasive species can also encounter better mutualists in the non-native range than 

in their native range (Reinhart and Callaway, 2006).   

 Invasive species can also enhance their relative resilience is by promoting the disturbances that 

favour their persistence. For instance, the increase in non-native invasive species biomass contributes to 

increase fuel loads and ecosystem flammability (D’Antonio and Vitousek, 1992); (Gorgone-Barbosa et al., 

2015). This process also increases the amount of nutrients released to the soil in the form of ash, again 

favouring invasive non-native species. Finally, massive seed germination after fire is also common for invasive 

non-native species that recruit and grow faster than the native ones, further increasing fire frequencies 

(Gorgone-Barbosa et al., 2020). 

 In summary, a higher soil P availability contributes to maintain the ecosystem being trapped with a 

high dominance of invasive species. Fast vegetative growth, together with high rates of propagule production 

and dispersal, as well as high seed germination success, allows invasive grasses to quickly spread into suitable 

areas. Because a seed bank can be formed in still undisturbed areas, when conditions are favourable, massive 

seed germination can boost their dominance and exclude native species (Bond and Midgley, 2001). 

Additionally, allelochemicals exuded by invasive species may decrease germination of native species 

(Barbosa, Pivello and Meirelles, 2008). All these mechanisms combined, increase disproportionally the 

competition of the invasive species over the native ones (Figure 2). 
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surveyed monthly from 1999 to 2000 and from 2007 to 2008, after that the vegetation was surveyed once a 

year on 2009 and 2015. In the P treatment, 100 kg of P ha-1yr-1 was applied as calcium phosphate plus calcium 

sulfate (Ca(H2PO4)2 + CaSO4.2H2O). In the N treatment, 100 kg of N ha-1yr-1 was applied as ammonium sulfate 

((NH4)2SO4). In the P+N treatment, 100 kg of N +100 kg of P ha-1yr-1 was applied using the same chemicals. 

The vegetation was monitored monthly between 1999 and 2000. Monitoring was interrupted and another 

monitoring phase (second study) began 11 years after the fertilisation started (one year after the fertilisation 

ceased), between 2007 and 2008. The vegetation was monitored again, 13 years (2009) and 19 years (2015) 

after fertilisation started, thus up to nine years after the fertilisation ceased (for more details, see 

Bustamante et al., 2012; Mello, 2019).  

 Taking advantage of the long-term experiment explained above, we hypothesised that invasive 

species would still dominate the studied area even after a decrease in soil available P, characterizing a 

hysteresis in Cerrado ecosystems in response to soil P availability. Using this dataset, we calculated the non-

native dominance index as: Non-native species dominance index = Non-native/Native, where the non-native 

species biomass was divided by native species biomass for the data collected in 1999, 2000, 2007, and 2008, 

and the non-native species linear cover was divided by native species linear cover for the data collected in 

2009 and 2015. This index was used to compare non-native grass dominance among treatments and years, 

because for the first period only biomass data were available and for the second, only species cover data 

were available. This way, we could analyse the whole time series using a single metric. We also used data of 

soil P availability provided in both studies and measured by the Mehlich-P method.  

 Until year 10 since the start of fertilisation, native vegetation remained dominant in all fertilisation 

treatments and in the control (Figure 3); however, from year 11 onwards, the invasive non-native species M. 

minutiflora increased abruptly in dominance in treatments that included P (P and P+N), but not in the control 

or in the N treatment. M. minutiflora remained dominant during years 11-13, and even until year 19, when 

the fertilisation treatment had already ceased for almost 10 years (Figure 4), and soil P availability had already 

decreased to levels close to those observed in the native/control treatment (Figure 4), suggesting that the 

system had stabilised in a low-biodiversity stable state. It is likely that a P-availability tipping point was 

reached, allowing M. minutiflora to colonise and outcompete native species, but unfortunately, with the data 

available, we could not estimate this point. 
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Figure 3. Dynamics of the non-native species dominance index from 1999 through to 2015, in response to 

nutrient enrichment in the three treatments (P, N and P+N), and in control sites. The symbols in each 

treatment represent the dominance index for each year in which plant species were monitored. From 1999 

to 2000 all treatments overlap in 0 non-native dominance index, thus only P+N treatment red colour appears, 

from 2007 to 2015 N treatment and control overlap in 0 non-native dominance index, thus, only N treatment 

purple colour appears. From 1998 through to 2006, the plots were fertilised twice each year and the grey 

arrow indicates this biannual fertilisation period. Control data points overlap with the N treatment from 

2007-2015 and can therefore not be distinguished in the figure.  
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Figure 4. Non-native species dominance index in the phosphorus (P) and phosphorus plus nitrogen (P+N) 

fertilisation treatment at different soil phosphorus (P) availability. Soil P availability changed along years in 

the treatments, firstly due to the fertilisation and its long-lasting effects (from 1999 to 2009) and later due 

to the stop of fertilisation and P leaching (2015). Data from the same monitoring phase were gathered 

inside the blue circles. Data from years 2007 and 2009 in the P treatment overlap, which is why only two 

orange squares appear.   

 
 Several studies have consistently shown that soil nutrient enrichment can lead to a persistent low-

diversity state in terrestrial ecosystems. Temperate north American wetlands (Bedford, Walbridge and 

Aldous, 1999) and Australian savannahs (Brooks, Setterfield and Douglas, 2010) are examples of this. Isbell 

and collaborators (2013), and also Fisher et al. (2006) in Western Australian woodlands showed that nutrient 

enrichment not only leads to low diversity states, but also that this low diversity state is stable, i.e. persistent 

even after years of ceasing enrichment. These studies also show that changes in plant functional composition 

led to changes in key ecosystem processes (i.e. nutrient cycling and decomposition), which may indirectly 

reinforce feedbacks that stabilise the low diversity state, or, in our case, the non-native state (Figure 2). As a 

result, alternative stable states in the biodiversity of grasslands may emerge. 

 To address interactions between plant functional types (native vs non-native) as an underlying 

mechanism for bistability in the Neotropical vegetation, we use the Lotka-Volterra model with soil nutrient 

enrichment as a driver of vegetation dynamics. Based on the Lotka-Volterra model (supplementary 

information), we observed that the native and invaded cerrado grassland communities may exist as two 

alternative stable states under the same soil P concentration. The state, in effect, would depend on its 

resilience, partly determined by plant-available soil P concentrations (Figure 5; Figure S1). The resilience of 

both states is revealed by characteristics of the basins of attraction that change depending on the soil 

nutrient enrichment, which modifies critical positive feedbacks (Figure 1). This is possible mainly due to 

changes in the dominant species functional group, from slow-growing conservative species to fast-growing 

acquisitive species (Figure 2). In this process of biological invasion, non-native species arrive by propagules, 

and once established, they change the same environmental proprieties that shape their resilience (Didham 

et al., 2005), in our case, soil P availability. These self-reinforcing processes hinder restoration efforts, since 

they favour the persistence of non-native species (Gaertner et al., 2014). 
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Figure 5. Vegetation dynamics with the ecosystem state either dominated by native or non-native species as 

a function of soil phosphorus (P) availability. Native species dominance persists high, until a threshold in soil 

P concentration is reached (blue filled circle), when the non-native species abruptly dominate (arrow 1). 

Before reaching this point, the ecosystem may also shift abruptly if a disturbance (arrow 2), such as land-use 

change, pushes it beyond the unstable equilibrium (blue dashed line) to the alternative basin of attraction. 

Once the ecosystem is in the non-native state, the native species will only become dominant again when soil 

P availability in the system reaches another tipping point (arrow 3), characterising the phenomenon of 

hysteresis. Both ecosystem states may exist due to contrasting positive feedback loops (see Figure 2).  

  
 In our case study, the fertilisation treatment acted as a gradual change in a stressing condition, since 

soil nutrient concentrations steadily increased over time, reaching an apparent tipping point after 10 years 

of fertilisation, when most native species were outcompeted by non-native invasive species (arrow 1 in Figure 

5). In this particular case, although M. minutiflora dominance increased abruptly, we still observed a great 

proportion of native species in the community. Hence, these results indicate that an alternative invaded state 

may not necessarily be monodominated by non-native species, but instead, dominated by a combination of 

native and non-native species, with reduced biodiversity; at least if the ecosystem is not previously 

perturbed. With the loss of native species resilience, the non-native species were able to persist among the 

community, even after soil P availability decreased to control levels. Nonetheless, in contrast to other field 

studies where a complete dominance of invasive species occurred following native vegetation clearing, as 

well as soil plowing, fertilisation, and liming (arrow 2 in Figure 5), we observed a lower index of native species 

dominance, suggesting that such perturbations may strengthen the non-native invasive feedbacks (Figure 2). 

 The rapid dominance of M. minutiflora in the case study suggests that this species is able to take 

advantage of the changed soil P availability and exploit it faster and out-compete native species.  In severely 

P-poor systems, increased P availability directly changes interspecific interactions for this nutrient and it may 

create a situation where another nutrient or resource (e.g., nitrogen, micronutrients; light) becomes more 

limiting (LeJeune and Seastedt, 2001), leaving unexplored P available in the soil. Both processes can shift 

competitive interactions in favour of invading species (Huenneke et al. 1990; Davis et al., 2000).  Recent 

studies have indicated that micronutrients can also limit plant productivity in these soils (Lannes et al. 2020; 

Lambers et al. 2020), however studies on light and water limitation are still lacking.  
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 Overall, our study indicates that restoration efforts in degraded cerrado grasslands should focus on 

soil P availability, prior to considering the biotic factors, such as seedling planting or seed sowing (Figure 1.). 

In accordance, Sampaio et al., (2019) showed that restoration efforts with direct seeding were more effective 

in areas with soils characterised by low P availability (rocky soils). Restoration efforts in Cerrado should 

therefore incorporate practices that lower soil P availability before introducing native species community. 

Ideas such as lowering soil pH (i.e. using iron sulfate), as well as removing the P-enriched topsoil can help 

decrease soil P availability and increase native species resilience until all soil processes have returned to the 

native state positive feedbacks. Still little is known about the efficiency of these methods to effectively lower 

soil P availability, their feasibility in large scale restoration projects, and how native and invasive species 

respond to these changes. Thus, future works could focus on understanding how native species respond to 

soil nutrient manipulations and how it affects interspecific interactions, especially with non-native species.  

     

2.6 Concluding remarks  

 We have shown with a conceptualized framework and an experimental case study in Neotropical 

savannahs of the Central Cerrado that soil P concentration can be a critical driver of ecosystem dynamics, 

leading to the emergence of alternative biodiversity states, dominated by native vs non-native invasive 

species. Our conceptualized framework hampered strategic knowledge that can support future studies and 

methodologies to combat non-native species invasion in native Cerrado and in restoration areas (e.g., 

removal of nutrient-rich topsoil; applications to decrease the soil pH and soil P availability; and/or selecting 

species with slow growth rates). To improve restoration success in degraded Cerrado and other Neotropical 

savannahs, we need to manage soil conditions, especially P availability, and prioritise the use of species with 

conservative strategies and resprouter species, since they are more likely to help restore the Cerrado 

resilience by restructuring the system’s natural positive feedbacks. 
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shows that with soil enrichment, K2 increases and K1< K2, leading to a faster population net growth in the non-
native community in some cases, leading to an additional stable equilibrium in a non-native state, and an 
unstable equilibrium. The arrows indicate the population growth direction. 

 
We estimated that, as a result of changing K values, in the first scenario with native soil conditions 

the competing effect of the native species on non-native species was at least double that of native species 

on themselves (a11 = 0.003; a21 = 0.006). In contrast, the competing effect of non-native species on native 

species was less than their effect on themselves, because the competition for nutrients was stronger among 

individuals of non-native species (a12 = 0.002; a22 = 0.01). We estimated, however, that, when soil nutrient 

availability increased, the competing effect of native species on non-native species decreased to the same 

extent as the effect of natives on themselves (a21 = 0.003), since competition for nutrients decreased. Also, 

the competition effect of non-natives on non-natives decreased, since their competition for nutrients also 

decreased (Supp. Figure 1).  
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CHAPTER THREE – Neotropical grassland restoration is associated with 
high aboveground nutrient stocks underpinned by dominance of species 

with acquisitive nutrient-use and -acquisition traits.  
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Neotropical grassland restoration is associated with high aboveground 
nutrient stocks underpinned by dominance of species with acquisitive 
nutrient-acquisition traits. 
Patrícia de Britto Costa, André Luiz Giles, Anna Abrahão, Mateus Cardoso, Amanda Petroni, Luisa 

Lobo, Larissa Verona, Gabriel Faustinoni, Isabel Belloni Schmidit, Alexandre Bonesso Sampaio, 

Hans Lambers, Lucy Rowland, Rafael Silva Oliveira. 

3.1 Abstract 

  We sought to assess the success of a direct-seeding restoration method to restore nutrient cycling 

in a neotropical savannah site in central Brazil. We compared nutrient-use (i.e. leaf nutrient concentrations) 

and -acquisition traits (i.e. mycorrhizal colonization) in the plant community among restored, native and 

abandoned pasture areas. In each area, we installed 10 plots in a 400 m transect, and in each plot, we 

determined species composition and cover. We used community weighted means (CWM) to characterise the 

community using species leaf nutrient concentration and root mycorrhizal colonization for 34 species at the 

native site, 14 at the restored site and nine in the abandoned pasture. Additionally, we measured above- and 

belowground biomass stocks. Our results show that nutrient-use and -acquisition traits in the restored area 

were similar to those at the abandoned pasture site, and distinct from those at the native site. After three 

years, the restoration site still showed dominance of species with high leaf nutrient concentrations and a 

high dependence on root mycorrhizal colonization to acquire nutrients. In combination, these traits, and the 

dominance of fast-growing species, that respond to higher soil nutrient concentration, led to a higher 

aboveground biomass stock and consequently higher nutrient stock at the restored area. The restored 

vegetation studied represents a step forward in restoration projects in neotropical savannahs in terms of 

limiting the colonization of non-native invasive species in the initial years. However, there are still important 

plant-soil responses to understand to improve restoration practices to maintain the vegetation persistence 

in long term.           

 

Key words: mycorrhizal colonization; Phosphorus; Cerrado; Neotropical Savannah. 

 3.2 Introduction  

 The Cerrado, a biodiversity hotspot (Myers et al., 2000), occupies 22% of the Brazilian national 

territory and harbours more than 12,000 plant species (many of them being endemic) (Sano, de Almeida and 

Ribeiro, 2008). However, the rapid increase in commodities and cattle production (Ofstehage, 2017; Rausch 

et al., 2019), the change in fire regime (Flores et al., 2021; Terra et al., 2021) and invasion by non-native grass 

species in the remnant native areas (Almeida-Neto et al., 2010; Pivello, Shida and Meirelles, 1999), has 

negatively impacted conservation of the Cerrado. These activities have degraded more than 46% of native 

vegetation, and the expansion of these activities has been estimated to degrade another 31% before 2050 

(Strassburg et al., 2017). To revert Cerrado degradation, national initiatives have emphasised the necessity 
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to restore 2.4 million ha in the Cerrado domain (in Portuguese, PLANAVEG). Additionally, in the ecosystem’s 

restoration decade (2021-2030, UNEP 2021), there is a big commitment to keep the targets for restoration 

in Brazil.  However, there is still little information on the effectiveness of restoration methods in the Cerrado 

and how they allow restoration of ecosystem functioning (Guerra et al., 2020).  

 Recently, restoration of tropical grasslands and savannahs has been studied more intensively. 

However, the majority of the experiments reported in the literature focus on priority areas for restoration 

and techniques for vegetation establishment (Françoso et al., 2020; Pilon et al., 2019; Sano et al., 2019; 

Strassburg et al., 2017). These studies, although important, do not address processes responsible for long-

term native vegetation persistence (Cava et al., 2020). One of the processes responsible for vegetation 

persistence in the Cerrado domain is nutrient cycling (Batmanian and Harisassan, 1985; Hobbie, 2015). This 

process is partly determined by soil nutrient availability, and plant taxonomic and functional composition of 

the community, which serve as determinants of the quality and rate of fluxes of nutrients in the ecosystem 

(Maracahipes et al., 2018; Zechmeister-Boltenstern et al., 2015)  

 The Cerrado generally has soils with low nutrient availability, therefore it is expected that species 

native from this ecosystem exhibit the slow end of the leaf economic spectrum, with conservative nutrient-

use traits (Maracahipes et al., 2018; Nardoto et al., 2006). Thus, most species are expected to have slow 

growth, low leaf nutrient concentrations, efficient nutrient conservation, and low litter quality (Nardoto et 

al., 2006; Oliveira et al., 2015). Additionally, we expect species with efficient nutrient-acquisition strategies, 

so called ‘mining’ strategies, where morphological and physiological adaptations combine to accesses 

nutrients otherwise unavailable for plant uptake (Abrahão et al., 2019; Lambers et al., 2008). Thus, species 

in the “do-it-yourself” end of the nutrient acquisition spectrum are dominant (Bergmann et al., 2020). 

Together, these traits lead to low ecosystem productivity, slow litter decomposition rates, and soil carbon 

accumulation (De Deyn, Cornelissen and Bardgett, 2008). However, these traits richness depend on soil and 

vegetation types (Martins et al., 2022). 

Land-use changes in the Cerrado promoted by the expansion of agriculture are expected to impact 

ecosystems stability through changes in biogeochemical cycling. When the  vegetation is replaced by pastures 

with exotic grasses for livestock grazing, the soil is limed and fertilised, so that it supports higher forage 

productivity (de Oliveira et al., 2001). However, with time (after fertilisation and liming is ceased) the 

productivity of these pastures declines and, despite some native species are able to recolonize the area, non-

native invasive species continue to dominate the area and hinder ecological restoration (Cava et al., 2020). 

The soil liming and fertilisation, increases nutrient availability by increasing soil pH and decreasing soil 

nutrient adsorption capacity (Curtin and Syers, 2001). The mechanical interventions also used in these 

processes, such as soil ploughing, contributes to soil microbial biomass decrease (Oliveira et al., 2004; 

D’Angioli et al., 2022). Ultimately, these practices change soil total nutrient concentration and its partitioning 

between the different pools (i.e. occluded; non-occluded; microbial). Thus, understanding how native species 

respond to these altered soil conditions is crucial to support future restoration projects in these contexts.  
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 Direct seeding is a restoration method used to restore savannahs ecosystems at large scale; in this 

method the vegetation in the area to be restored is burnt and the soil is inverted three times before sowing 

the native species (Sampaio et al., 2015). It is an appropriate method in cases where the soil bud bank is lost 

due to previous soil management activities, and for addressing large scale restoration projects. Studies 

evaluating outcomes of direct seeding to restore grasslands and savannahs in the Cerrado domain have 

reported great success eliminating the non-native invasive species, by focusing on sowing seeds of fast-

growing grass and herb species, that colonize and occupy the soil faster and earlier than non-native invasive 

species do (Pellizzaro et al., 2017; Sampaio et al., 2015, 2019). Although effective to eliminate non-native 

invasive species in the initial phases, these practices may further benefit fast nutrient cycling rates in the 

system, either due to altered native soil condition, or species choice or both together. Although this 

methodology certainly represents a step forward to restoring open Cerrado ecosystems, we still lack 

understanding of how these practices interact with soil conditions where restoration is done, since it can 

easily end up dominated by fast-growing species, contrary of what expected for these nutrient-poor sites 

(Giles et al. 2021). 

On nutrient impoverished places, like the Cerrado, diversity of nutrient acquisition strategies it is 

expected to be high (Zemunik et al., 2015; Zemunik et al., 2018). Targeting for not just a taxonomic diverse 

community but also a functional diverse community in restoration projects can be crucial to increase the 

resistance to non-native invasive species in these places (Naeem et al., 2000; Ammondt and Litton., 2012). 

However, nutrient-acquisition strategy is tough to be a plastic trait to a certain extent, depending on the 

strength of nutrient limitation (Zangaro et al., 2007; Kumar et al., 2019). Thus, understanding how native and 

invaded species community respond to pristine and altered soil conditions is crucial to predict and improve 

restoration outcomes in those areas. 

  Here, we investigated if a direct-seeding restoration in a neotropical savannahs site occurring on 

oxisols can help recover the slow-nutrient-cycling plant community in the third year after implementation. 

We sought to understand whether the leaf nutrient concentration and root mycorrhizal colonization 

percentage in the restored site is still similar to the abandoned pasture or to the native site, helping to restore 

above and belowground nutrient stocks. Also, to understand whether these differences and similarities are 

related to species choice or due to soil changes in the process of land use change and restoration. We 

hypothesised that the dominant species at the restored site would present traits linked to the fast-growing 

functional types, and that species choice rather than species trait plasticity to soil differences explain the 

dominance of acquisitive traits.  

3.3 Methods 

3.3.1 Field site  

 The study site is located in Chapada dos Veadeiros National Park (PNCV), with coordinates 14°07’03” 

S, 47°38’31” W. The vegetation in the PNCV is predominantly cerrado sensu stricto, however in the studied 
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area the vegetation is an open Savannah (locally termed campo sujo). The climate in the study site is 

characterised as Aw Köppen, mean annual precipitation is 1453 mm, 60% of which occurs between October 

and May and the mean annual temperature is 21°C (INMET, 2009). The soils are predominantly oxisols and 

cambisols (IBAMA, 1998). 

 The areas under restoration in the park have been used for extensive livestock grazing before the 

park was established in 1961 (ICMBIO, 2009). In these areas, the soil was ploughed, limed and exotic grasses 

were sown (ICMBIO, 2009). These areas have been abandoned since 1985 (ICMBIO, 2009). The selected area 

for restoration was prepared and seeded in 2016. The soil was prepared for direct seeding by burning the 

non-native invasive species biomass and three consecutive inversion tillage (40 cm deep) (Sampaio et al. 

2015). This way, prior to seeding the native species, one can only find bare soil in the area to be restored.  At 

the same site, previous experiment using same restoration method, 62 out of the 75 seeded species were 

established in the restored plots 2 years after seeding, and only rarely, native and non-native species, that 

were present prior to soil preparation, were present in these areas (Pellizzaro et al., 2017). 

 

3.3.2 Sampling design and vegetation survey 

 To assess the nutrient stock and nutrient-acquisition and -use strategies, we selected one restoration 

area that was sown in 2016, an adjacent native vegetation area and an adjacent area that remains dominated 

by non-native invasive Urochloa eminni (Stapf) R.D.Webster and Melinis minutiflora P. Beauv. The three areas 

were distant only by 100 m, and presented the same topography, soil, drainage, similar elevation. In each 

area, we established transects of 400 m and installed 10 plots of 4 m2 with 40 m between each other. In each 

plot, we determined the community composition, identified species of individuals above 10 cm height, and 

determined its cover based on the vertical projection of the aerial parts (Ellenberg and Dombois, 1974). We 

surveyed the vegetation at the peak of the wet season, January 2019.   

 

3.3.3 Soil sampling and analyses 

 In five plots of each transect, we collected a compound topsoil sample (first 10 cm) of three points 

separated by 1 m in each plot. Soil samples were collected to determine the concentration of soil total 

nitrogen (N) by sulfuric acid digestion followed by Kjeldahl distillation (Bremner, 1982). Plant-available soil P, 

potassium (K), iron (Fe), zinc (Zn), manganese (Mn) and copper (Cu) by Mehlich-1 extraction (Raij B. et al., 

2001) and determined by ICP-OES (Perkin Elmer Model Optima 8300 DV, Waltham, MA). Aluminium (Al), 

magnesium (Mg) and calcium (Ca) concentration were extracted using potassium chloride (1 M) and 

determined using mono-calcium phosphate in acetic acid. Additionally, we determined soil pH in water, and 

soil organic matter (SOM) by the Walkley-Black method (Nelson, 1996).  
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3.3.4 Community trait characterisation  

 To determine functional composition, we collected trait data for species that contributed to cover 

80% of the plot area. We sampled traits of 57 species, 34 species at the native savannah site, 14 species at 

the restored site, and nine in the abandoned pasture (see Table S1 for species identity). The traits measured 

were leaf nutrient concentrations and root mycorrhizal colonization percentage, which helped us 

characterise the nutrient use and acquisition in each treatment. We collected trait data from three individuals 

of each species at each vegetation treatment, we limited three individuals to characterize species traits due 

to funds limitations for nutrient analysis and time to mycorrhizal analysis. In order to minimize such 

limitation, we selected three individuals along the transect, trying to select the most distinct plots in terms 

of vegetation structure. 

To determine macro- and micronutrient concentrations, we collected leaves of adult individuals and 

dried them in an oven at 60ºC for 48 h, to achieve a constant mass. Following this, we ground the leaf material 

in a stainless-steel knife grinder. Leaf subsamples were digested in hot concentrated nitric acid/perchloric 

acid (HNO3/HClO4 = 4:1) to determine concentrations of P, Mn, Cu, Ca, Fe, K, Mg and Zn by atomic absorption 

spectrometry (Perkin Elmer 8300 DV; ICP-OES, Waltham, MA). Additionally, leaf subsamples were digested 

in sulfuric acid to determine N concentrations by the Kjeldahl method.  

 We collected 30 cm of fine (<2 mm) roots from each species and stored them in tubes with ethanol 

50% (v/v) until analysis. The mycorrhizal colonization was measured using the method used by Zemunik 

(2018). Roots were discoloured with 10% (w/v) KOH, acidified with 2% (v/v) HCl and stained with trypan blue 

0.05% (w/v). We then classified each root segment (1 cm) in a scale colonization of six levels L1: 0%; L 2: <1%; 

L 3: <10%; L4: <50%; L5: >50%; L6: >90%. We considered the species as mycorrhizal when we identified 

hyphae together with arbuscules or vesicles. The colonization percentage was calculated using the following 

formula. Colonization % = (L2 + 5*L3 + 30*L4+ 70*L5 + 95*L6)/total L, where Lx is the total length of fragments 

in each class and total L is the total root length analysed, in this case, total L=30 cm. The samples were 

analysed using a Leica microscope with 200x magnification.  

 We calculated the Community-weighted means (CWM) for both functional traits by multiplying 

species cover in each plot per treatment for species trait value (Laliberté and Legendre, 2010); here, the 

CWM is used as a predictor of functional composition in the plant community.  

 

3.3.5 Aboveground and belowground biomass and nutrient stock  

  In each plot of each transect, we measured aboveground biomass stock on one side of each plot and 

estimate the aboveground nutrient stock in each vegetation type. We collected all aboveground biomass 

contained in a 50x50 cm square, dried it in an oven for 48 h at 60ºC, and weighed it on an analytical balance. 

Furthermore, the biomass was ground in a stainless-steel knife grinder and sent for nutrient analyses at 

Universidade Federal de Viçosa following the same methods as described above.  
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 The belowground fine root biomass was collected with an auger of 10 cm diameter. We collected 

samples of 10 cm depth to 60 cm depth. We separated the roots from the soil, air-dried the soil and stored 

it until analysis. Root samples were washed, kept in sealed plastic bags in the freezer until scanning. We 

scanned all roots using a V800 Epson professional scanner (Long Beach, CA, USA) at 400 dpi/mm in 

professional mode greyscale. The images were analysed using WinRHIZO software (V2009, Regent 

Instrument, Quebec, QC, Canada) to assess root length and diameter. We dried the samples and weighed 

them on an analytical balance to calculate root mass and specific root length (SRL).   

 

3.3.6 Data Analysis 

 All statistical analyses were performed in R (version 3.5.1 [R Core Team, 2018]). Before each analysis 

of variance, data and residuals were tested for normality using the Shapiro–Wilk test and Bartlett's test for 

homogeneity of variances. As soil organic matter, N, K, Ca, Fe, S and Zn concentration met ANOVA 

assumptions, we analysed these in distinct one-way ANOVA tests, followed by Tukey’s HSD post hoc test. For 

soil pH and, Mg, Mn, P, Al and Cu concentrations, we analysed the variance between vegetation types using 

the non-parametric Kruskal–Wallis test, followed by the Wilcoxon rank-sum test.  

 For biomass stock, we analysed the variance between vegetation types using the non- parametric 

Kruskal–Wallis test, followed by the Wilcoxon rank-sum test. For comparisons of nutrient concentrations in 

the biomass, we analysed the variance between vegetation types using the non-parametric Kruskal–Wallis 

test, followed by the Wilcoxon rank-sum test for P, K, Ca, Fe, Cu and Mn concentrations, and one-way ANOVA 

tests, followed by Tukey’s HSD post hoc test for N, Mg and Zn concentrations. Nutrient content in the biomass 

was analysed comparing the variance between vegetation types using the non-parametric Kruskal–Wallis 

test, followed by the Wilcoxon rank-sum test for all nutrients (P, N, K, Ca, Mg, Fe, Cu, Zn, Mn).  

 We calculated CWM values in each plot per treatment using species (n = 57) as data points. We 

conducted generalized linear mixed models (GLMM), considering all vegetation types (restored, abandoned 

pasture and native) as fixed factors and plot as random factors. The GLMM were fitted separately for each 

CWM traits, using Gamma distribution with the nlme or glmm R packages (Brooks et al., 2017). 

3.4 Results  

3.4.1 Soil chemical characterisation  

 Although the three treatments were adjacent to each other and occurs under same soil type, soil 

chemical characteristics differed among the three treatments, what was expected due to land-use change 

history. Soil pH was higher at the restored than at the native site. The organic matter concentration was 

higher at the native site, with a mean almost two-fold higher than at the other two sites (Figure 1). Available 

soil P concentration was lower at the native site than in the abandoned pasture and both were similar to that 

at the restored site. Soil N, K, Mn, Mg, and Ca concentrations were higher at the native site and presented 
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similar values between exotic-dominated and restoration sites (Figure 2 and Supplementary Figure 1). Soil 

Al, Fe, Cu, S and Zn concentrations were similar among all sites (Supplementary Figure 1). Over all, the soil 

management in the abandoned pasture and in the restored area leaf to increased soil fertility compared to 

the native site.   

 

Figure 1. Soil (A) pH (Kruskal-Wallis chi-squared = 7.56, df = 2, p = 0.02) and (B) organic matter concentration 

(F=10.52, df=2, p=0.001) at the native, abandoned pasture and restored sites. Boxes represent the 

interquartile range of the distributions, horizontal dark lines inside them represent the median, the whiskers 

represent 1.5*interquartile range and dots represent points outside the extent of 1.5*interquartile range. 

Different lowercase letters represent significant differences among sites following the Wilcoxon rank-sum 

test for the soil pH and the Tukey HSD post-hoc test for organic matter concentration.   
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Figure 2. Soil (A) P (Kruskal-Wallis chi-squared = 6.06, df = 2, p= 0.04); (B) N (F=19.99, df=2, p<0.001); (C) K 

(F=20.57, df=2, p<0.001); (D) Mn (Kruskal-Wallis chi-squared=11.26, df=2, p=0.003) concentration at the 

native, abandoned pasture and restored sites. Boxes represent the interquartile range of the distributions, 

horizontal dark lines inside them represent the median, the whiskers represent 1.5*interquartile range and 

dots represent points outside the extent of 1.5*interquartile range. Different lowercase letters represent 

significant differences among sites following the Wilcoxon rank-sum test for the soil P and Mn concentrations 

and the Tukey HSD post-hoc test for N and K.   

 

3.4.2 Plant community characterisation   

 In total we measured traits of 57 species, 34 species at the native site, 14 species at the restored site, 

and nine in the abandoned pasture site (Table 1. Supplementary material). When we pooled the species traits 

by the species cover to get the community-weighed means (CWM), we observed similar leaf P, N, K 

concentrations between the restoration site and the abandoned pasture site, and lower values of P 

concentration in the native sites but higher values of N in the native site (Figure 3). For leaf Mn CWM values 

were highest in the restored sites, lowest in the abandoned pasture sites, and the native site was in between 

both (Figure 3). For Zn, Fe and Cu concentrations the restored site presented higher CWM values then the 

native and abandoned pasture site, whereas magnesium (Mg) concentration presented the opposite pattern, 

with lower concentration in the restored site (Supp. Figure 2). Finally, calcium concentration CWM values 

were similar across all vegetation types (Supp. Figure 2).     

 
Figure 3. Community-weighted means for leaf (A) nitrogen, (B) phosphorus, (C) potassium and (D) manganese 

in each vegetation type, abandoned pasture (red), native (green) and restored site (yellow). The y-axis 

represents the frequency of mean leaf concentration and the x-axis the value. Different lowercase letters 

represent significant differences among vegetation at different sites.   

 
 Community-weighted means for symbiotic mycorrhizal colonization showed higher colonization in 

the restoration area than at native and non-native-dominates sites (Figure 4.A). Similarly, specific root length 

in the restored community was higher in the restored then in abandoned pasture and native sites (Figure 

4.B). both traits indicating higher nutrient uptake by the restored plant community.  
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Figure 4. Community-weighted means for root (A) arbuscular mycorrhizal colonization and colonization in 

each vegetation type, abandoned pasture (red), native (green) and restored site (yellow), as explained in the 

legend of Figure 3. The y-axis represents the frequency of mean root colonization and the x-axis the value. 

Different lowercase letters represent significant differences among vegetation at different sites.  (B) Specific 

root length in each vegetation type, Different lowercase letters represent significant differences among 

vegetation at different sites followed by Tukey’s HSD post-hoc test. 

 The aboveground biomass stock was significantly greater at the restoration site than at the site 

dominated by exotic and native plants. Mean biomass stock at the restored site was 167 g, compared with 

94 g and 84 g at the native and abandoned pasture sites respectively (Kruskal-Wallis chi-squared = 10.96, df 

= 2, p = 0.004). Opposingly, belowground fine root biomass stock was lowest at the restored site, and highest 

in the native site. 
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Figure 5. (A) Aboveground and (B) Fine root biomass stock in vegetation at each site. Different lowercase 

letters represent significant differences among vegetation at different sites following the Wilcoxon rank-sum 

test. 

 

 The analyses of nutrient concentrations in the aboveground biomass stock revealed a higher 

concentration of Mg (F=105.4, df=2, p<0.001) at the native and pasture sites than at the restored site, and a 

higher concentration of Mn (Kruskal-Wallis chi-squared =  7.171, df = 2, p = 0.027) at the native site compared 

to the pasture and restored sites. All other biomass nutrient concentrations were similar among the three 

treatments; P (Kruskal-Wallis chi-squared = 6.14, df = 2, p = 0.046), K (Kruskal-Wallis chi-squared = 0.049, df 

= 2, p = 0.975), Ca (Kruskal-Wallis chi-squared = 4.345, df = 2, p = 0.113), Cu (Kruskal-Wallis chi-squared 5.650, 

df = 2, p = 0.059), Fe (Kruskal-Wallis chi-squared 0.436, df = 2, p = 0.804), N (F=0.261, df=2,  p=0.773), Zn 

(F=2.088, df=2,  p=0.143).   

 Combining aboveground biomass stock and biomass nutrient concentrations, we observed that the 

contents of biomass P, Zn and Cu were greater at the restored site than at the native and pasture sites. Ca 

content was greater at the restored site than at the native site, but similar as the pasture site. Mn content 

was greater at the restored site than at the pasture site, but similar to that at the native site. The contents of 

N, K, Mg, and Fe were similar among treatments. 
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Figure 6. Aboveground nutrient content of (A) phosphorus (P) (Kruskal-Wallis chi-squared = 6.06, df = 2, p= 

0.04); (B) nitrogen (N) (F=19.99, df=2, p<0.001); (C) potassium (K) (F=20.57, df=2, p<0.001); (D) manganese 

(Mn) (Kruskal-Wallis chi-squared=11.26, df=2, p=0.003); (E) calcium (Ca) (F=10.56, df=2, p<0.001); (F) copper 

(Cu) (Kruskal-Wallis chi-squared = 1487, df = 2, p<0.001) and (G) magnesium (Mg); (H) iron (Fe); (I) zinc (Zn) 

at the native, abandoned pasture, and restored sites. Boxes represent the interquartile range of the 

distributions, horizontal dark lines inside them represent the median, the whiskers represent 

1.5*interquartile range and dots represent points outside the extent of 1.5*interquartile range. Different 

lowercase letters represent significant differences among vegetation types following the Wilcoxon rank-sum 

test for the soil P, Mn and Mg and the Tukey HSD post-hoc test for N, K and Ca.   

3.5 Discussion  

 We showed that direct-seeding restoration favoured fast P cycling through the dominance of species 

with acquisitive P-use and -acquisition strategies coupled with a high aboveground P content. With increased 

soil nutrient concentrations and dominance of fast-growing species, the restoration did not succeed to 

reassemble the conservative nutrient use observed at the native site. We observed that the mean CWM for 

leaf P, N and K concentrations of restored sites were still similar to those at the abandoned pasture site, 

whereas leaf Mn concentration at the restored site was similar to that at the native site, despite the 

difference in soil Mn concentrations. Additionally, the restoration site presented a dominance of 

“scavenging” nutrient-acquisition strategies, presenting CWM for AM root colonization percentage twofold 

higher than that at the native site. The dominance of species with acquisitive nutrient-use and acquisition 
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strategies contributes to a response of the plant community to the higher soil fertility by increasing 

aboveground biomass and aboveground nutrient stock. 

3.5.1 Soil nutrients and its effect on nutrient-use and -acquisition traits 

 Land-use change for pasture implementation and soil preparation (vegetation burning and soil 

ploughing) for direct-seeding restoration certainly led to differences in soil conditions and nutrient 

availability. The liming and fertilisation contributed to increase P availability in the soil, by increasing soil pH 

and increasing P availability in the soil solution (Curtin and Syers, 2001). In the restoration plots, the cycles 

of soil ploughing and fires before seeding did not change soil nutrient concentration compared to the 

abandoned pasture, but it led to a reduced soil microbial biomass, which reduces soil nutrient immobilization 

(D’Angioli et al. 2022). The increase in soil P but decreased soil N and K concentrations may have shifted N, 

P, K soil stoichiometry from those at native site, suggesting a nitrogen limitation rather than phosphorus 

limitation, which has implications for native species establishment in restored areas.  

 Altered soil nutrients, together with the removal of non-native species and sowing of native species 

allowed the emergence of a novel native species community, with dominance of species with higher net 

primary productivity characterised by use of nutrients in an acquisitive manner. This is contrary to what was 

found for cerrado where low soil P availability drives the dominance of species that rely on a mechanism to 

efficiently use these nutrients, with conservative strategies to use P (Abrahão et al., 2019; Guilherme Pereira 

et al., 2018). The higher NPP contributed led to higher vegetation structure, the restored site presents taller 

plants, thus, in this treatment, light could be an additional limiting resource to slow-growth native species 

establishment due to increasing asymmetric light competition (Hautier et. al., 2009). Therefore, the changes 

in soil nutrient availability by a direct-seeding practice can act as filters to maintain the dominance of fast-

growing species, since the strategies to conserve nutrients appear less viable than competition for space in 

a community of fast-growing plants. Thus, the combination of soil and species chosen, led to the 

predominance of species that function differently in terms of nutrient use. 

 The higher AM root colonization confirms the species’ “scavenging” strategies for nutrient 

acquisition at the restoration site. At the community scale, mycorrhizal symbiotic associations increase with 

greater soil P limitation; however, in extremally P-poor soils, mycorrhizal associations are less effective, and 

most species rely on “mining” P-acquisition strategies (Lambers et al., 2018; Raven et al., 2018). Indeed, this 

pattern was observed at the studied sites, as the most P-limited areas (i.e. native areas) showed lower AM 

root colonization than the least P-limited areas (i.e. restored and pasture areas). Furthermore, between 

restored and pasture areas, we observed that the least P-limited area (i.e. pasture areas) showed lower AM 

root colonization than the restored plots. This indicates that P limitation in restored plots still favoured AM 

root colonization, while P limitation in native plots was more intense, favouring ‘mining’ strategies. Nitrogen 

is more mobile in soil than P is, it is more soluble in the soil solution; however, P is less mobile and AM 

colonization can increase P acquisition rates at moderately low P availability (Teste et al., 2016). This higher 
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AM colonization percentage and higher specific root length in restored plots than in native plots shows the 

dominance of acquisitive strategies to acquire nutrients.  

 

3.5.2 Above- and belowground biomass and its effect on nutrient stock  

 The higher aboveground, but lower belowground biomass stock in restored plots in comparison with 

those at the native site is an important factor determining the restoration success. While we acknowledge 

that three years for a restoration site is a short time to allow growth of a substantial root stock in the soil, 

we also highlight that this can be an important factor determining the restoration trajectory (Buisson et al., 

2019). The greater aboveground biomass stock also represented an increased nutrient stock, and this 

represented a shift in stocks compared with that of the native systems. In the Cerrado, the biomass and 

nutrient stock should be greater in the soil or in belowground organs that resprout and are protected from 

fire events. Conversely, aboveground nutrient stocks that rapidly return to the soil in available forms for plant 

uptake either by leaves shedding or after fire events, can represent important shifts that can decrease native 

species persistence in restored areas in the long term, because increased soil nutrient enrichment facilitates 

invasion by non-native plant species (Bustamante et al. 2012).  

 One of the main challenges to overcome in the present restorations areas is the dominance of non-

native invasive grass species (Gaertner et al., 2014). These species naturally occur in more nutrient-rich soils 

in East Africa and are representatives of the fast end of the slow-fast leaf economics spectrum (Peñuelas et 

al., 2010). These species grow faster than native Cerrado species, but only when sufficient nutrients are in 

the soil solution, thus readily available for plant uptake. The land-use changes for pasture implementation 

alter the nutrient availability in the soil to increase primary productivity, especially P in the Cerrado, where P 

is the most limiting nutrient. P is a non-mobile nutrient in soil and since barely leaches, most of the added P 

stays in the system for long periods (i.e. geological time scales), affecting soil nutrient dynamics even after 

fertilisation has ceased for long periods (Walker and Syers, 1976).  These soil changes persist to favour non-

native invasive species, hindering restoration efforts (Suding et al., 2004).  

3.6 Conclusions  

 Direct seeding restoration method, that use a diversity of species collected and germinated in a 

manner to quickly cover the soil surface to prevent non-native species to colonize can be a good strategy 

initially. However, we saw that the soil changes and the chosen species to be seeded led to the establishment 

of a community with nutrient-use and -acquisition traits that differ from those of the native site, being more 

similar to those at the previous abandoned site. This new community contributed to maintain positive 

feedback with nutrient fluxes that favour a greater primary productivity of the system and, thus, contributed 

to an increase in aboveground biomass. This increased aboveground biomass and nutrient stock decrease 
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resilience, because the predominance of fast-growing species that possibly lack mechanism to use and 

acquire nutrients efficiently do not favour the nutrient cycling as in native Cerrado areas that are slower.   
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3.8 Supplementary information for chapter 3 
Table S1. Species List for each treatment, abandoned pasture, restored site and native Cerrado site. We 
only sampled and show here species that contributed to 80% of soil cover in each treatment. Species are in 
alphabetical order. Total of 57 species, 9 from abandoned pasture site, 14 from the restored site and 34 
from the native Cerrado site. 
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Sp N˚ Vegetation type Species
1 Abandoned pasture Baccharis dracunculifolia

2 Abandoned pasture Echinolaena inflexa

3 Abandoned pasture Jacaranda ulei

4 Abandoned pasture Kielmeyra abdita

5 Abandoned pasture Lepidaploa aurea

6 Abandoned pasture Melinis minutiflora

7 Abandoned pasture Mimosa clausenii

8 Abandoned pasture Panicum parvifolium

9 Abandoned pasture Urochloa eminni

10 Restoration site Aristida flaccida

11 Restoration site Aristida gibbosa

12 Restoration site Aristida ripária

13 Restoration site Aristida torta

14 Restoration site Axonopus chrysoblepharis

15 Restoration site Lepidaploa aurea

16 Restoration site Loudetiopsis chrysothrix

17 Restoration site Melinis minutiflora

18 Restoration site Mimosa clausenii

19 Restoration site Schizachyrium sanguineum

20 Restoration site Schizachyrium tenerium

21 Restoration site Stylosanthes capitata

22 Restoration site Trachypogon spicatus

23 Restoration site Urochloa eminni

24 Native site Alagoptera

25 Native site Aldama robusta

26 Native site Andropogon leucostachis

27 Native site Aristida megapotamica

28 Native site Aristida torta

29 Native site Aristida torta

30 Native site Aspidosperma tomentosa

31 Native site Axonopus aureus

32 Native site Bauhinia dumosa

33 Native site Byrsonima

34 Native site Byrsonima coccolobifolia

35 Native site Byrsonima verbacifolia

36 Native site Casearia sylvestris

37 Native site Croton goyazensi

38 Native site Echinolema inflexa

39 Native site Erythroxylum suberosum

40 Native site Heteropteris sp

41 Native site Hypenia paradisi

42 Native site Hyptis villosa

43 Native site Jacaranda ulei

44 Native site Mimosa clausenii

45 Native site Palicourea rigida

46 Native site Panicum campestre

47 Native site Poaceae sp. 9

48 Native site Poaceae sp. 10

49 Native site Poaceae sp. 11

50 Native site Poaceae sp. 12

51 Native site Rapataceae

52 Native site Rhynchospora confusa

53 Native site Senna rugosa

54 Native site Sp. 14

55 Native site Sp. 15

56 Native site Urochloa eminni

57 Native site Verbenaceae sp
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Supp. Figure 1. Soil micronutrient concentration in each treatment. (A) Ca (F=10.56, df=2, p<0.001); (B) Al 

(Kruskal-Wallis chi-squared = 0.25, df = 2, p = 0.88); (C) Fe (F=1.30, df=2, p=0.3); (D) Cu (Kruskal-Wallis chi-

squared = 3.4454, df = 2, p = 0.1786); (E) Mg (Kruskal-Wallis chi-squared = 1487, df = 2, p<0.001); (F) S 

(F=2.367, df=2, p=0.12) and (G) Zn ( F=0.807, df=2,  p=0.46) concentrations at the native, abandoned pasture, 

and restored sites. Boxes represent the interquartile range of the distributions, horizontal dark lines inside 

them represent the median, the whiskers represent 1.5*interquartile range, and dots represent points 

outside the extent of 1.5*interquartile range. Different lowercase letters represent significant differences 

among soil types following the Wilcoxon rank-sum test for the soil Mg and the Tukey HSD post-hoc test for 

Ca.   
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Supp. Figure 2. Community-weighted means for leaf (A) zinc, (B) iron, (C) copper, (D) magnesium and (E) 

calcium concentrations in each treatment, abandoned pasture, native, and restored site. The y-axis 

represents the frequency of mean leaf concentration and the x-axis the nutrient concentration value. 

Different lowercase letters represent significant differences among vegetation types.   
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CHAPTER FOUR - Root positioning and trait shifts in Hibbertia racemosa as 
dependent on its neighbour’s nutrient-acquisition strategy  
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4.1 Abstract  

 Nutrient-poor ecosystems globally exhibit high plant diversity. One mechanism enabling species 

coexistence in such ecosystems is facilitation among plants with contrasting nutrient-acquisition strategies. 

The ecophysiological processes underlying these interactions remain poorly understood. We hypothesised 

that root positioning plays a role between sympatric species in nutrient-poor vegetation. We investigated 

how growth traits of the focal mycorrhizal non-cluster rooted Hibbertia racemosa change when grown in 

proximity of non-mycorrhizal Banksia attenuata, which produces cluster roots that increase nutrient 

availability, compared with growth with conspecifics. Focal plants were placed in the centre of rhizoboxes, 

and we assessed biomass allocation, root system architecture, specific root length and leaf nutrient 

concentration. When grown with B. attenuata, focal plants decreased root investment, increased root 

growth towards B. attenuata, and positioned their roots near B. attenuata cluster roots. Specific root length 

was greater, and the degree of localised root investment correlated positively with B. attenuata cluster-root 

biomass. Total nutrient contents in the focal individuals were greater when grown with B. attenuata. Focal 

plants directed their root growth towards the putatively facilitating neighbour’s cluster roots, modifying root 

traits and investment. Preferential root positioning and root morphological traits play important roles in 

positive plant-plant interactions.  

 

Keywords: biotic interactions; cluster roots; carboxylates; facilitation; neighbourhood effects; plant-plant 

interactions; root aggregation; root spatial patterns; root system architecture; specific root length.       

4.2 Introduction  

 The Southwest Australian Floristic region (SWAFR) features among the 36 global hotspots of 

biodiversity for conservation priorities (Myers, Mittermeier, Mittermeier, da Fonseca and Kent 2000; 

Williams et al. 2011; Noss et al. 2015). The SWAFR harbours 8379 native vascular plant taxa, of which 47% 

are endemic to the region (Gioia and Hopper 2017). This represents 2.7% of all biodiversity of vascular plants 
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in the world (Christenhusz & Byng 2016). This diversity is contained in a nutrient-poor environment, an OCBIL 

(old, climatically-buffered, infertile landscape), which has extremely nutrient-impoverished soils, especially 

low in phosphorus (P) (Hopper, Lambers, Silveira & Fieldler 2021). In addition to a high plant species diversity, 

we find a high diversity of nutrient-acquisition strategies (Zemunik, Turner, Lambers and Laliberté 2015), 

including not only species that have associations with mycorrhizal fungi but also a range of non-mycorrhizal 

species that are very efficient in mining nutrients by chemically altering the rhizosphere (Lambers et al. 2014).  

In these P-impoverished habitats, we find nutrient-acquisition strategies that differ from those in young, 

often disturbed fertile landscapes (YODFLs) (Lambers, Brundrett, Raven & Hopper 2010). Species that are 

highly efficient at mining nutrients sorbed to soil particles, especially P, such as species with cluster roots 

(Lambers, Raven, Shaver & Smith 2008), exude a large amount of carboxylates that make nutrients sorbed to 

soil particles available for plant uptake by ligand exchange (Shane & Lambers 2005a). On the other hand, 

species that have a scavenging strategy, through associations with mycorrhizal fungi, become less 

competitive in these nutrient-poor habitats, because the P concentration in the soil solution is too low (Parfitt 

1979).Thus, in these P-impoverished plant communities, the proportion of species with a nutrient-mining 

strategy is greater than in YODFLs (Zemunik et al. 2015). But what are the mechanisms that contribute to this 

high diversity, and how is this maintained?  

 In the OCBIL theory, Hopper (2009) highlights mechanisms that contributed, over long time scales, 

to maintaining and generating high diversity in these environments. One of these mechanisms is nutritional 

specialisation, and the predominant process driving species coexistence is a shift in prevalence from 

competitive interactions to facilitative interactions (when the presence of one plant enhances a neighbour’s 

fitness and may occur in concert with negative, positive, or neutral reciprocal responses from neighbours, 

sensu Callaway 2007), as postulated by the stress gradient hypothesis (Bertness & Callaway 1994). In severely 

P-impoverished soils, the costs of P acquisition are very high (Raven, Lambers, Smith & Westoby 2018). This 

might lead to a trade-off in plant investment among different P-acquisition strategies (Ryan et al. 2012). Thus, 

species that usually rely on associations with mycorrhizal fungi become deprived of nutrients, slowing down 

their growth rate, thus giving space and opportunities to species with more effective strategies to establish. 

However, positive interactions with species of contrasting nutrient-acquisition strategies may enable them 

to persist in these environments. The existence of such positive interactions has been demonstrated in 

glasshouse studies, involving species with either cluster roots or mycorrhizal associations (Muler, Oliveira, 

Lambers and Veneklaas 2014; Teste, Veneklaas, Dixon and Lambers 2014). It has also been shown in the field, 

involving species with either P-mobilising dauciform roots or mycorrhizas (Yu et al. 2020b; Yu, Li, Xiao, 

Lambers & Li 2020a). Although the outcome of facilitation between species with different nutrient-

acquisition strategies has been reported in several studies as the biomass increase in the species relying on 

facilitation (Cu, Hutson & Schuller 2005; Muler et al. 2014), there are few studies investigating the processes 

involved in positive species interactions (Yu et al. 2020a). The study of nutrient foraging in plants helps us 

link the outcome (i.e. biomass increase) with finer-scale mechanisms (i.e. root positioning and root anatomy). 
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Root growth and root positioning are plastic responses to an array of cues in the soil, including nutrient 

distribution in the soil, microorganisms and neighbouring species (Cahill & McNickle 2011), resulting in non-

uniform root distributions in soil around the root axis (Zhang et al. 2020).  

 Neighbouring species can affect neighbour root positioning, since they represent non-nutritional 

cues, affecting overall root spatial allocation in soil (Cahill et al. 2010). A neighbour can affect root placement 

simply because of spatial constraints, but also chemically, by root-derived compounds (Semchenko, Saar & 

Lepik 2014; Waters, Soini, Novotny & Watson 2016). In terms of root positioning, a plant can have three basic 

responses to a neighbour: no response, avoidance and aggregation. The first one occurs when the root 

placement is independent of presence of neighbour or neighbour identity. This pattern occurs when a species 

has limited capacity to detect or respond to neighbour presence, or its response does not differentiate self 

and neighbouring roots (Semchenko, John & Hutchings 2007). The avoidance behaviour is an under-mixing 

characterised by suppression of root growth in the proximity of neighbouring roots (Schenk, Callaway & 

Mahall 1999). Finally, aggregation occurs when roots over-mix, and is characterised by an increase in root 

proliferation (Bartelheimer, Steinlein & Beyschlag 2006). However, these foraging patterns can also lead to 

changes in root traits such as specific root length (SRL), which may vary to enhance either exploration or 

absorption of nutrients (Yu et al. 2020b).  

 The foraging pattern can lead to changes in overall plant investment. For example, in the case of root 

aggregation, an overproduction of roots is common which may come at a cost such as decreased root growth 

in unoccupied soil patches, or an increase in root/shoot ratio, thus a reduced fitness (Padilla et al. 2013). 

However, if we consider a putative facilitative neighbour with a different (complementary) nutrient-

acquisition strategy, the root aggregation might result in a greater nutrient acquisition, and likely growth, 

maintaining root/shoot growth. Also, to maintain root/shoot investment, plants may alter their specific root 

length by spending resources, while foraging for nutrients, but saving resources by producing more thin 

absorptive roots when reaching a nutrient-rich patch. This change in root/shoot investment or specific root 

length can lead to significant changes in competitive ability, and thus enable species coexistence 

(Semchenko, Lepik, Abakumova & Zobel 2018). 

 The aim of this study was to build on previous work, where a clear benefit in terms of growth of the 

facilitated species was demonstrated in a glasshouse study (Muler et al. 2014) and field observations showing 

neighbour roots intermingling with cluster roots (Teste, Dixon, Lambers, Zhou & Veneklaas 2020). Thus, we 

investigated whether the presence of a putative facilitating non-mycorrhizal cluster-root-bearing 

neighbouring species, Banksia attenuata, increases growth and leaf nutrient content of Hibbertia racemosa, 

a mycorrhizal species without cluster roots. If so, does H. racemosa change its root architecture in response 

to this positive interaction? Additionally, do these changes in root architecture cause increased aggregation 

with the cluster roots of B. attenuata?  We hypothesised that H. racemosa would display increased shoot 

growth when co-occurring with B. attenuata, as nutrient availability would be greater with cluster roots being 
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efficient at solubilising soil nutrients, especially P. This greater nutrient availability around cluster roots would 

influence H. racemosa’s root positioning, making it grow closer to the roots of B. attenuata. 

4.3 Materials and Methods 

4.3.1 Experimental species 

 Hibbertia racemosa (Endl.) Gilg seedlings were acquired from Australian Native Nursery in Perth, 

Australia. Banksia attenuata R.Br. seeds were collected in the field, in Jurien Bay, Western Australia, and 

germinated in a glasshouse, UWA, Perth, in February. The species choice was based on their co-occurrence 

in their natural habitat, with one of them being non-mycorrhizal, producing cluster roots (B. attenuata), and 

the other being mycorrhizal, but without cluster roots (H. racemosa). Both are common in the Southwest 

Botanical Province of Western Australia.  

 Banksia attenuata and H. racemosa plants differed in size, with shoot biomass of H. racemosa being 

three times that of B. attenuata (Supplementary Fig. 1). This was because we bought H. racemosa from a 

nursery and B. attenuata was grown from seeds to ensure a rapid production of cluster roots due to a low-P 

regime. However, to minimise the effect of initial plant size in the rhizobox, we trimmed the roots to the 

same size to ensure all individuals had a similar timespan to occupy the rhizobox volume.      

4.3.2 Experimental design 

 We used rhizoboxes with inner dimensions of 60 x 40 x 3 cm, where 60 cm is the vertical dimension. 

During the experiment, rhizoboxes were placed at a 60° angle relative to the horizontal, with the transparent 

60 x 40 cm acrylic sides facing downward and darkened with black covers, so the roots grew towards and 

along the transparent side and light did not interfere with root development. We filled all rhizoboxes (5.0 L) 

with dried soil (top 80 mm) collected from a Banksia woodland on a Bassendean dune along the Jurien Bay 

chronosequence in Western Australia, which consists of oligotrophic sand; it is severely nutrient 

impoverished and strongly leached (Laliberté et al. 2012).  

 We planted the individuals of B. attenuata and H. racemosa in a replacement series design with 

proportions of 2 B. attenuata and 1 H. racemosa in the BHB treatment (n = 7), 1 B. attenuata and 2 H. 

racemosa in the BHH treatment (n = 7) and 0 B. attenuata and 3 H. racemosa in the HHH treatment (n = 7). 

To transplant H. racemosa and B. attenuata seedlings into the rhizoboxes, we made holes of the same size 

in the soil to make sure they started with the same root volume; for this, we had to trim H. racemosa roots. 

In the BHH treatment we planted the B. attenuata individuals at the left side of the rhizobox in five boxes 

and at the right side in another five boxes (3 boxes were excluded because one or more individuals died), to 

avoid any effects of planting side. However, for the sake of data analysis, we considered all B. attenuata 

individuals in the BHH treatment were on the left side. The plants were grown in a naturally-lit greenhouse 

from June to October 2017 at the University of Western Australia, Perth (31°59'03.4"S 115°49'10.6"E), with 

mean maximum and minimum temperatures of 24.6 and 12.7°C. 
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4.3.3 Root growth measurements and analysis 

 At harvest, we divided the rhizoboxes into six columns and three rows, comprising 18 sections with 

the same soil volume. In each section, the roots were washed and split according to species and individuals. 

Roots of B. attenuata and H. racemosa differ in colour, and they could therefore be separated, even though 

they intermingled. Hibbertia racemosa roots could be traced from their tips to their shoot base; this allowed 

the separation of roots of conspecific individuals. 

 All separated roots were kept in sealed plastic bags with a humid paper towel inside a cool room, so 

root integrity was maintained until subsequent scanning. For each B. attenuata plant, we also counted the 

number of cluster roots and determined their dry weight. Our approach made it possible to assess spatial 

root allocation in a directional and precise manner.  

 We scanned all roots using a V800 Epson professional scanner (Long Beach, CA, USA ) at 400 dpi per 

mm in professional mode, greyscale. The images were analysed in WinRHIZO software (v2009, Regent 

Instrument,Quebec, QC, Canada) to assess root length and diameter. We dried the samples and weighed 

them on an analytical balance, to calculate specific root length and root investment. The calculated horizontal 

root asymmetry index (Hra) was Hra=(Lr-Rr)/Tr, where Lr is the focal species root dry weight in the left half 

of the rhizobox (B. attenuata side in the BHH treatment),  Rr is the focal species root dry weight in the right 

half of the rhizobox, and Tr is the focal species total root dry weight. Thus, the Hra index indicates root weight 

allocation asymmetry between the left and right side, positive values indicating greater root allocation to the 

left side and negative values indicating a greater allocation to the right side. Additionally, we calculated the 

vertical root allocation index (Vra) as    Vra=(top20-bottom60)/Tr , where top20 is the focal species root dry 

weight in the rhizobox top 20 cm, bottom60 is the focal species root dry weight from 20 to 60 cm depth, and 

again Tr is the focal species’ total root dry weight. Higher values in Vra indicate a greater proportion of roots 

allocated to the top 20 cm of the rhizobox, with negative values indicating less than 50% of root biomass was 

allocated to the top 20 cm.   

 We assessed rooting width (Rw) among treatments by comparing the ratio of root biomass in the 

outer two left columns (Lrw) and the two central columns (Crw), with the equation Rw=Lrw/Crw. To further 

illustrate changes in root allocation among treatments, we represented the average root dry weight 

percentage in each section in a graph, indicating whether the growth was towards heterospecific (B. 

attenuata) or conspecific (H. racemosa) individuals. Finally, to test if root allocation of H.  racemosa was 

correlated with cluster-root biomass, we selected only the outer two sections of the top and middle rows, 

that had at least one cluster root and assessed a possible correlation between focal plant root dry weight 

and cluster-root dry weight in these sections.     

 We harvested shoots, dried these for 48 h at 60°C, separated stems from leaves, and measured their 

dry weight. The dry leaf material was then ground, and subsamples digested in hot concentrated nitric acid: 

perchloric acid (HNO3: HClO4; 3:1) (Malavolta, Vitti and De Oliveira 1997), to determine the concentrations 

of P, manganese (Mn), copper (Cu), aluminium (Al), calcium (Ca), iron (Fe), potassium (K), magnesium (Mg), 
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molybdenum (Mo), sodium (Na), sulfur (S), and zinc (Zn) for both species by atomic absorption spectrometry 

(Perkin Elmer 5300 DV ICP-OES, Waltham, Massachusetts, USA).  

4.3.4 Data analysis 

 All statistical analyses were performed in R (version 3.5.1 (R Core Team, 2018)). Before each analysis 

of variance, data and residuals were tested for normality using the Shapiro-Wilk test and Bartlett’s test for 

homogeneity of variances. As shoot and root dry weight and root shoot ratio of H. racemosa met ANOVA 

assumptions, we analysed these as response variables in distinct one-way ANOVA tests, followed by Tukey 

HSD post-hoc test. For nutrient analyses, we performed the same analyses. Specific root length did not meet 

ANOVA assumptions; thus, we analysed the variance between groups, using the non-parametric Kruskal-

Wallis test, followed by Wilcoxon rank-sum test. To analyse the relation of H. racemosa root dry weight and 

B. attenuata cluster-root dry weight, we used a linear regression model (Lm), after Log transformation to 

normalise the data. 

 Hra, Vra and Rb did not met ANOVA assumptions; thus, we analysed the variance between groups 

using the non-parametric Kruskal-Wallis test, followed by Wilcoxon rank-sum test. Root biomass for each 

rhizobox section was also standardised by converting it to a percentage of the total root biomass of that 

replicate, in order to assess root distribution independent of total biomass.  

4.4 Results 

4.4.1 Growth of H. racemosa and B. attenuata  

 In order to understand the effect of neighbour identity on H. racemosa biomass allocation patterns, 

we evaluated focal H. racemosa shoot and root biomass after five months of growth with only conspecific 

pairs, or with one or two B. attenuata individuals on the side. Although focal species did not differ in total 

biomass production when growing with B. attenuata individuals (P = 0.97), we observed changes in the 

allocation pattern between roots and shoots. Focal species invested slightly less (9.7%) in roots when planted 

with one B. attenuata plant, and significantly less (69%) when planted with two B. attenuata plants (P = 

0.016). In contrast, focal plants showed greater shoot biomass when planted together with one (13%) or two 

B. attenuata plants (22%) than when grown only with conspecific pairs, but this was not significant (P = 

0.574). Taken together, this resulted in a significantly lower root/shoot ratio in H. racemosa when planted 

with two B. attenuata plants (Figure 1). 
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Figure 1 | (a) Shoot dry weight, (one-way ANOVA; P= 0.574, F = 0.57, df = 2) (b) total root dry weight (one-

way ANOVA; P = 0.01, F = 5.18, df =  2) and (c) root/shoot ratio (one-way ANOVA; P = 0.047, F = 3.71, df = 2), 

(n=7) of focal individuals of Hibbertia racemosa in experimental groups of  three H. racemosa individuals 

(HHH), two H. racemosa individuals with one Banksia attenuata plant (BHH), and one H. racemosa individual 

with two B. attenuata  plants (BHB). Boxes represent the interquartile range of the distributions, horizon-tal 

dark lines inside them represent the medians, the whiskers represent 1.5*interquartile range and dots 

represent points outside the extent of 1.5*interquartile range. Symbols are individual samples, and different 

lowercase letters represent significant differences between soil types following Tukey HSD post-hoc test. 
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4.4.2 Hibbertia racemosa root system architecture and other traits 

 Root positioning of the focal H. racemosa changed according to neighbour identity, from low root 

overlapping, when planted only with conspecifics, to root aggregation, with intensive overlapping, when 

planted with B. attenuata. The root asymmetry index, defined as inequality of root distribution between both 

sides of the focal plant in the rhizobox, was greater when the focal plant was grown with one B. attenuata 

individual (P = 0.001). Root asymmetry ranged from -0.12 to +0.17 in the treatment with only conspecifics, 

from 0.12 to 0.52 in the treatment with one Banksia on one side, and from -0.56 to +0.25 in the treatment 

with one Banksia on each side, indicating greater root allocation towards the B. attenuata side when planted 

with one B. attenuata and a greater variation in root asymmetry when grown with a B. attenuata plant at 

both sides (Figure 2a). 
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Figure 2 | (a) Horizontal root asymmetry index (Hra) in each treatment, (Kruskal-Wallis chi-squared = 7.061, 

P = 0.029, df = 2) (n=7). (b) Vertical root asymmetry index (Vra) in each treatment, (Kruskal-Wallis chi-squared 

= 2.9948, P = 0.223, df = 2) (n=7). (c) Schematic drawing of rhizoboxes and the focal Hibbertia racemosa mean 

root biomass percentage in each of the 18 rhizobox sections in each treatment (n=7). Each rectangle 

represents a section in the rhizobox, and the blue colour code represents the mean root mass percentage of 

focal H. racemosa in each section. 

 

 The rooting width, i.e. the proportion of focal H. racemosa root mass allocated to the rhizobox outer 

two lateral sections, increased when the neighbour plant was B. attenuata, compared with when H. racemosa 

was the neighbour  (Figure 2c) (Kruskal-Wallis chi-squared = 12.576, P = 0.001, df = 2) (n=7). Moreover, the 
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outermost lateral sections had no focal H. racemosa roots at all when the neighbour was a conspecific. This 

pattern of greater lateral root growth of the focal plant was also accompanied by a tendency of a greater 

percentage of roots in the top 20 cm of the soil compared with that in the deeper layers of the rhizobox, in 

both treatments with B. attenuata, although Vra was not significantly different (Figure 2b). 

 Beyond root asymmetry, we observed that focal H. racemosa plants aggregated their roots with B. 

attenuata roots, sometimes intermingling (Figure 3a-b), and in some cases growing into a B. attenuata cluster 

rhizosphere (Figure 3c-d). In order to evaluate the effect size of these interactions, we correlated the cluster-

root dry weight with focal H. racemosa root dry weight in each section, and found that the degree of localised 

root investment correlated positively with B. attenuata cluster-root biomass (Figure 4); thus the greater the 

cluster-root dry weight, the greater the H. racemosa root positioning in that same rhizobox section.  
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Figure 3 | Photographs taken during sampling. (a) two Hibbertia racemosa plants next to each other; (b) H. 

racemosa (left) next to Banksia attenuata (right). Both images are from the top 20 cm of the root system. (c 

– d) Detail of H. racemosa roots (white, indicated by the black arrows) grown within the rhizosphere of 

compound cluster roots formed by B. attenuata. 
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Figure 4 |Positive relationship between focal Hibbertia racemosa root dry weight and the cluster-root dry 

weight. We included only the outer two sections of the first and middle row that contained cluster roots to 

minimise the effect of main root positioning in the centre of the rhizobox. Each point represents one section 

in one rhizobox of treatments BHH or BHB (F = 10.96, P < 0.05, R2= 0.40, df = 30). 

 

 Finally, we aimed to understand if the changes in root investment and architecture were 

accompanied by changes in root traits, in particular SRL and root diameter. The SRL of focal H. racemosa was 

greater when grown with one or two B. attenuata plants, but this was only statistically significant for the BHB 

treatment (P=0.045) (Figure 5a). This was accompanied by a smaller root diameter in the focal plant as well, 

being significantly lower in the treatment BHH and BHB (P=0.045) (Figure 5b).  
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Figure 5 | Focal plant root traits. (a) Specific root length (Kruskal-Wallis chi-squared = 6.1913, P = 0.045, df = 

2) and (b) root diameter (one-way ANOVA; P = 0.45, F = 17.17, df = 2) of focal Hibbertia racemosa plants in 

each treatment, three H. racemosa individuals (HHH), two H. racemosa individuals with one Banksia 

attenuata plant (BHH), and one H. racemosa individual with two B. attenuata plants (BHB), (n=7).  Superscript 

letters above each boxplot represent group differences. 

 

4.4.3 Leaf nutrient concentration and content in H. racemosa  

 The presence of a putative facilitator has previously been shown to increase nutrient concentrations 

in the leaves of co-occurring species; therefore, we measured nutrient concentrations and calculated 

nutrient contents in the leaves to track this possible outcome. Leaf P and Cu content was significantly greater 

in the focal plants grown with two B. attenuata plants (Figure 6). In contrast, contents of all other elements 

in the focal plants were similar in all treatments (one-way ANOVAs: for Mn, Al; Ca; Fe; K; Mg; Mo; S and Zn, 

P >0.05). Copper was the only leaf nutrient, whose concentration differed in focal H. racemosa plants when 

grown with one or two B. attenuata (Supplementary Fig. 2). The presence of B. attenuata did not affect the 

concentration of any other elements in the leaves (one-way ANOVAs: for P; Mn; Al; Ca; Fe; K; Mg; Mo; Na; S 

and Zn, P >0.05). 
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Figure 6 |(a) Phosphorus (P) content  (one-way ANOVA; P = 0.012, F = 6.76, df = 2), (b) manganese content 

(Mn) (one-way ANOVA; P = 0.463, F = 0.83, df = 2) and (c) copper (Cu) content (one-way ANOVA; P = 0.031, 

F = 4.69, df = 2), of the focal Hibbertia racemosa plant in experimental groups of  three H. racemosa 

individuals (HHH), two H. racemosa individuals with one Banksia attenuata plant (BHH), and one H. racemosa 

individual with two B. attenuata  plants (BHB), (n=7).         

4.5 Discussion  

 In the present study, we investigated root responses in a positive interspecific interaction and 

showed that the presence of a cluster-root bearing neighbour (B. attenuata), as a putative facilitating species, 

led to differences in root investment and architecture in the focal H. racemosa. When grown with B. 

attenuata, focal plants extended their roots towards B. attenuata roots, with a tendency to allocate a greater 

proportion of their roots in the top 20 cm of the soil. Additionally, the specific root length of the focal H. 
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racemosa plants was greater when grown with B. attenuata, and focal plant root positioning correlated with 

the presence of cluster roots of B. attenuata. Finally, leaf P and Cu content were greater in focal species when 

grown with B. attenuata, and only leaf Cu concentration was greater.  

4.5.1 Growth and biomass allocation patterns of H. racemosa 

 Clear benefits in terms of shoot growth of the facilitated species have been shown before in 

experiments with complementary nutrient-acquisition strategies (Cu et al. 2005; Muler et al. 2014). We went 

beyond that, and specifically assessed the effect of conspecific and heterospecific interactions on the focal 

species root growth. Focal species, H. racemosa, when grown with B. attenuata, sense neighbour’s presence, 

responding with root growth towards B. attenuata’s roots, or, alternatively, could invest in root growth in all 

directions, until reaching patches of increased nutrient availability in the soil due to cluster-root activity.  

Once reaching the cluster rhizosphere, H. racemosa allocated more root biomass in this soil patch to exploit 

nutrients available, increasing root mixing. Further studies are necessary to understand if there is any sensing 

involved in root growth direction in these positive root-root interactions, as shown for other studies in clonal 

plants (Waters & Watson 2015), and if so, identify its origin in these interspecific belowground interactions 

(van Dam & Bouwmeester 2016).  

 The focal plants significantly differed in root/shoot ratio, when growing with two B. attenuata plants, 

indicating that biomass allocation changed, depending on neighbour identity. Optimal resource allocation to 

shoot/root investment can enhance plant success in a community (Bloom, Chapin III & Mooney 1985). In the 

nutrient-poor Bassendean dune sand, in which H. racemosa grows as a non-dominant species (Zemunik, 

Turner, Lambers & Laliberté 2016), the presence of the putative facilitative species changed its root-shoot 

investment. This contributed to decrease overall root-shoot asymmetry in biomass allocation to compensate 

nutrient limitation (Kembel, De Kroon, Cahill & Mommer 2008) (Figure 1). Thus, the performance of 

individuals to persist in a community would depend on multiple community-assembly factors, including 

neighbour abundance and frequency, increasing the probability of facilitation interactions when H. racemosa 

is moderately abundant where Proteaceae are dominant (Freestone 2006).  

4.5.2 Root system architecture and other traits of H. racemosa 

4.5.2.1 Root symmetry  

 Neighbour identity was an important factor determining focal plant root placement in the rhizoboxes 

(Figure 2a-b). We interpret this as preferential positioning of roots where nutrient availability increased, 

potentially involving signals from the rhizosphere (Waters and Watson 2015), caused by the exudates 

released in the cluster rhizosphere of B. attenuata (Shane and Lambers 2005). These patches of high nutrient 

availability presumably are a preferred spot for nutrient acquisition, particularly for nutrient-limited 

neighbours such as H. racemosa that do not share the same nutrient-acquisition strategy. The signalling for 

guiding root placement can come from the neighbour root exudates (Bais, Weir, Perry, Gilroy and Vivanco 

2006; Semchenko et al. 2014), volatile organic compounds (Waters et al. 2016), or even the rhizosphere 
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microbiome (Mommer, Kirkegaard and van Ruijven 2016). Thus, when co-occurring with a cluster-root 

bearing species, H. racemosa could allocate its root growth to preferred spots, preferentially positioning 

roots, instead of random root growth.  

 When planted with two B. attenuata plants, the root asymmetry presented greater variation (Figure 

2a), indicating that in some cases there was a preference for one side. Since H. racemosa’s root weight 

correlated positively with cluster-root presence (Figure 4), the asymmetry is likely due to differences in 

cluster root numbers that each B. attenuata individual produced, their exudation rate and when they were 

formed, influencing H. racemosa root growth differently in each rhizobox side, contributing to greater 

variation.           

4.5.2.2 Root traits 

 Beyond root asymmetry, we observed that focal H. racemosa root presence was correlated with the 

presence of B. attenuata cluster roots in the same section (Figure 4). However, the presence of cluster roots 

only explained 40% of root positioning. This is likely because the non-cluster roots of B. attenuata roots also 

release carboxylates (Roelofs, Rengel, Cawthray, Dixon and Lambers 2001; Shi, Strack, Albornoz, Han and 

Lambers 2020), solubilising soil nutrients. We also highlight H. racemosa root positioning in specific sections 

in the rhizobox, with a tendency of investing a greater root biomass proportion in the top 20 cm of the soil 

(Figure 2b). In natural conditions, in nutrient-poor soils such as the Bassendean dunes, B. attenuata produces 

cluster roots in the topsoil, where nutrient concentrations are higher (Turner and Laliberte 2015). In the 

rhizobox, B. attenuata also produced the cluster roots in the topsoil, triggering the focal plants to invest 

proportionally more root biomass in the topsoil as well. This differential root investment when H. racemosa 

grew with B. attenuata individuals shows that interspecific interactions between species with contrasting 

nutrient-acquisition strategies affect root partitioning in the soil, which in turn affects species coexistence.  

 Neighbour identity had an effect on the specific root length (Figure 5a). Root proliferation in nutrient-

rich patches is usually accompanied by an increase in SRL (Robinson 1994). The increase in SRL is negatively 

correlated with root diameter, indicating thinner roots that have a higher surface area/volume ratio, and 

thus faster absorption rate per unit root weight (Kong, Wang, Kardol and Zeng 2015). Hibbertia racemosa 

roots were thicker when growing with only conspecifics; thus, we infer that when H. racemosa individuals 

were in the explorative mode foraging for nutrients in all directions, without signals from nutrient-rich 

patches, they maintained thick foraging roots. In contrast, when grown with B. attenuata on one or two sides, 

focal plants, after growing towards nutrient-rich patches, started to produce thinner absorptive roots and 

exploited a nutrient patch (Hodge 2009). Additionally, thinner roots have shorter life spans (McCormack, 

Adams, Smithwick and Eissenstat 2012) including cluster roots that live only for about three weeks and have 

a carboxylate exudative burst during only 2-3 days (Shane and Lambers 2005). Thus, producing thinner 

absorptive roots with short life spans can be adaptative in H. racemosa, since this increases nutrient 

acquisition with lower root biomass investment in Banksia’s rhizosphere.  
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4.5.3 Nutrient content and concentration patterns in H. racemosa 

 Although shoot growth was not significantly different, the greater shoot biomass contributed to a 

higher P and Cu content of focal H. racemosa in the presence of Banksia neighbours (Figure 6). In addition, 

the total root biomass was smaller, especially in the BHB treatment, indicating that P and Cu uptake was 

more efficient in the presence of Banksia neighbours. Many plant species native exclusively to nutrient-

impoverished soils have limited control over P uptake when exposed to high P availability (Lambers et al. 

2013). However, the distribution of H. racemosa is not limited to the most nutrient-impoverished habitats. 

Along the Jurien Bay chronosequence, it also occurs on younger nutrient-rich soils, and we infer that the 

constant leaf nutrient concentrations of this species in our experiment indicate that H. racemosa plants 

control their nutrient uptake, maintaining constant leaf nutrient concentration. Leaf P and Mn 

concentrations were the same in all focal individuals, whilst copper concentration increased when occurring 

with B. attenuata (Supplementary Fig. 2). This suggests that Mn and P were limiting for H. racemosa growth 

in the HHH treatment, whereas Cu was available in sufficient amounts, which is similar to findings reported 

by Muler et al. (2014).  Alternatively, the higher P availability, due to cluster-root activity, might lead to more 

P being invested in shoot growth, in the BHH and BHB treatments. Thus, both Cu and P were mobilised by 

cluster roots, and the enhanced P availability allowed an increased growth rate, explaining where the greater 

P uptake was invested. Conversely, the availability of Cu was enhanced, but since it was not limiting for 

growth, unlike P and Mn, the Cu concentration and content increased with increased growth.  

4.6 Conclusions 

 We showed that the presence of a neighbour with a carboxylate-releasing P-acquisition strategy, 

specifically a cluster-root-bearing species, affected root position of a focal species in nutrient-poor soils. We 

provide evidence that preferential root positioning close to cluster roots and greater investment in thin roots 

are key traits for facilitation that can be induced by neighbours. Our results highlight that root interactions 

in nutrient-poor environments are key components that bear the potential to affect local species diversity 

through facilitation (Lambers et al. 2018). The present results contribute to our understanding of plant-plant 

interactions in nutrient-poor habitats, shaping diverse communities, where many species interact at the 

same time. Future research could focus on characterising the signals that trigger the observed root 

interactions. 
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4.9 Supplementary information for chapter 4 

 
  

Supplementary Figure 1 | Biomass dry weight of both species at the end of the experiment. Boxes represent 

the interquartile range of the distributions, horizontal dark lines inside them represent the medians, the 

whiskers represent 1.5*interquartile range. 
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Supplementary Figure 2 | (a) Leaf phosphorus (P) (one-way ANOVA; P = 0.622, F = 0.488, df = 2), (b) 

manganese (Mn) (one-way ANOVA; P = 0.744, F = 0.301) and (c) copper (Cu) (one-way ANOVA; P = 0.004, F = 

7.361) concentrations of the focal Hibbertia racemosa plant in the experimental groups of  three H. racemosa 

individuals (HHH), two H. racemosa individuals with one Banksia attenuata plant (BHH), and one H. racemosa 

individual with two B. attenuata  plants (BHB). Boxes represent the interquartile range of the distributions, 

horizontal dark lines inside them represent the medians, the whiskers represent 1.5*interquartile range and 

dots represent points outside the extent of 1.5*interquartile range. 
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General conclusion 

5.1 Introduction 

 There is no doubt that increasing land-use changes in native areas around the globe threatens 

biodiversity conservation, especially in nutrient-poor habitats (Silveira et al., 2016; Hopper et al., 2021), 

where we find an incredibly high plant species richness and functional diversity (Oliveira et al., 2015; Zemunik 

et al., 2018). Understanding how soil nutrient concentration and availability shape species distribution 

pattern is an important topic, since we encounter great variation in soil conditions and resources availability 

at the global scale which plays a role in in how to manage and conserve native plant communities. However, 

with the justification of food production for a fast-increasing human population, many natural habitats have 

been converted into cropping and cattle grazing areas (Tilman et al., 2001), with most of them becoming 

unproductive lands after a few years due to intensive land use (Hatfield, 2014). Thus, besides efforts to 

conserve remnant native areas, there is an urgent need to establish effective methods to restore degraded 

areas, to slow down biodiversity loss, and also to restore important ecosystem functions (Buisson et al., 

2021). 

 Understanding how native species from nutrient-impoverished sites thrive in their natural habitats 

is the first step to understand how soil properties shape species distributions in that ecosystem. However, in 

a fast-changing world, it is also imperative to understand how these native plant communities respond to 

soil changes, especially nutrient enrichment, either directly by applying fertilisers, or indirectly by deposition 

of nutrient from elsewhere such as atmospheric nitrogen deposition (Phoenix et al., 2006). For a range of 

ecosystems, soil nutrient enrichment decreased diversity and favoured invasion of non-native species 

(Bustamante et al., 2012; Prober and Wiehl, 2012; Prager et al., 2017; Daws et al., 2021). More dramatically, 

these changes in species composition are long-lasting, even after nutrient concentrations have decreased 

(Fisher et al., 2006; Isbell et al., 2013).  

 It is important to consider the unique aspects of each ecosystem in regard to soil type and properties, 

even within ecosystems boundaries (Sano et al., 2019). Old and severely nutrient-impoverished soils are 

extremely sensitive to disturbance, and restoration efforts may have very slow effects and be expensive (Le 

Stradic et al., 2014; Buisson et al., 2019). Therefore, studying particular cases in Cerrado and in Kwongan 

vegetation was key to understand further plant species interactions and how species will respond in a soil 

with different condition and resource availability compared to the soil where they naturally occur and 

evolved. Thus, our study represents a fist attempt to link plant mineral nutrition in impoverished soils and 

restoration ecology in the Cerrado, and here we discuss our main findings and where future research on the 

topic should be invested.        
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5.2 Discussion and future research   

 Research effort in severely nutrient-poor landscapes has increased in the past five decades, and 

ranges from individual species scale to community and ecosystem scale. Important findings highlighting 

ecophysiological traits that allow native species to thrive in these ecosystems enabled further studies, 

broadening the knowledge on how soil nutrients can shape community composition and ecosystems 

functioning in these nutrient impoverished places. By reviewing these past studies, in the first chapter of this 

thesis I described the main ecophysiological patterns and processes found in these unique places. Together 

with these, I introduced classical knowledge on plant invasions and restauration ecology with specific 

implications to nutrient-poor ecosystems and sometimes directly to the Cerrado. With the interdisciplinarity 

between these three plant ecology research fields, I brought the attention of the reader to understanding of 

how these nutrient-poor places function in their native state and the importance of understanding how they 

respond to anthropogenic disturbances related to land-use change for pastures and crop plantation.    

I contextualized the second chapter with previous studies that related the problem of soil nutrient 

enrichment to plant species diversity and how it can persist over a long time after soil nutrient enrichment 

has stopped (Fisher et al., 2006, 2009; Isbell et al., 2013). This study points out that the degraded state is 

persistent, since fertilisation (perturbation) was high and long enough to change the native system to an 

alternative stable invaded state, by altering the positive feedbacks in the plant community (Suding, Gross 

and Houseman, 2004). Thus, by making a detailed description of important mechanisms and their linkages 

to maintain native species diversity in a plant community, I described the positive feedbacks linked to the 

maintenance of native species diversity in Cerrado areas. Additionally, by having soil phosphorus (P) 

availability as a common point, I described how changes in soil P availability can shift the system by changing 

the feedbacks to a low-diversity state, governed by the different positive feedbacks, of which I also detailed 

underpinning mechanisms. This background was important to support the next analysis, using previous 

publications by Bustamante and Mello, that the Cerrado plant species diversity can be bottom up controlled 

by soil P availability. Together, this shows that fertilisation, especially with P, can lead to a lower-biodiversity 

state in the Cerrado, identifying major implications for conservation and restoration projects in these areas. 

The positive feedback loops outlined in the second chapter, open ways to future works focusing on 

addressing the strength of each feedback loop proposed on Figure 2 of chapter 2. Additionally, these 

feedbacks should be tested under different vegetational and soil types that comprise the Cerrado, and 

different land clearing contexts. Additionally, understanding which feedbacks are more manageable to 

enhance Cerrado resilience in each context can lead to important tools for practitioners and decision-makers 

to address successful restorations in these ecosystems.   

 In the third chapter, I aimed to understand the effects of past fertilisation and alkalinisation of the 

Cerrado soil and how these affect attempts to restore the native vegetation by a direct seeding method. 

Some studies already reported great advances in Cerrado restoration by direct seeding methods, at least 
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during the initial years (Pellizzaro et al., 2017; Sampaio et al., 2019). However, recent studies show that 

although there is a dominance of native species in the restored site in the initial years, the functional 

composition of the community might lead to a potential shift to a degraded state (Giles et al., 2021). In 

accordance, chapter three shows that in the restored site we still find a dominance of acquisitive nutrient-

use strategies, and a dominance of mycorrhizal species in the community which can respond to nutrient 

additions. The increase in aboveground biomass stock correlated with an increase in aboveground nutrient 

stock. Taken together, this finding highlighted the importance of considering soil nutrient availability and 

species choice to restoration projects.. Future research on this could test potential methods to lower nutrient 

availability in those areas to facilitate native species resilience and resistance to the soil changes. 

Concomitantly, studies with a trait-based approach to guide species choice on restoration projects could 

increase community composition prediction and successful restoration outcomes in these areas. 

  Finally, in the fourth chapter I showed the changes in root positioning and traits behind positive 

plant-plant interactions between two species with differing nutrient-acquisition strategies. Studies of 

nutrient foraging by plants started by focusing on plants response to nutritional cues in the soil (i.e. nutrient 

heterogeneity in soil) and with time started to understand the responses to other interactions in the soil, 

such as plant neighbours and soil microbes (Cahill and McNickle, 2011). Until recently, many studies 

contributed to understanding how plant species respond to neighbour presence, all of them focused on 

competitive interactions and there was no consensus if this type of interaction led to root aggregation or 

segregation (Padilla et al., 2013). More recently, a study developed a model to predict plant foraging 

behaviour, which returns the optimal root distribution in space (Cabal et al., 2020). However, none of these 

studies considered how positive interactions between two plant species can affect these predictions, and 

this study is a first step towards including interactions common to nutrient-poor areas. Although not 

completely connected with the two other chapters, this study is also a step towards understanding how 

species interactions in P-poor soil can alter root investment positioning in the soil; if taken into account, this 

can help increase species diversity in later stages of restoration projects; however, there is a need of further 

studies to understand this.      

5.3 Limitations and achievements  

5.3.1 Limitations  

Volatile organic compound collection and analysis  

 During my year abroad in Australia, where I did a major glasshouse experiment, I was also interested 

in understanding how volatile organic compounds exuded by roots might influence root positioning. Thus, 

during the experiment, I tested how to collect and analyse soil and root samples to identify and quantify 

possible compound using gas chromatography-mass spectrometry (GC-MS) such as in Waters et al., 2016, in 
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the facilities in the Bayliss Building at UWA. Despite many attempts, we could not identify any compounds 

due to undetectable concentrations and I had to abandon this idea in the experiment.    

Changing the topic of chapters during the PhD project 

 Initially, my PhD project proposal was to study mechanisms of nutrient-acquisition strategies in 

native species from Campos rupestres and Kwongan vegetation, one involving plant-plant positive 

interactions, a second involving microbial symbioses, and a third root specialisation. However, during my 

project, I had to change the topic of two of my chapters and start to focus on restoration ecology. Thus, in 

the second year of my project, I started to understand how to apply the knowledge that we have on nutrient-

use and -acquisition strategies to the restoration of Cerrado areas. This was challenging, because I had to 

search for more literature in the field, since I was not familiar with restoration ecology, and also because I 

had to switch my research from an individual level to the community level, which involves more complexity 

in data collection and analysis.   

5.3.2 Achievements  

 During the course of my PhD project, I achieved most of my project goals and successfully contributed 

to build knowledge in the plant-plant and plant-soil interactions and how to apply this to the restoration in 

Cerrado areas. First, I performed an experiment in the glasshouse with native species which enabled me to 

gain knowledge on overall root allocation and plasticity and which was the possible axis of variation that we 

can study in changes of plant root investment. Second, I could study and participate in a large-scale 

restoration project, where I learned from basics of restorations ecology, and had the opportunity to apply 

the knowledge gained during the PhD project about nutrient-use and -acquisition strategies in the Cerrado. 

This was a very interesting part of the project, because I realised how much I could contribute to the 

restoration ecology discipline and how it is major part of what is missing in the restoration practice.   

5.4 Conclusions  

 In this thesis I discussed important findings on how soil nutrient enrichment affects species 

composition and abundance and resistance to non-native exotic species. In addition, I studied underlying 

mechanism of facilitative interactions, important to increase biodiversity in P-poor places. First, I observed 

that fertilisation and liming are factors that decrease Cerrado native species resilience and resistance to non-

native grass species invasion. Together, I presented the feedbacks with the underlying mechanisms that 

favour the persistence of native vegetation and the invaded community; all mechanisms related to nutrient-

use and -acquisition efficiency to maintain the native cerrado state.  Second, in a field study in early ears of 

a restoration project by direct seeding, I observed that, although native species were dominant in the 

restored areas, I saw that the functional composition in terms of nutrient-acquisition strategies in the 

restoration area was still similar to that of the abandoned pasture in many ways. Third, I described the change 

in root allocation and positioning in a facilitative interaction between two species with differing nutrient-
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acquisition strategies. This study shows how plant-plant interactions can affect belowground root 

distributions and also plant species diversity in extremely P-poor soils. Taken together, these discoveries 

provide important new information for our understanding of which mechanisms underlie plant species 

distribution and how they can be applied to restoration projects.  
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