
A
cc

ep
te

d
 A

rt
ic

le
 

This article has been accepted for publication and undergone full peer review but has not been 
through the copyediting, typesetting, pagination and proofreading process, which may lead to 
differences between this version and the Version of Record. Please cite this article as doi: 
10.1111/1365-2745.13111 
This article is protected by copyright. All rights reserved. 

Journal of Ecology 
 

 

MS ANNA  ABRAHÃO (Orcid ID : 0000-0001-9295-2292) 

PROFESSOR HANS  LAMBERS (Orcid ID : 0000-0002-4118-2272) 

 

Article type      : Research Article 

Editor               : James Dalling 

 

Soil types filter for plants with matching nutrient-acquisition and -use traits in hyperdiverse and 

severely nutrient-impoverished campos rupestres and cerrado in Central Brazil 

Anna Abrahão1,2*, Patricia de Britto Costa1,2, Hans Lambers2, Sara Adrián L. Andrade1, Alexandra 

Christine Helena Frankland Sawaya4, Megan H. Ryan3, Rafael Silva Oliveira1,2 

 

1Departamento de Biologia Vegetal, Institute of Biology, University of Campinas – UNICAMP, 

Campinas, 13083-862, Brazil 

2School of Biological Sciences, University of Western Australia, Crawley (Perth), WA 6009, 

Australia  

3School of Agriculture and Environment, University of Western Australia, Crawley (Perth), WA 

6009, Australia 

4Faculty of Pharmaceutical Sciences, University of Campinas – UNICAMP, Campinas, 13083-862, 

Brazil 

*Corresponding author: Anna Abrahão anna.abrahao@gmail.com 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved. 

Abstract 

1. Understanding the mechanisms that underlie the generation of beta-diversity remains a challenge 

in ecology. Underground plant adaptations to environmental gradients have received relatively little 

attention.  

2. We studied plant nutrient-acquisition strategies and nutrient-use efficiency at three stages of 

pedogenesis in infertile soils from campos rupestres and on less infertile soil from cerrado sensu 

stricto in Brazil. All soils support very high plant diversity with high species turnover between soil 

types at small spatial scales (meters). We expected that differences in nutrient–acquisition and –use 

strategies would be associated with this high species turnover. With severely decreasing phosphorus 

(P) availability, we expected the effectiveness of arbuscular mycorrhizal (AM) symbioses for plant P 

acquisition to decrease, and reliance on non-mycorrhizal strategies (NM) to increase, while 

maintaining efficient nutrient-use. 

3. Concentrations of total soil P and nitrogen (N) were greater in soils in cerrado than in those from 

campos rupestres, and the more weathered soils from campos rupestres were severely P– and N–

impoverished. The proportion of the root length colonised by AM fungi was 71% in the soils from the 

cerrado and <1% in the most P-impoverished soil type from campos rupestres. Conversely, the 

proportion of species with non-mycorrhizal P-acquisition strategies such as rhizosheaths was greater 

in the most P-impoverished soils. Leaf [P] and [N] were very low and decreased with decreasing soil 

[P] and [N]. Leaf N: P ratios suggest P-limitation of plant productivity in the campos rupestres but N-P 

co-limitation in the cerrado. Photosynthetic rates decreased with increasing P-impoverishment, but 

photosynthetic P-use efficiency was very high and photosynthetic N-use efficiency moderately high 

on all soils. Most species had very high P-remobilisation efficiency during leaf senescence (>70%), 

but only moderate N-remobilisation efficiency (~50%).  
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4. Synthesis. We observed very high P-use efficiency and moderately high N-use efficiency in campos 

rupestres and cerrado species, consistent with plant productivity being more strongly limited by P 

than by N. Our findings demonstrate that different soil characteristics (nutrient availability and soil 

texture) select for species differing in nutrient-acquisition and -use strategies (especially 

belowground traits) which is likely key for the very high species turnover at a very small scale 

between soil types (i.e. beta-diversity) in campos rupestres and cerrado. 

 

Keywords: carboxylates, mycorrhizas, nutrient remobilisation, OCBILs, nutrient stoichiometry, 

rhizosheath, rupestrian grasslands, sand-binding roots 

 

Resumo 

1. Compreender os mecanismos subjacentes à geração de diversidade beta continua sendo um 

desafio na ecologia. Nesse contexto, as adaptações subterrâneas das plantas a gradientes 

ambientais têm recebido relativamente pouca atenção. 

2. Nós estudamos as estratégias de aquisição e a eficiência no uso de nutrientes de plantas em um 

gradiente de disponibilidade de nutrientes em solos inférteis em três estágios diferentes de 

pedogênese em campos rupestres e em um solo um pouco mais fértil de cerrado, no Brasil. Todos os 

solos comportam uma diversidade muito grande de plantas, com uma enorme substituição das 

espécies de plantas entre diferentes tipos de solo, em escalas espaciais muito pequenas (metros). 

Nós esperávamos que diferenças nas estratégias de aquisição e uso de nutrientes estivessem 

associadas com essa grande substituição de espécies. Com a redução severa na disponibilidade de 

fósforo (P), nós esperávamos uma redução da efetividade de simbioses com micorrizas arbusculares 

para a obtenção de P, e um aumento da dependência de estratégias não-micorrízicas, com a 

manutenção da eficiência do uso de nutrientes nos diferentes tipos de solo.  
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3. As concentrações totais de P e nitrogênio (N) no solo foram maiores no cerrado do que nos 

campos rupestres, e os solos mais intemperizados dos campos rupestres estavam extremamente 

empobrecidos em N e P. A proporção do comprimento das raízes de plantas colonizadas por fungos 

micorrízicos arbusculares foi de 71% nas plantas de cerrado e <1% nas plantas dos solos mais pobres 

em P dos campos rupestres. Por outro lado, a proporção de espécies com estratégias para aquisição 

de P sem micorrizas, como as bainhas radiculares (rhizosheaths) foi maior nos solos mais pobres em 

P. As concentrações de P e N foliares foram muito baixas e diminuíram com a redução da 

disponibilidade de P e N no solo. As razões foliares de N: P sugerem que a produtividade vegetal nos 

campos rupestres é limitada por P da, mas colimitada por P e N no cerrado. As taxas fotossintéticas 

das plantas foram menores nos solos mais pobres em P, no entanto, a eficiência fotossintética no 

uso de P foi muito alta e a eficiência fotossintética no uso de N foi moderada em todos os tipos de 

solo. A maioria das espécies apresentou uma eficiência muito alta na remobilização de P durante a 

senescência foliar (>70%), mas uma eficiência moderada na remobilização de N (~50%).  

4. Síntese. Nós observamos uma eficiência muito alta no uso de P, e uma eficiência moderada no uso 

de N nas espécies de plantas de campos rupestres e cerrado. Esses resultados são consistentes com 

uma limitação mais acentuada da produtividade vegetal por P do que por N. Nossos resultados 

demonstram que diferentes atributos do solo (disponibilidade de nutrientes e textura) selecionam 

espécies com diferentes estratégias de aquisição e uso de nutrientes, especialmente as estratégias 

subterrâneas. Essas estratégias são provavelmente a chave para entender a alta substituição de 

espécies na pequena escala espacial (diversidade beta) em campos rupestres e cerrado. 

Palavras-chave: carboxilatos, estequiometria de nutrientes, fotossíntese, micorrízas, remobilização 

de nutrientes, OCBILs. 
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Introduction 

Understanding the adaptations of plants to the soils in which they thrive, particularly nutrient-

acquisition traits, allows us to predict their future occurrence in case of changes in resource 

availability (e.g., eutrophication, climate change) and will aid design of practices to ensure effective 

restoration of native communities. In natural habitats, determining differences in nutrient-

acquisition and –use strategies along gradients of nutrient availability might provide insights into the 

mechanisms underlying the heterogeneity in plant community assembly (i.e. beta-diversity) (Li, Liu, 

McCormack, Ma & Guo, 2017). 

In nutrient-impoverished habitats, plant species are under strong selection for specialised nutrient-

acquisition strategies , as well as conservative nutrient use through organs with low nutrient 

concentrations (Aerts & Chapin, 1999). Species reduce their nutrient demand through slow growth 

(Manzoni et al., 2017), long-lasting well-defended organs (Lambers & Poorter, 1992; Reich, 2014), 

and high nutrient-use efficiency through high productivity per unit of nutrient taken up (Veneklaas 

et al., 2012). Species from nutrient-impoverished habitats also reduce nutrient losses by remobilising 

a large fraction of the nutrients prior to senesced organ shedding (high remobilisation efficiency), 

shedding leaves with very low final nutrient concentrations (high remobilisation proficiency) 

(Killingbeck, 1996; Kobe, Lepczyk & Iyer, 2005; Hayes, Turner, Lambers & Laliberté, 2014). These 

species are therefore at the stress-tolerant corner in Grime’s competitive – stress-tolerant – ruderal 

triangle (C-S-R), (Grime, 1977; Negreiros, Le Stradic, Fernandes & Rennó, 2014) and at the slow and 

conservative end of the ‘plant economic spectrum’ (Reich, 2014). While previous studies have 

investigated nutrient-acquisition and -use strategies at the slow end of the spectrum and how they 

relate to the maintenance and generation of biodiversity, these have been concentrated in Western 

Australia (Hayes, Turner, Lambers & Laliberté, 2014; Zemunik, Turner, Lambers & Laliberté, 2015). 

Therefore, our understanding of how the integration between below- and aboveground traits might 

explain species distribution in other nutrient-impoverished habitats remains limited. Because 
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phosphorus (P) and nitrogen (N) are the most frequently limiting nutrients for plant productivity 

(Vitousek, Porder, Houlton & Chadwick, 2010), our study focused on these two nutrients. 

Plants can acquire nutrients directly from the soil or through mycorrhizal symbioses (Fig. 1a) 

(Brundrett, 2009). However, in habitats where P is severely limiting for plant productivity, 

mycorrhizas are ineffective and the carbon costs of maintaining a mycorrhizal symbiosis can exceed 

the benefits of the association (Fig. 1) (Parfitt, 1979; Lynch & Ho, 2005; Raven, Lambers, Smith, 

Shaver & Westoby, 2018). In severely P-impoverished soils, plants present alternative non-

mycorrhizal (NM) root specialisations such as rhizosheaths (Fig. 1b-c) (Brown, George, Neugebauer & 

White, 2017; Pang, Ryan, Siddique & Simpson, 2017). Rhizosheaths are conglomerates of soil 

particles strongly adhered to the root surface formed through the exudation of mucilage, with an 

increasingly recognised role in nutrient acquisition (Smith, Hopper & Shane, 2011; Abrahão, 

Lambers, Sawaya, Mazzafera & Oliveira, 2014; Brown, George, Neugebauer & White, 2017). These 

root specialisations are also expected to locally release large amounts of root exudates such as 

organic anions (Smith, Hopper & Shane, 2011; Abrahão, Lambers, Sawaya, Mazzafera & Oliveira, 

2014) that mobilise forms of P otherwise unavailable to plants (Oburger, Kirk, Wenzel, Puschenreiter 

& Jones, 2009). 

As a result of the release of organic anions (carboxylates) by the roots, soil manganese (Mn) is 

mobilised (Gardner, Parbery & Barber, 1982; Kreuzeder et al., 2018) and can accumulate in leaves 

(Gardner & Boundy, 1983). Therefore, leaf [Mn] has been suggested as a proxy for carboxylate 

release in P-poor soils (Lambers, Hayes, Laliberté, Oliveira & Turner, 2015; Pang et al., 2018). In 

contrast to carboxylate-releasing roots, arbuscular mycorrhizal (AM) fungi intercept and immobilise 

Mn in fungal biomass or change its solubility and, thus, lower leaf [Mn] may occur in mycorrhizal 

plants (Bethlenfalvay & Franson, 1989; Kothari, Marschner & Römheld, 1991; Nogueira, Nehls, 

Hampp, Poralla & Cardoso, 2007). Consequently, leaf [Mn] may be a good indicator of P-acquisition 

strategy in plants occurring in the same habitat (Pang et al., 2018). 
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The strategies to accomplish high nutrient-acquisition and -use efficiency change along gradients of 

soil nutrient availability (Chadwick, Derry, Vitousek, Huebert & Hedin, 1999; Hidaka & Kitayama, 

2009; Hayes, Turner, Lambers & Laliberté, 2014; Zemunik, Turner, Lambers & Laliberté, 2015). Young 

soils have low N concentrations, while strongly weathered soils have a very low P availability (Fig. 1) 

(Walker & Syers, 1976). Since 12 out of 35 global biodiversity hotspots are old, P-impoverished 

landscapes, nutrient-impoverishment might play a role in the evolution and maintenance of 

biodiversity (Hopper, Silveira & Fiedler, 2016).  

In South-America, campos rupestres are an old-growth grassland ecosystem (Veldman et al., 2015; 

Silveira et al., 2016) with sparse shrubs and trees; campos rupestres occurs on mountaintops within 

the Brazilian savannah, the cerrado sensu lato (Eiten, 1972; Alves, Silva, Oliveira & Medeiros, 2014). 

Plant species composition in campos rupestres is very heterogeneous at the meter scale, presenting 

very high alpha (26 to 29 species m-2) (Le Stradic, Buisson & Fernandes, 2015), as well as beta 

diversity (Zappi, Moro, Meagher & Nic Lughadha, 2017; Neves et al., 2018). We compared plant 

nutrient-acquisition and -use strategies along a gradient of soil weathering among soil types 

associated with campos rupestres and with an adjacent oxisol covered with cerrado sensu stricto 

(Eiten, 1972). Plant productivity in campos rupestres is commonly P limited (Oliveira et al., 2015), 

while it is P limited or N-P co-limited in the less nutrient-impoverished cerrado sensu stricto 

(Jacobson, da Cunha Bustamante & Kozovits, 2011; Bustamante et al., 2012b; Lannes, Bustamante, 

Edwards & Olde Venterink, 2016). We expected small-scale variation in soil nutrient availability to 

play a major role in selecting plant traits that help explain the high species turnover among soil types 

at our sites.  

We hypothesised that: 

1) Plants growing in the less nutrient-impoverished cerrado would strongly depend on arbuscular 

mycorrhizal (AM) fungi for nutrient uptake and be highly colonised. Conversely, we expected plants 

in campos rupestres would present a decreasing proportion of the root length colonised by AM fungi 
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with increasing soil weathering, and an increasing frequency of root specialisations such as 

rhizosheaths with high carboxylate release (Fig. 1). Non-mycorrhizal species with carboxylate-

releasing strategies would present greater leaf [Mn] than mycorrhizal species.  

2) Plants growing in the more P-impoverished soils associated with campos rupestres would be more 

conservative in nutrient-use; that is, have leaves with lower [P] and [N] (greater leaf N: P ratios), and 

leaf P- and N-remobilisation efficiency and proficiency would increase with decreasing soil P and N 

availability.  

3) Carbon assimilation rates would decrease with decreasing soil [P], but photosynthetic 

phosphorus-use efficiency (PPUE) and photosynthetic nitrogen-use efficiency (PNUE) would be 

greater for plants on the most P- and N-impoverished soils, respectively. 

Methods 

Study area  

Campos rupestres harbour an extremely high species richness of both Gondwanan lineages and 

more recent ones (Silveira et al., 2016), with more than 5000 species in less than 1% of the Brazilian 

territory (Giulietti, 1987; Silveira et al., 2016), and have a high species turnover among soil types that 

differ in soil weathering (Le Stradic, Buisson & Fernandes, 2015; Zappi, Moro, Meagher & Nic 

Lughadha, 2017). Soils from campos rupestres are shallow, acidic, and amongst the most P-

impoverished in the world (Oliveira et al., 2015; Oliveira et al., 2016; Silveira et al., 2016). These 

communities are frequently influenced by fires (Le Stradic, Hernandez, Fernandes & Buisson, 2018) 

and comprise a mosaic of soil types with low N and P availability (de Carvalho et al., 2012; Le Stradic, 

Buisson & Fernandes, 2015; Oliveira et al., 2015).  

The field site was located at Reserva Vellozia, Serra do Cipó at 900 to 1200 m above sea level, at the 

southern end of the Espinhaço Range, in the state of Minas Gerais, south-eastern Brazil (19° 16' 56'' 

S, 43° 35' 38'' W) (Figs 1, S1). The predominant vegetation type is campos rupestres. The campos 
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rupestres of Serra do Cipó occur on quartzite outcrops (Alves, Silva, Oliveira & Medeiros, 2014; 

Silveira et al., 2016). Interspersed with campos rupestres are cerrado sensu stricto savannahs (Eiten, 

1972) over oxisol soil patches (de Carvalho et al., 2012) which are derived from a different soil 

parent material. In this mosaic of soils, we chose three soil types associated with campos rupestres 

and a soil type associated with cerrado sensu stricto (Figs 1d-g, S1). All the soil types occur within a 

700 m transect. Within the campos rupestres, the rock outcrops (Fig. 1e) are pedogenically the least 

developed soils, gravel sands are intermediate (Fig. 1f), and white sands are the most weathered 

(Fig. 1g). During pedogenesis, P erodes away, while N is expected to slowly accumulate due to 

biological N-fixation, but can be lost again in the oldest soils (Walker & Syers, 1976). Consistent with 

this, both Mehlich-1 soil [P] and total soil [N] are lower in the white sand (most weathered) than in 

the gravel sand (intermediately weathered soils), especially during the dry season (Le Stradic, 

Buisson & Fernandes, 2015), but Mehlich-1 soil [P] is similarly low in the rock outcrops and the soils 

associated with cerrado (2-3 mg P kg-1 soil) (de Carvalho et al., 2012). We used the same sites as de 

Carvalho et al. (2012) who described the present gravel sand as quartz gravel field and the present 

white sand as sandy bogs. 

The regional climate is classified as Cwb (Kottek, Grieser, Beck, Rudolf & Rubel, 2006), with marked 

seasonality, a dry cool winter and a rainy warm summer. All the meteorological data was recorded 

by a meteorological station at Conceição do Mato Dentro (19° 1' 12'' S; 43° 25' 48'' W), 30 km north 

of the study site, and the averages calculated for data collected between 1961 and 2016 (data set 

downloaded from http://www.inmet.gov.br). Mean minimum monthly temperatures ranged from 

10 °C in July to 19 °C in January. Maximum monthly temperatures ranged from 25°C in July to 30 °C 

in February. Mean annual precipitation is 1313 mm. 
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Study design 

Soil sampling was performed in three soil patches of the same soil type at least 100 m apart within 

the mosaic of soil types, and plants were sampled in four soil patches of the same soil type (Table S1, 

letters A-P). Not all the species were present in every patch of each soil type, so we collected 

individuals of the same species located at least 5 m apart. On average, each species was present on 

two patches of the same soil type (Table S1). We collected a total of 10 species per soil type (four 

soil types) and four individuals per species (four soil types × 10 species per soil type × 4 individuals 

per species =160 individuals, Table S1). When individuals of herbaceous species did not contain 

enough leaves for nutrient analyses, we collected composite samples from individuals within 2 m. 

Roots were collected from the same individuals of which we collected leaves (total of 160 root 

samples) for morphological analyses and assessment of colonisation by mycorrhizal fungi. Additional 

replicates of root tips per individual were analysed for carboxylates (160 individuals × 3 root tips per 

individual = 480 carboxylate samples). 

 

Soil sampling and analyses 

We collected three soil samples of 500 g from each soil type; each being a composite sample from 

ten soil cores at 0-10 cm collected within ten square meters. The three replicate samples from the 

same soil type were collected at least 100 m apart at the beginning of the rainy season in November 

2015 (Fig. S1). We analysed total soil [P], the proportion of organic [P], total soil [N] and 

exchangeable cations. Total [P] was determined by ignition (550 °C, 1 h) and extraction in 1 M H2SO4 

(16 h, 1:50, w/v, soil to solution ratio), with P detection by automated neutralisation and molybdate 

colourimetry on a Lachat Quikchem 8500 (Hach Ltd, Loveland, CO, USA). Readily-exchangeable P 

(Resin [P]) was determined by extraction with anion-exchange membranes as described in Turner 

and Laliberté (2015). Organic and non-occluded inorganic P were determined by the NaOH-EDTA 
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extraction method (Turner & Laliberté, 2015). Total soil [N] was determined by combustion and gas 

chromatography on a Thermo Flash 1112 analyser (CE Elantech, Lakewood, NJ, USA). Soil pH was 

determined using a 1:2 soil-to-solution ratio in both water and 10 mM CaCl2 using a glass electrode. 

Exchangeable cations were determined by extraction in 0.1 M BaCl2 with detection by ICP-OES 

(Optima 7300DV; Perkin Elmer Inc, Wellesley, MA, USA). Total C and N were determined by 

automated combustion and gas chromatography with thermal conductivity detection using a 

Thermo Flash 1112 analyzer (CE Elantech, Lakewood, New Jersey). The concentration of ammonium 

and nitrate in the soils was determined by shaking the samples in 1 M KCl, with the solution then 

filtered through a Whatman No. 42 filter paper. Ammonium concentration was determined by 

automated colorimetry at 660 nm following reaction with phenolate, while nitrate concentration 

was determined at 520 nm following cadmium-catalyzed reduction to nitrite and reaction with 

sulfanilamide at pH 8.5. Both ammonium and nitrate were determined using a flow injection 

analyzer (Lachat Quikchem 8500, Lachat Instruments, Loveland, CO, USA). All soil analyses were 

done at the Soils Laboratory of the Smithsonian Tropical Research Institute, Panama. 

 

Species selection 

A strong association has been established between community species composition and soil 

attributes for the gravel sand and white sand in campos rupestres at Serra do Cipó. Le Stradic, 

Buisson and Fernandes (2015) sampled 175 m2 in white sand and gravel sand and found 221 species 

of angiosperms, distributed into 34 families. Around one third of the species were restricted to one 

or the other soil type. The mean Steinhaus similarity index was 0.25 between different soil types, 

and ~0.40 within soil types, reflecting a high turnover in plant species between soil types (Le Stradic, 

Buisson & Fernandes, 2015). We observed that an association between plant community 

composition and soil type existed for the other two soil types: rock outcrops and the oxisol 

associated with cerrado. Therefore, there were marked differences in plant community composition 
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among soil types despite the very short geographic distances (20 m). Representatives of the most 

dominant plant families (Le Stradic, Buisson & Fernandes, 2015) that also represented the diversity 

of plant functional types for each soil type (graminoids, herbs, woody shrubs, rosettes and trees) 

were selected (Table S1). We chose to include herbs, shrubs, rosette and trees because if we only 

selected the most abundant species we would only select graminoids (grasses and sedges) (Le 

Stradic, Buisson & Fernandes, 2015). Although the chosen species are only a very small fraction of 

the ~1 600 plant species pool found at Serra do Cipó (Giulietti, 1987), we expected them to 

represent the main life-forms in campos rupestres. 

Root sampling describing the nutrient-acquisition strategies 

We assessed three categories of nutrient-acquisition strategies: 1) presence of a rhizosheath, 2) 

colonisation by AM fungi and 3) carboxylates associated with root tips. In the middle of the growing 

(rainy) season (February 2015) we collected at least 30 cm of fresh fine roots from four individuals 

per species and immediately stored them in 50% (v/v) ethanol so we could later assess mycorrhizal 

colonisation. Prior to mycorrhizal assessment, all the roots were examined for the presence of 

rhizosheaths with a stereomicroscope (Leica M80, Heerbrugg, Switzerland) and photographed with a 

Leica DFC295 3.0 MP digital camera with focus stacking using Leica Application Suite 3.8.0 (Leica, 

Wetzlar, Germany). The presence of rhizosheaths was recorded if the roots still had soil attached 

even after shaking the roots in the vials and agitating with a paintbrush. 

For mycorrhizal assessment, the roots were cleared in 10% (w/v) KOH and kept in a water bath at 

90°C for 3-6 h until the roots were clear, replacing the KOH when necessary. If the roots were still 

dark, they were transferred to 3% (v/v) H2O2 mixed with 20% (v/v) NH4OH (10:1, v/v) for 10-50 min 

(Koske & Gemma, 1989). After clearing, the roots were rinsed, acidified in 1% (v/v) HCl overnight, 

and stained with acidified glycerol (glycerol, deionised water and 1% (v/v) HCl, 10:9:1) containing 

0.05% (w/v) Trypan blue (Koske & Gemma, 1989) in a water bath at 90°C for 1-3 h. The stained roots 

were stored in acidified glycerol until assessment of colonisation (Giovanetti & Mosse, 1980) at 200 x 
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magnification with a compound microscope (Olympus BX51, Tokyo, Japan) mounted with a Leica 

DFC 295 digital camera (Leica, Wetzlar, Germany). The proportion of roots colonised by AM fungi 

was scored using 30 cm of roots. Roots were recorded as mycorrhizal when we could distinguish 

Arum- or Paris-type morphologies (Dickson, 2004) such as arbuscules, vesicles or hyphal coils. We 

observed several fungal structures such as sclerotia and hyphae from dark septate fungi in the roots 

of species from cerrado and campos rupestres; however, we only recorded AM fungi because the 

identity and the role of other fungi in plant nutrition are not well defined. No ecto- or ericoid 

mycorrhizal structures were observed in this study. 

Excised root tips were used for collection of carboxylates as these compounds are mainly released at 

the root tips; Ryan, Delhaize and Randall (1995) found similar carboxylate efflux in excised root tips 

of Triticum aestivum when compared with the efflux measured in the roots of intact seedlings. To 

collect the carboxylates in the field, we excavated and excised three root tips of 1-3 cm per plant, 

with the rhizosphere soil attached, during the growing season, in February. The rhizosphere soil was 

defined as the soil remaining after gently shaking the roots (Veneklaas et al., 2003). Rhizosheath-

forming species had more soil attached than species without rhizosheaths. Thus, the carboxylates 

measured in rhizosheath-forming species had a greater contribution from the soil than those of 

species without rhizosheaths. The measured carboxylates were those released from the root and the 

rhizosphere carboxylates, both microbial- and plant-released. We immersed the root tips including 

the cut end in 1 mL 0.1% (v/v) formic acid for 5 min, to avoid further microbial breakdown of the 

organic acids. This trap solution was immediately filtered through a 0.22 μm syringe filter and the 

samples kept on ice for a maximum of 2 h before freezing at -20°C until analysis. Each root tip was 

weighed to determine the amount of carboxylates in the rhizosphere per unit root fresh weight. The 

samples were analysed with an ultra-high performance liquid chromatography system with a triple 

quadrupole mass spectrometer (UHPLC-MS) and an electrospray ionisation source, Acquity UPLC-

TQD (Waters, Milford, MA, USA), as described in Abrahão, Lambers, Sawaya, Mazzafera and Oliveira 

(2014).  
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Leaf collection for nutrient analyses 

We collected fully-expanded sun-exposed mature leaves for nutrient analyses, from the same 

individuals from which we collected roots, at the end of the rainy season in April 2014. To collect 

senesced leaves, we positioned leaf traps made of 100% polyamide tulle meshes held to the stems 

with galvanised steel wires for at least three leaves per individual. For herbaceous species that kept 

the leaves after senescence (e.g., Poaceae, Cyperaceae, Xyridaceae), we marked mature leaves with 

crochet cotton thread with a plastic label. At the beginning and middle of the dry season (end of 

May and beginning of August 2014) we checked the tulle leaf traps and collected senesced leaves 

from all the species. All the leaves per individual were bulked. Leaves were oven-dried at 60 °C for 

seven days and ground with a Geno/Grinder 2010 (SPEX SamplePrep, Metuchen, NJ, USA) using 

stainless steel bearings for 6 min at 950 rpm. A subsample of mature and senesced leaves was 

digested in concentrated HNO3: HClO4 (4: 1) (Sarruge & Haag, 1974) for P and micronutrient 

analyses. Phosphorus was determined colourimetrically using the ascorbic acid method (Braga & 

Defelipo, 1974). Manganese was determined by atomic absorption spectrometry (Varian Spectra AA 

220FS, Varian, Mulgrave, Australia). Another subsample was digested following the Kjeldahl method 

(Bradstreet, 1965) and N determined by atomic absorption spectrometry as above. Leaf nutrient 

analyses were done at Laboratório de Análise de Plantas of Universidade Federal de Viçosa, Brazil. 

Phosphorus- and N-remobilisation efficiency from senesced leaves was calculated as 100% × (1 − 

[Nutrient]senesced/[Nutrient]mature). Phosphorus- and N-remobilisation proficiency refers to the final [P] 

and [N] in senesced leaves, respectively, and a greater proficiency means a lower final concentration 

of these nutrients. 

Photosynthesis, photosynthetic nutrient-use efficiency and leaf mass per area 

Photosynthesis was measured in the field with a Licor LI 6400 XT (Licor, Lincoln, NE, USA) with a CO2 

mixer to provide stable CO2 supply at 380 x 10-6 m3 CO2 m-3 air on three leaves per individual and 

four individuals per species. Because PAR above 1700 µmol photons m–2 s–1 decreased CO2-



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved. 

assimilation rates, and plants started to close their stomata after 14.00 h (data not shown), we 

recorded the photosynthetic rates of all the species in the study from 8.30 h to 13.30 h with PAR set 

to 1700 µmol photons m–2 s–1. 

To calculate photosynthetic P- and N-use efficiency (PPUE and PNUE, respectively), we divided 

photosynthetic rates by leaf [P] or [N], both reported on an area basis. We used leaf mass per area 

(LMA) to convert leaf [P] and [N] from mass to area basis. To calculate LMA, at least three leaves per 

individual for three individuals per species were collected, kept wrapped in moist paper towels and 

scanned the same day. The leaves per individual were bulked (scanned and weighed together). The 

leaves were then oven-dried at 60°C for a week and weighed. Leaf area was calculated with ImageJ 

(Schindelin, Rueden, Hiner & Eliceiri, 2015). 

Statistical analyses 

All statistical analyses involved model selection using corrected Akaike Information Criterion (AICc) 

(Zuur, Ieno, Walker, Saveliev & Smith, 2009) in the R environment (R Development Core Team, 

2017). For the soil data, one-way ANOVAs were used to compare soil attributes among soil types. 

We tested for differences between soil attributes (dependent variables) by comparing a model with 

intercept only (null model) with a model with soil type as an independent variable. We checked 

model assumptions graphically (Zuur, Ieno, Walker, Saveliev & Smith, 2009), and if they were not 

met, variance was modelled using generalised least square models (gls function) with the nlme 

package (Pinheiro, Bates, DebRoy, Sarkar & Team, 2017). For the plant data, we used linear mixed 

models with species as a random factor using the nlme package (Pinheiro, Bates, DebRoy, Sarkar & 

Team, 2017). If the models were characterised by residual heteroscedasticity or non-normality, plant 

attributes were modelled using generalised linear mixed models (glmm function) with gamma 

distribution with the nlme or glmmTMB packages (Magnusson et al., 2017). Because mycorrhizal 

colonisation and nutrient remobilisation were a percentage, we modelled them using glmm with 

beta distributions with the glmmADMB package (Skaug, Fournier, Bolker, Magnusson & Nielsen, 
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2016) adding 10-11 to all the values, because zeros cannot be included in the model. We modelled 

the presence or absence of colonisation by AM fungi and rhizosheaths in each species with 

generalised linear models (glm function) with a binomial distribution. We selected random terms in 

gls and fixed terms in all the models using the corrected Akaike Information Criterion (AICc) (Zuur, 

Ieno, Walker, Saveliev & Smith, 2009). If the differences in AICc between models were less than two 

units, we chose the most parsimonious model (Arnold, 2010). If any term was in the selected model, 

Tukey post-hoc comparisons were performed with the lsmeans package (Lenth, 2016). 

 

Results 

Soil data 

Total soil [P] was very variable among soil types, it was highest in the oxisol associated with cerrado 

and lowest in the more weathered white sand associated with campos rupestres (Fig. 2a, Table S3). 

Resin-extractable [P] was much lower in the soils associated with cerrado than in those associated 

with campos rupestres (Fig. 2b, Table S3). Most of the P was in organic forms in all soil types (Fig. 2c, 

Table S3). The proportion of organic [P] of total P extracted with NaOH was 60% for the soils 

associated with cerrado, 73% for the rock outcrops, 58% for the gravel sand and 63% for the white 

sand. Total soil [N] was lowest in the white sand (Fig. 2d, Table S3). The full soil dataset is available in 

Abrahão et al. (2018). 

Nutrient-acquisition strategies 

We found the following structures characteristic of AM: arbuscules (Figs 1a-b), coils (Fig. 1a) and 

vesicles in 27 of the 40 studied species. We also found several rhizosheath morphologies (Figs 1b-c). 

The proportion of AM plant species varied from 100% in the cerrado to 50-60% in the soils 

associated with campos rupestres: the proportion was especially low for the more weathered gravel 

sand and white sand (Tables S1, S4, Fig. 3a). The proportion of the root colonised by AM fungi was 
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71% in species in the soils associated with the cerrado and less than 1% for the most nutrient-

impoverished white sand (Tables S2, S4, Fig. 3b). The proportion of species with rhizosheaths (Fig. 

3c) was 10% in the cerrado and 100% in white sand in campos rupestres (Tables S1, S4). 

Total rhizosphere carboxylate amount was very low (<1 μmol g-1 root fresh weight, FW) and did not 

differ among species growing on different soil types, between the AM and NM species (Fig. S2a) or 

between species with and without rhizosheaths (Fig. S2b). We only observed a tendency for NM 

species to have greater carboxylate amounts in their rhizosphere than did AM species. There was 

also a tendency for species with rhizosheaths to have lower amounts of carboxylates in the 

rhizosphere than species without rhizosheaths. 

Mature leaf [Mn], here used as a proxy for carboxylate release, did not differ among species growing 

on different soil types, and on each soil type, mature leaf [Mn] did not differ between AM and NM 

species (Fig. S3a) or between species with or without rhizosheaths (Fig. S3b). 

 

Leaf P and N concentrations 

Mature leaf [P] was greatest in species growing in the cerrado and less in species growing in campos 

rupestres (Tables S2, S4, Fig. 4a). Senesced leaf [P] was similar among species growing on different 

soil types and leaf P remobilisation was similarly high among species growing on different soil types, 

between 75 and 88% (Tables S2, S4, Figs 4a-b). Mature leaf [P] did not differ among AM and NM 

species (Fig. S4a) or species with and without rhizosheaths (Table S4, Fig. S4b). 

 

Mature leaf [N] was lowest in species growing in the gravel sand and white sand, and greatest for 

species growing in soils associated with cerrado (Fig. 4c). Senesced leaf [N] was similar among 

species growing on different soils and leaf N-remobilisation efficiency was greatest in species 
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growing in white sand (59%) and lowest for species growing in the gravel sand (35%, Table S4, Figs 

4c-d). Mature leaf [N] did not differ among AM and NM species (Fig. S4c), but was greater in species 

with rhizosheaths than in species without rhizosheaths (Table S4, Fig. S4d). Leaf N: P ratios (mass 

basis) of mature leaves were lowest in species growing on the soils associated with cerrado and 

varied from 11 to 46 (Fig. S5).  

 

Photosynthetic nutrient-use efficiency 

Net CO2-assimilation rates were lower for species growing in white sand (Table S4, Fig. 5). Only two 

species showed assimilation rates faster than 20 μmol CO2 m-2 s-1. Overall, mean leaf mass per area 

was 226 g m-2 and did not differ among species growing on different soil types and between AM and 

NM species (Table S4). Photosynthetic P-use efficiency did not differ among species growing on 

different soil types (Table S4), and varied from 106 μmol CO2 g-1 P s-1 in species growing on soils 

associated with the cerrado to 189 for species growing in white sand. Photosynthetic P-use 

efficiency did not differ between AM and NM species (Fig. S6a) or species with or without 

rhizosheaths (Fig. S6b). Photosynthetic N-use efficiency also did not differ among species growing in 

different soil types and varied from 5 μmol CO2 g-1 N s-1 in species growing on the rock outcrops to 9 

μmol CO2 g-1 N s-1 for species growing in the gravel sand. Photosynthetic N-use efficiency was greater 

for AM than for NM species, due to higher leaf [N] on an area basis in NM species rather than faster 

photosynthetic rates in AM species (Fig. S6c), but PNUE did not differ between species with and 

without rhizosheaths (Fig. S6d). The full plant dataset is available in Abrahão et al. (2018). 
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Discussion 

Soils associated with campos rupestres are among the most P-impoverished soils in the world 

(Silveira et al., 2016). Our results clearly demonstrate large shifts in nutrient-acquisition strategies 

along a nutrient-availability gradient. We found that plant species on less nutrient-impoverished 

soils associated with cerrado and those growing on rock outcrops, associated with campos rupestres, 

had a greater proportion of their root length colonised by AM fungi, and that the species on the 

more severely P-impoverished soils associated with campos rupestres had root specialisations such 

as rhizosheaths. We measured very high P-use and moderately high N-use efficiency in species 

growing in campos rupestres and cerrado, suggesting a stronger limitation of plant growth by P than 

by N in these habitats. We found strong nutrient-conserving traits in species growing on the mosaic 

of soil types reflecting the slow-growth strategy of species in campos rupestres and cerrado 

(Lambers & Poorter, 1992; Bustamante et al., 2012a; Negreiros, Le Stradic, Fernandes & Rennó, 

2014; Reich, 2014). The selection of species with different below- and aboveground nutrient-

acquisition and –use strategies in each soil type is likely an important driver of the very high species 

turnover among soil types, and reveals the importance of small-scale variation of soil characteristics 

in campos rupestres and cerrado. 

 

Soil nutrient availabilities 

Total soil [P] was greater in soils associated with cerrado than in those associated with campos 

rupestres, while soil resin [P] indicated lower P availability in the cerrado. These lower values are 

associated with the P fraction bound to Fe and Al oxides in the soils associated with cerrado 

(Schmitt, Pagliari & do Nascimento, 2017). However, leaf [P] was greater in plants growing on soils 

associated with cerrado, indicating that they are capable of taking up P bound to Al and Fe oxides 

(Table S5), most likely through the roots releasing carboxylates (Lambers, Martinoia & Renton, 
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2015). Among the soil types associated with campos rupestres, total [P] was slightly greater in gravel 

sands than in rock outcrops, probably due to plant-soil nutrient feedbacks during soil formation 

which also increased total soil [C] (Table S5). Total soil [N] in the soils associated with cerrado was 

within the expected range (1.5 mg g-1) for these soils (Bustamante et al., 2004), and the very low soil 

[N] of the soils associated with campos rupestres was also similar to that in other quartzite soils 

associated with campos rupestres (Messias, Leite, Meira Neto, Kozovits & Tavares, 2013; Oliveira et 

al., 2015). In summary, the soil nutrient data show that the pedogenically younger rock outcrops and 

the most weathered white sands were the most P-impoverished habitats and the white sand soils 

were the most N-impoverished. 

 

Nutrient-acquisition strategies 

In accordance with our first hypothesis, we observed a clear shift in the proportion of mycorrhizal 

species, and also in the proportion of the root length colonised by AM fungi, from >50% for species 

growing in the less P-impoverished cerrado and rock outcrops to <1% for species growing in the 

more P-impoverished white sand. Moreover, we observed a greater proportion of species forming 

rhizosheaths on more P-impoverished soils, supporting our first hypothesis. There is likely a trade-off 

between C use to support the mycorrhizal symbiosis and that for rhizosheath formation and 

maintenance (i.e. root hair production, mucilage release), and functioning (i.e. carboxylate release). 

The dominance of non-mycorrhizal root specialisations in species growing in the most nutrient-

impoverished soils demonstrates their ability to access sparingly available forms of P in strongly P-

impoverished soil such as in campos rupestres.  

All the rhizosphere carboxylate amounts we measured in the field were extremely low (<1 μmol g-1 

root FW). Using the same method, a hydroponically-grown non-mycorrhizal cactus from campos 

rupestres showed up to 200 μmol g-1 root FW of total carboxylate release, possibly indicating that 
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our field-based measurements only detected a small portion of the exudates. Even though we 

collected fresh roots in the growing season, it is likely that we did not collect all the roots at the time 

of their peak carboxylate release. Moreover, carboxylates may be rapidly degraded by soil 

microbiota (Hashimoto, 2007) or adsorbed onto soil particles (Oburger, Kirk, Wenzel, Puschenreiter 

& Jones, 2009). Therefore, our field-based rhizosphere carboxylate collections likely underestimated 

the actual amount of carboxylates released by roots.  

We predicted that leaf [Mn] would be a good indicator of the amount of carboxylates released, 

because of their solubilising effect on soil Mn (Lambers, Hayes, Laliberté, Oliveira & Turner, 2015; 

Kreuzeder et al., 2018; Pang et al., 2018). Additionally, AM fungi significantly decrease the amount of 

Mn transferred to the host plants (Bethlenfalvay & Franson, 1989; Kothari, Marschner & Römheld, 

1991; Nogueira, Nehls, Hampp, Poralla & Cardoso, 2007). However, leaf [Mn] was fairly high (>50 mg 

kg-1, see Epstein and Bloom (2005)) in plants growing on all soil types despite the low Mn availability 

(Table S5) and did not differ between AM and NM species, or between species with and without 

rhizosheaths. Therefore, we rejected our hypothesis that NM and rhizosheath-bearing species would 

present greater leaf [Mn] than AM species. The lack of differences in mature leaf [Mn] between AM 

and NM species may be due to the fact that AM species may also release carboxylates (Ryan et al., 

2012). Additionally, both species with and without rhizosheaths may release carboxylates (Güsewell 

& Schroth, 2017). Non-exuding plants may also depend on nutrient mobilisation by their 

carboxylate-releasing neighbours (Muler, Oliveira, Lambers & Veneklaas, 2014). Therefore, although 

we did not any link between rhizosheath formation, carboxylate release and leaf [Mn], the high 

proportion of species with long root hairs (rhizosheaths) nonetheless suggests an important role of 

this trait in severely P-impoverished soils (Lynch, 2011). 
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Conservative nutrient use 

Mature leaf [P] of plants growing in the most P-impoverished soils associated with campos rupestres 

was half that of plants in the less P-impoverished soils associated with cerrado, but it did not differ 

among species growing on different soils associated with campos rupestres. Mature leaf [N] was also 

greater in plants in the cerrado than in those from campos rupestres, especially at the intermediate 

stage of soil weathering, the gravel sand. Mature leaf [N] did not completely reflect total soil [N], 

because this was greatest in the soils associated with cerrado and in the gravel sand, and leaf [N] 

was lowest in plants growing on the gravel sand. Mature leaf [N] was also greater in plants with 

rhizosheaths than in those without rhizosheaths. It is possible that the greater leaf [N] in species 

with rhizosheaths was due to increased N uptake through the release of proteases for organic N 

acquisition (Paungfoo-Lonhienne et al., 2008) or to a more favourable environment for free-living N-

fixing microorganisms (Bergmann, Zehfus, Zierer, Smith & Gabel, 2009). Based on the greater leaf [N] 

in species with rhizosheaths, we suggest that, in addition to their known role in P acquisition, 

rhizosheaths also play a role in N acquisition. 

Leaf N: P ratios were lowest in species growing in the cerrado, with a mean value of 18, possibly 

indicating N-P co-limitation for growth (Güsewell, 2004) as previously measured in trees (Nardoto, 

Bustamante, Pinto & Klink, 2006) and grasses (Lannes, Bustamante, Edwards & Olde Venterink, 

2016) from the cerrado. The leaf N:P values of plants growing in campos rupestres were above 20, 

suggesting P limitation for plant growth, as similarly observed by Oliveira et al. (2015). However, the 

stoichiometric values depend on metabolic requirements, and consequently differ among taxa, 

vegetation and tissue types, and among plants of contrasting age or life stage. Therefore, N: P ratios 

do not invariably indicate N or P limitation (von Oheimb et al., 2010; Harpole et al., 2011). Targeted 

experiments with nutrient additions to test nutrient limitation in the studied species might be useful 

to assess P limitation in species from campos rupestres, as measured for plants in the cerrado 

(Jacobson, da Cunha Bustamante & Kozovits, 2011; Lannes, Bustamante, Edwards & Olde Venterink, 
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2016). However, growth of native plants in nutrient-impoverished ecosystems often hardly responds 

to nutrient addition, and these plants may even experience nutrient toxicity (Specht, 1963; Chapin, 

Vitousek & Van Cleve, 1986). This suggests that their adaptation to nutrient impoverishment, e.g., by 

inherently slow growth, may restrict their ability to respond to nutrient addition (Lambers & Poorter, 

1992). Addition of the most limiting nutrients for growth may alter the ability of species to compete 

for these limiting nutrients and hamper their capacity to coexist in nutrient-impoverished soils 

(Turner, Brenes-Arguedas & Condit, 2018). 

Finally, LMA was similarly high in species growing on all soil types, indicating well-defended leaves 

(Lambers & Poorter, 1992). The very high LMA of the species from campos rupestres, together with 

high leaf dry matter content of the scleromorphic leaves places the species in campos rupestres in 

the stress-tolerant corner of the C-S-R triangular scheme (Grime, 1977; Negreiros, Le Stradic, 

Fernandes & Rennó, 2014; Dayrell et al., 2018). Overall, we rejected our second hypothesis that 

species from more nutrient-impoverished soils would be more conservative in nutrient use, because 

the species on soils associated with both cerrado and campos rupestres had very low leaf [P], 

moderate leaf [N] and high LMA, reflecting their very conservative nutrient-use strategy (Aerts & 

Chapin, 1999; Bustamante et al., 2012b). 

 

Nutrient-remobilisation efficiency and -proficiency 

Species in infertile habitats are expected to be more efficient at nutrient remobilisation than those 

from more fertile habitats (Kobe, Lepczyk & Iyer, 2005; Hayes, Turner, Lambers & Laliberté, 2014). 

Therefore, part of our second hypothesis was that species from soils with lower P and N availabilities 

(i.e. the white sand) would remobilise more P and N. Species from all soil types remobilised more 

than 75% of P during leaf senescence, reaching >90% P remobilisation in Velloziaceae and Poaceae. 

However, there were no differences among species in different soil types. Remobilisation of P and N 
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from senescing leaves of species from the cerrado was very similar to the values previously reported 

for cerrado sensu stricto by Nardoto, Bustamante, Pinto and Klink (2006), Miatto, Wright and Batalha 

(2016), and Kozovits et al. (2007), but we have not found published values of P and N remobilisation 

efficiency in plants from campos rupestres. Species from all soils had very low senesced leaf [P] 

(<0.06 mg g-1 in the white sands), one tenth of global estimates (Vergutz, Manzoni, Porporato, 

Novais & Jackson, 2012), representing a very high P-remobilisation proficiency (Killingbeck, 1996). 

Leaf N-remobilisation efficiency was greatest (60%) for plants on the white sand, where total soil [N] 

was lowest, supporting our hypothesis on N remobilisation. The shedding of leaves with very low 

nutrient concentrations (high remobilisation proficiency) contributes to the slow microbial 

decomposition rates and nutrient cycling in the system, maintaining a low soil nutrient availability 

(Aerts & Chapin, 1999; Benites, Schaefer, Simas & Santos, 2007; Kozovits et al., 2007; Jacobson, da 

Cunha Bustamante & Kozovits, 2011). Photodegradation is likely more important in the seasonally 

dry cerrado and campos rupestres (Austin & Vivanco, 2006), but even this cannot provide a major 

input of nutrients, given the high nutrient-remobilisation proficiency. Nutrient-remobilisation 

proficiency is one of the plant traits that shape the ecosystem processes at the “slow” end of the 

plant economics spectrum (Lavorel et al., 2011; Reich, 2014). In summary, we found support for the 

hypothesis that N remobilisation would be greater in N-poor soils, but P remobilisation was equally 

high for all four soil types. 

 

Photosynthesis, photosynthetic P- and N-use efficiency and functional traits 

Our third hypothesis was that photosynthetic rates would decrease while PPUE and PNUE would 

increase with increasing nutrient impoverishment. Photosynthetic rates varied from 8 to 13 μmol 

CO2 m-2 s-1 in species growing on the white sand (most weathered, P- and N-impoverished soil from 

campos rupestres) to 13 μmol CO2 m-2 s-1 in species growing in the cerrado (oxisol) and rock outcrops 

(less weathered soil from campos rupestres), supporting our hypothesis. Similarly, photosynthetic 
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rates of dominant species occurring along a chronosequence in New Zealand decreased with 

decreasing soil P and N availabilities (Whitehead et al., 2005).  

Despite the slow photosynthetic rates, plants growing on different soils achieved similarly high 

photosynthetic P-use efficiencies. The global mean PPUE calculated from the dataset used in Wright 

et al. (2004) by Lambers, Brundrett, Raven and Hopper (2011) is 103 µmol CO2 g-1 P s-1. This is similar 

to the value observed for plants growing in the cerrado, but half that of the mean value for plants 

growing in the white sands, although they were not significantly different due to the large variation 

of PPUE in each soil type. The mean PNUE in our study was very similar to the global mean value of 

6.3 µmol CO2 g-1 N s-1 (Lambers, Brundrett, Raven & Hopper, 2011) in species on all soil types, and 

slightly greater in AM when compared with NM species in our study. This difference is due to greater 

leaf [N] on an area basis in NM species, and might be due to access of different forms of N of NM 

species (Craine et al., 2009). 

Photosynthetic N-use efficiencies were not as high as those of PPUE when compared with global 

values, possibly due to the stronger P-limitation than N-limitation for plant productivity as suggested 

by the leaf N: P ratios. Thus, we reject our hypothesis of greater PPUE and PNUE on the most 

weathered soils.  

Ecological implications 

Understanding the mechanisms that lead to variation in species composition among sites (i.e. beta 

diversity) remains a major challenge in ecology. Along environmental gradients, different forces 

select plant traits that allow species to occupy a niche (Silvertown, 2004). This process drives species 

sorting, leading to spatial heterogeneity in community composition. In general, beta-diversity 

patterns are studied at larger elevational or climatic scales, but little is known about mechanisms 

that drive small-scale beta-diversity patterns. Here, we demonstrate that belowground 

specialisations (rhizosheaths and mycorrhizas) are key traits allowing survival in contrasting nutrient-

impoverished soils and are likely an important mechanism underlying the high beta-diversity in 
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campos rupestres at very small scales. Although all the measured species differed among soil types, 

we observed a convergence of photosynthetic P- and N-use efficiency and P-remobilisation 

efficiency among species growing in different soil types. Overall, belowground traits explained small-

scale species turnover better than aboveground traits.  

These considerations have important implications for conservation, management and restoration of 

campos rupestres. There is growing interest on trait-based models to achieve targets for theory-

driven ecological restoration (Laughlin, 2014); therefore, a good restoration plan needs to consider 

substrate heterogeneity and choose adequate species (and traits) for each substrate’s chemical and 

physical conditions. 

We believe the specialisations we recorded are due to evolutionary adaptations rather than 

phenotypic plasticity selected by the stressful conditions (Valladares, Gianoli & Gómez, 2007) 

because most species growing in campos rupestres have a very restricted geographic distribution 

range (Zappi, Moro, Meagher & Nic Lughadha, 2017; Neves et al., 2018). Within this small 

geographic range, species are further sorted according to edaphic heterogeneity and resource 

distribution (Le Stradic, Buisson & Fernandes, 2015), having very narrow ecological niches. However, 

further studies with more individuals per species are needed to verify the assumption of low 

intraspecific trait variability in campos rupestres plants. Our survey on plant traits across a broad 

taxonomic range provides valuable information on the selection of optimal plant physiological 

specialisation at a very small scale, under field conditions. A few limitations arise from the small 

sampling area and the lack of replication at a larger geographic scale, but parallel studies have found 

similar patterns (Oliveira et al., 2015; Zemunik, Lambers, Turner, Laliberté & Oliveira, 2018).  

Since high beta-diversity is a crucial driver of high species diversity at large spatial scales (Condit et 

al., 2002), our study adds substantial knowledge on how small-scale variation in soils plays a major 

role in sorting plant species and traits along a gradient of P and N availability, with special attention 

to belowground traits. 
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Conclusions 

The special physiological adaptations of species in campos rupestres reflect the extreme conditions 

of these environments (Negreiros, Le Stradic, Fernandes & Rennó, 2014), with very efficient nutrient 

use. The mycorrhizal nutrient-acquisition strategies in soils with greater P availability and non-

mycorrhizal strategies in severely P-impoverished soils indicate that the benefits of nutrient 

acquisition through mycorrhizas do not overcome the costs associated with mycorrhizal 

maintenance at very low P availability (Raven, Lambers, Smith, Shaver & Westoby, 2018). More than 

60% of the studied species had rhizosheaths, validating the prevalence of non-mycorrhizal root 

specialisations with long root hairs in the most P-impoverished soils (Miller, 2005; Abrahão, 

Lambers, Sawaya, Mazzafera & Oliveira, 2014). The very low leaf [P] and [N] of mature and senesced 

leaves, high LMA, intermediate photosynthetic rates with very high PPUE and P-remobilisation 

efficiencies reflect the efficient use of P in these species (Aerts & Chapin, 1999; Wright et al., 2004; 

Veneklaas et al., 2012). Based on the leaf N: P ratios, P was more strongly limiting for plant growth 

than N was; therefore, strategies to increase P-use efficiency are likely under stronger selection than 

those conferring N-use efficiency, leading to low PNUE values but very high PPUE values, relative to 

global averages. Therefore, the mosaic of soil types selects for species that are specialized to specific 

soil nutrient conditions at a very small spatial scale. Overall, belowground traits (mycorrhizal 

symbioses and rhizosheaths) contribute more to the very high species turnover in different soil types 

at a very small spatial scale than aboveground traits do, likely reflecting environmental filtering by 

soil attributes.  
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Figure 1. Relative amounts of soil nutrients and shifts in plant phosphorus (P)-acquisition strategies 
with pedogenesis. Less-weathered soils are richer in phosphorus (P), where mycorrhizal plant 
species are more effective in P acquisition. Older soils are depleted in P and species with non-
mycorrhizal strategies thrive. a. Arbuscules (arrowhead) and coils (arrow) in roots of Lagenocarpus 
rigidus (Cyperaceae) growing in rock outcrops, scale bar = 50 μm; b. Rhizosheaths in Aulonemia 
effusa (Hack.) McClure (Poaceae); c. Long root hairs in Xyris sp. (Xyridaceae); d. Vegetation of the 
cerrado sensu stricto associated with oxisols; e. Campos rupestres associated with rock outcrops; f. 
Campos rupestres associated with gravel sands, showing exposed quartz gravel; g. Campos rupestres 
associated with white sands, dominated by grasses and sedges. Adapted from Lambers et al. (2008). 
Photos by Anna Abrahão (a-d, f, g) and Rafael S. Oliveira (e). 

Figure 2. Soil phosphorus (P) and nitrogen (N) concentrations measured in a mosaic of soil types in 
campos rupestres and cerrado at Serra do Cipó, Espinhaço Range, Brazil. Oxisol is associated with 
cerrado vegetation, while rock outcrop, gravel sand and white sand are associated with campos 
rupestres vegetation. a. Total soil [P] by ignition; b. Resin-extractable P; c. NaOH-extractable 
inorganic (Pi, lighter bar and lighter points) and organic (Po, darker bar and darker points) 
phosphorus; d. Total soil [N]. Lighter points are individual samples, darker points are least-square 
means and bars are 95% confidence intervals. 

Figure 3. Nutrient-acquisition strategies of 10 plant species per soil type in campos rupestres and 
cerrado at Serra do Cipó, Espinhaço Range, Brazil. a. Proportion of arbuscular mycorrhizal species 
(AM) and non-mycorrhizal species (NM); b. Proportion of the root length colonised by arbuscular 
mycorrhizal fungi; c. Proportion of species with rhizosheaths. Although four individuals per species 
were used for modelling, we only present means per species (lighter points), darker points are least-
square means and bars are 95% confidence intervals. 
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Figure 4. Leaf phosphorus (P) concentrations of 10 plant species per soil type in campos rupestres 
and cerrado at Serra do Cipó, Espinhaço Range, Brazil. a. Leaf [P] of mature (circles) and senesced 
(triangles) leaves; b. Percentage of P remobilised from senesced leaves; c. Leaf [N] of mature (circles) 
and senesced (triangles) leaves; d. Percentage of N remobilised from senesced leaves. Although four 
individuals per species were used for modelling, we only present means per species (lighter points), 
darker points are least-square means and bars are 95% confidence intervals. 

Figure 5. Carbon assimilation of 10 plant species per soil type in campos rupestres and cerrado at 
Serra do Cipó, Espinhaço Range, Brazil. Although four individuals per species were used for 
modelling, we only present means per species (lighter points), darker points are least-square means 
and bars are 95% confidence intervals. 

 

Supporting information 

Additional supporting information may be found online in the Supporting Information section at the 
end of the article.  
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