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INTRODUÇÃO GERAL 

 

O estudo dos efeitos que a diversidade de espécies pode causar nos processos 

ecossistêmicos tem crescido vertiginosamente nas últimas duas décadas. Diversos 

trabalhos experimentais realizados em diversas regiões do mundo têm demonstrado que 

um aumento da diversidade de plantas contribui para o aumento da produtividade de 

ecossistemas terrestres. Além disso, esse efeito pode influenciar processos em diversos 

níveis tróficos, contribuindo assim para a estabilidade dos processos ecossistêmicos a 

longo prazo. Nesta tese de doutorado eu explorei algumas lacunas de conhecimento 

dentro dessa área em crescente desenvolvimento conhecida na literatura ecológica como 

"biodiversidade e funcionamento dos ecossistema". 

Apesar da grande quantidade de estudos desenvolvidos na última década, os 

mecanismos por trás do efeito positivo da diversidade de espécies na manutenção de 

importantes processos ainda são usualmente discutidos na luz de duas categorias gerais 

de mecanismos: complementaridade e efeito de seleção (ver o Capítulo I para 

definições). Porém, existem diversos mecanismos sutis que podem se enquadrar dentro 

dessas duas categorias. No primeiro capítulo dessa tese, eu busquei evidências para 

esses mecanismos sutis na literatura de experimentos em biodiversidade e 

funcionamento dos ecossistemas. No entanto, a lista de mecanismos sutis que podem 

explicar a relação positiva entre diversidade de plantas e funcionamento dos 

ecossistemas é extensa. Isso porque diversos parâmetros podem ser usados para medir o 

funcionamento de ecossistemas e os mecanismos podem englobar diversos níveis 

tróficos. Por isso, foquei o primeiro capítulo em mecanismos relacionados às interações 

entre plantas tendo como parâmetro de funcionamento a produtividade primária. 
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Por causa da limitação para realizar experimentos em grandes escalas, na área 

de biodiversidade e funcionamento dos ecossistemas, a grande maioria dos trabalhos 

encontrados estudam o efeito da diversidade em escalas pequenas (parcelas de alguns 

metros quadrados de área). Todavia, existe um crescente interesse por parte dos 

pesquisadores dessa área da ecologia em expandir o foco para grandes escalas, onde as 

decisões sobre conservação são tomadas. Para suprir a defasagem de conhecimento do 

efeito da biodiversidade em grandes escalas, eu utilizei técnicas para a estimativa de 

padrões de diversidade em escalas macroecológicas e bases de dados de satélites com 

longa duração para desvendar se a biodiversidade em escalas macroecológicas promove 

a estabilidade da produtividade dos ambientes terrestres no semiárido brasileiro. 

Paralelamente com os estudos do efeito da diversidade, muita atenção tem 

sido dada para desvendar o papel das características funcionais das espécies no 

funcionamento dos ecossistemas. O interesse nas características funcionais começou na 

mesma época que os experimentos de biodiversidade e funcionamento do ecossistema, 

mas o principal foco na época era se entender como as comunidades constituídas de 

espécies com características distintas se organizavam, focando principalmente nos 

processos de interações entre espécies e das espécies com o meio abiótico. Estudos 

posteriores começaram a mostrar que o uso da terra pelo homem é o principal agente na 

diminuição de espécies das comunidas vegetais e as características funcionais das 

espécies têm ajudado a entender como esse uso pode afetar a futura composição de 

espécies. Apesar de terem começado com objetivos distintos, atualmente a literatura 

dessas duas áreas é intermeada. Isto porque as características funcionais das espécies 

têm se mostrado importantes "peças" no entendimento dos efeitos que espécies 

individuais podem exercer nos ecossistemas e suas respostas ao ambiente. Com isso em 

vista, o objetivo geral do terceiro capítulo dessa tese foi entender como a perda da 



3 
 

cobertura vegetal originária do uso da terra por comunidades tradicionais no semiárido 

brasileiro influenciaria os processos de interações entre plantas e o papel das 

características funcionais das espécies nessas interações. 

Os capítulos desta tese estão interligados dentro da área de biodiversidade e 

funcionamento dos ecossistemas e acredito que a contribuição individual de cada 

capítulo preenche lacunas de conhecimento importantes dessa área da Ecologia que 

ainda se encontra em expansão. 
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Abstract 

A common observation in biodiversity experiments where plant species richness is 

manipulated is an increase in plant community biomass with increasing diversity. A 

large number of studies using various approaches interpreted this pattern in the light of 

two fairly broad processes, namely, complementarity (differential use of resources by 

different plant species), and sampling effect (increased likelihood of occurrence of 

species with disproportionate effect on productivity with increasing species numbers). It 

is, nonetheless, unclear which subtle mechanisms build up these broad categories of 

processes underlying the positive diversity-productivity patterns. In this article we 

discuss five possible mechanisms related to plant-plant interactions that could generate 

the positive diversity-productivity patterns: 1) Plant intraspecific competition has a 

higher deleterious effect on plant biomass than interspecific competition; 2) Escape 
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from competition generates complementarity; 3) Higher signal complexity in diverse 

plant communities generates complex physiological responses; 4) Higher chance of a 

benefactor plant species to occur in diverse communities; 5) Higher space filling in 

diverse communities improve microclimatic conditions. Evidences from biodiversity 

experiments are discussed with a special focus on functional traits of constituent 

species. Further suggestions on the way to access the relative importance of each 

mechanism in future plant community experiments are proposed. 

 

Key words: diversity-productivity relationship, ecosystem functioning, plant ecological 

strategies, functional traits, competition, facilitation 

 

Introduction 

The consequences of biodiversity loss on ecosystem functioning has been one of 

the most studied topic in plant ecology on the last decade (Cardinale, Duffy, Gonzalez 

et al., 2012). By the late 90's, pioneer experiments planting communities with different 

number of species start publishing results showing that richer communities were more 

productive than poor ones (Hooper & Vitousek, 1997, Tilman, Knops, Wedin et al., 

1997, Hector, Schmid, Beierkuhnlein et al., 1999). These first studies urged the 

implementation of biodiversity ecosystem-function (BEF) experiments covering several 

vegetation types which in general revealed that plant communities with more diverse 

species mixtures overyield (Cardinale, Matulich, Hooper et al., 2011). Although this 

positive diversity-productivity relationship has been fairly well established the 

underlying mechanisms generating such pattern are still a puzzle. Mechanisms have 

been discussed in the light of two main processes: complementarity and sampling effect 

(see Table 1 for detailed definitions). Complementarity represents the differential use of 
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resources by different plant species; and sampling effect refers to the increased 

likelihood of including species with disproportionate effect on ecosystem functioning 

when increasing species number (Huston, 1997). 

The additive partitioning method is the most used analytical technique to 

disentangle the relative influence of complementarity and sampling effect on biomass 

production of BEF experiments (Loreau & Hector, 2001). It compares species biomass 

in monoculture and mixtures to separate the effect of these two processes. Clear 

advances to understand the mechanisms generating positive diversity-productivity 

relationships have been achieved separating the effects of these two broad processes on 

community productivity. For example, a meta-analysis using 44 experiments using 

herbaceous plants from North America and Europe clearly showed that 

complementarity tends to increase while sampling-effect remains constant as 

experiments age (Cardinale, Wright, Cadotte et al., 2007). The downside of the additive 

partition method is the inability to tear apart complementarity processes from 

facilitation (improvement of local conditions by plant neighbours). In fact, most BEF 

literature actually consider facilitation as being part of the complementarity process. 

Even for the meta-analysis approach, it becomes impossible to know whether 

complementarity increases in time because species differences become more relevant 

and niche space is fulfilled or because the facilitative effect of some species increase 

with its growing abundance. Beyond facilitation, complementarity can arise from other 

several biological mechanisms that includes the exploitation of various resources, 

differential responses to competition, non-resource related plant responses and multi-

trophic interactions. While there is evidence that complementarity and sampling effect 

plays crucial roles for over yielding in diverse plant communities many open questions 

remain (Cardinale et al., 2007). These processes can be generated by a wide range of 
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possible mechanisms, therefore, it is still unclear what are the subtle mechanisms 

building each of these broad categories of processes.  

Towards a better understanding on how diversity may affect ecosystem 

properties researchers are increasingly adopting a trait-based approach to analyse the 

results from BEF studies (Schumacher & Roscher, 2009). This approach assumes that 

functional traits of constituent species determine the way they explore available 

resources and respond to the environment, thus are correlated with different and 

complementary aspects of species niches (McGill, Enquist, Weiher et al., 2006). For 

example, species that occur in fertile conditions generally produce leaves with high 

specific leaf area (SLA, leaf area divided by leaf dry mass) and low root-shoot ratio, a 

strategy related to maximize light exploitation (Wright, Reich, Westoby et al., 2004). 

On the other hand, those that occur on unproductive soils generally produce leaves with 

low SLA to prioritize resource conservation (Wright et al., 2004) and forage for 

resources deep into the soil, increasing root-shoot ratio. With this rationale, 

communities with high range of trait values (e.g. a variety of SLA values and rooting 

depths) are considered to possess a wider community niche breadth because resources 

are being more fully exploited. The full exploitation of resources, for example, by 

species that growth in different light regimes and/or species that grow roots at several 

soil depths might lead to increased plant community productivity. Based on this 

assumption, a trait-based approach can help to unveil which mechanisms are 

responsible for the positive diversity-productivity relationship. 

Here we review a variety of subtle mechanisms that could lead to an increase in 

biomass production when species are grown in mixtures with a special focus on studies 

that measured functional traits or resource levels of constituent species in BEF 

experiments. We describe five mechanisms by which plant interactions may increase 
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community productivity, and discuss how they are supported by BEF literature 

highlighting perspectives for future studies. 

 

Mechanism 1 – Niche differences causing stronger intraspecific competition 

Definition: One condition for stable coexistence among co-occurring species is that 

niche differences among species should be large enough to make the negative effect of 

intraspecific competition stronger than interspecific competition, thus increasing species 

growth rate in low population density (Chesson, 2000). If intraspecific competition has 

higher deleterious effect on plant biomass when compared to interspecific competition, 

we would expect high diversity systems to produce more biomass. 

 

Literature support: The Lotka-Volterra competition model and its derivates are the most 

widely used mathematical models that explain coexistence of multiple species sharing 

the same resources (Chesson, 2000). Theoretical studies exploring mechanisms 

responsible for the diversity-productivity relationship showed that mechanisms related 

to coexistence are not different from those that promote overyielding. This is because 

when multi-species communities are stable and there is no extinctions, mixtures 

invariably overyield (Carroll, Cardinale & Nisbet, 2011, Loreau, 2004). Turnbull, 

Levine, Loreau et al. (2013) went further and showed that transitory overyielding can 

also be expected even when niche differences are not strong enough to promote long-

term stable coexistence.  

Despite the fact that intrinsic niche differences among species have been widely 

used to explain positive diversity-productivity pattern, empirical evidences for this 

mechanism are rare and mixed results have been achieved. For example, Fargione & 

Tilman (2005) experimentally established a gradient of Schizachyrium scopari 
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abundance, a highly competitive species with shallow roots and mid-season growth, and 

monitored the colonization by the non-planted species. Their results suggests that S. 

scopari excluded competing species with similar root depth and phenology, favoring 

colonization and biomass production of niche differentiated species. On a study 

conducted in mangroves in Asia, root overyield in mixtures of mangrove forest tree 

species could be explained by different rooting depth of the species that could reduce 

interspecific competition for soil resources (Lang’at, Kirui, Skov et al., 2012). In 

contrast, Cavard, Bergeron, Chen et al. (2010) did not find higher carbon sequestration 

compared to the expected values in multispecies forests stands in relation to single-

species stands in a boreal forest even when mixtures were composed by shade-tolerant 

and shade-intolerant species. 

 

Future perspectives: To test for this mechanism, an experiment should measure for each 

plant species in question the average individual biomass produced over a range of plant 

densities. These measurements should be performed for species growing in 

monocultures and species mixtures. The resulting curves of average individual biomass 

production in relation to plant density for each species should then be compared 

between monocultures and species mixtures. If, for a given plant density, individuals of 

a particular species are consistently smaller (lower average biomass) in monocultures in 

relation to species mixtures, we could conclude that intra specific competition is 

stronger than interspecific competition and that this mechanism contributes to the 

diversity-productivity relationship. 
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Mechanism 2 – Competition generating complementarity 

Definition: To escape from competition some species are forced to explore a different 

spectrum of the available resources. Realized niches of some species may retract in 

relation to their fundamental niches due to competition but the species could still 

explore parts of the resources that are not being used by other species. Additionally, 

strong competitors may force some subordinate species to shift their realized niches to 

sub-optimal resource conditions that they would not otherwise explore when growing 

alone. In high diversity systems, this phenotypic plasticity promoting niche packing and 

niche shift would lead to increased use of available resources and consequently higher 

transference of resources into biomass production (Figure 2). 

 

Literature support: Small stature species that cannot reach the canopy may adapt its 

functional traits to shady conditions and maintain positive growth rates below the 

canopy of tall species. In a BEF experiment in Germany, specific leaf area (SLA) and 

leaf area ratio (LAR, leaf area divided by total plant dry mass) of herbaceous species 

increased with species diversity due to phenotypic plasticity, an adaptation to maintain 

efficiency of photosynthesis in low light conditions (Dassler, Roscher, Temperton et al., 

2008, Gubsch, Buchmann, Schmid et al., 2011, Roscher, Schmid, Buchmann et al., 

2011). Additionally, Gubsch et al. (2011) found that trait responses of grass species to 

increased diversity varied and some species adjusted their traits to maximize resource 

exploitation (e.g. higher shoot length) while others changed to maximize resource 

conservation (e.g. lower SLA). Furthermore, trait variability of grass species was larger 

in highly diverse communities compared to traits in monocultures, suggesting that trait 

adjustment increased niche segregation (Gubsch et al., 2011). 
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Comparing monocultures with mixtures, studies on temperate tree species found 

greater vertical root occupation in mixed stands (Brassard, Chen, Bergeron et al., 2011, 

Lei, Scherer-Lorenzen & Bauhus, 2012, Schmid & Kazda, 2002). On the other hand, 

other studies did not find evidence that greater productivity in mixtures would be due to 

diverse herbaceous communities presenting greater vertical root differentiation 

compared to monocultures (Mommer, Van Ruijven, De Caluwe et al., 2010, von Felten 

& Schmid, 2008). von Felten, Hector, Buchmann et al. (2009) investigated if species 

would show higher niche separation with respect to nitrogen uptake from different 

chemical forms and soil depths when grown in mixtures. Their results showed that 

belowground exploitation plasticity was not a major driver of diversity-productivity 

relationships, mainly because community niche breadth did not increase with diversity. 

However, the authors found that subordinate species (less abundant) occupied smaller 

niches when grown in mixtures, while the niches of dominant species remained constant 

along the diversity gradient. Brassard et al. (2011) also found that dominant species did 

not differ in fine root mass among single-species stands and multi-species stands. This 

plastic response of subordinate species to reduce niche overlap with dominant species 

may prevent competitive exclusion and contribute to a more complete use of resources 

by the whole plant community (Figure 2c). 

 

Future perspectives: Despite the fact that several studies demonstrate that competition 

might force some plant species to adapt their traits to explore unused resources in order 

to increase their performance (Callaway, Pennings & Richards, 2003), evidences in 

support of this mechanism as a driver of community over yielding are mixed. It appears 

that the most productive species do not change their niches, while subordinate species 

are forced to explore sub-optimal parts of their fundamental niches. This indicates that 
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subordinate species may need higher trait plasticity when growing in mixtures because 

they are unable to outcompete species with high competitive ability. While some studies 

showed that rare species contributed significantly to aboveground biomass production 

in diverse communities (Tilman, Reich, Knops et al., 2001), others found that species 

with low biomass (subordinate) had none or a negative effect on total biomass 

production (Dassler et al., 2008, Bessler, Temperton, Roscher et al., 2009). One 

interesting observation is that the studies that found vertical niche segregation of roots 

in mixtures were performed using trees (Brassard et al., 2011, Lei et al., 2012, Schmid 

et al., 2002). In fact, tree species are able to explore resources deeper in soil compared 

to herbaceous species, and this might favor vertical niche segregation. Ongoing and new 

experiments should investigate if subordinate species in fact exhibit higher trait 

plasticity and if these trait shifts contribute positively to over yielding in mixtures. If 

that is the case, we could conclude that competition generates complementarity in high 

diversity mixtures.  

 

Mechanism 3 – Plants physiological responses to neighbors 

Definition: Plants are able to sense the presence of their neighbors by a varied of cues 

that allow them to increase growth and performance when facing competition (Pierik, 

Mommer & Voesenek, 2013). As diversity increases plant perception of neighbours is 

more intense due to the high diversity of signals released by a varied group of species. 

This myriad of cues may induce plants to elongate as a response to light competition 

and increase above-ground biomass allocation, leading to aboveground over yielding. 

Similarly, plants may perceive neighbors' below-ground signals and allocate more 

biomass into their own roots to outcompete neighboring roots, leading to higher below-

ground biomass compared to monocultures (Figure 3). 
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Literature support: Plants above-ground perception of neighbors may be triggered by 

the decline in red to far red (R:FR) ratio, depletion of blue light or light intensity and 

volatile organic compound levels in the air (Ballaré, 1999, Vandenbussche, Pierik, 

Millenaar et al., 2005; Figure 3). Such alteration of light and chemical environment 

induce plants to invest more biomass into above-ground tissues to overtop competing 

neighbors. The commonly found decrease of overall root-shoot ratio has been 

interpreted as an evidence for this mechanism (Bessler et al., 2009, Gubsch et al., 2011, 

Roscher et al., 2011). Additionally, by stretching to reach light using at first only water 

and cell elongation, plants create a new above-ground structures that have to be filled 

with carbon when they reach a new light environment. Growth of longer stems in 

diverse communities to overtop neighbors is another prominent example that this 

mechanism is playing a role (Spehn, Joshi, Schmid et al., 2000, Gubsch et al., 2011). 

This results has also been documented for bryophytes where community height 

increased by about 50% along with a diversity gradient of one to eight species of tundra 

mosses (Rixen & Mulder, 2005). The increased carbon to nitrogen ratio of above-

ground plant tissues commonly reported in diverse communities is an indication that 

plants are elongating and investing more biomass into support tissues (Fargione, 

Tilman, Dybzinski et al., 2007, Fornara & Tilman, 2009, van Ruijven & Berendse, 

2005, but see De Deyn, Quirk, Oakley et al., 2012). 

Below-ground perception of neighbors is an understudied area of research but 

evidence is accumulating that root interactions may alter biomass allocation patterns 

(Poorter, Niklas, Reich et al., 2012). Plants may grow more root mass when perceiving 

neighboring roots because of volatile organic compounds released, root exudates or 

alterations of soil resources availabilities (reviews in Hodge, 2009, Pierik et al., 2013). 
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In accordance to this mechanism, Mommer et al. (2010) found higher root mass in 

mixtures compared to monocultures, but the root mass was mainly in the upper fertile 

soil layer. The authors suggested that perception of neighbors might have induced root 

growth in the upper soil layer, thus increasing below-ground productivity in diverse 

communities. In a boreal forest ecosystem, Brassard et al. (2011) also found that multi-

species plots had higher fine root biomass and total biomass production compared to 

single-species plot, mainly due to higher fine root concentration in top soil layer. 

 

Future perspectives: An interesting way to test this mechanism would be to investigate 

if plants show an increased growth and elongation response when exposed to a variety 

of signals. The majority of experiments that focus on light quality and intensity studied 

only R:FR ratio and generally found that decreases in R:FR ratio resulted in a decreased 

stem biomass (review in Franklin, 2008). These experiments, however, maintain 

individuals at constant levels of high and low R:FR ratio with a unidirectional light 

source. Nevertheless, light conditions experienced by plants in the field, especially 

herbaceous communities, are not constant because plants frequently grow around to 

overtop each other causing R:FR levels to vary over time. New experiments should 

mimic conditions of high and low diversity by exposing plants to a variety of 

neighboring signals previously measured in the field for each diversity treatment. 

Possible signals to measure would be: red to far red (R:FR) ratio, blue light, light 

intensity or volatile organic compounds. Each signal should then be applied alone and 

in mixtures in a gradient of intensity mimicking the spatially and temporally diversified 

signals found in low and high diversity treatments. If biomass production increases in 

more diversified signal treatments we might conclude that plant perception of neighbors 

promotes over yield in high diverse communities. 
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Mechanism 4 – Presence of benefactor species 

Definition: As diversity increase there would be an increased likelihood to includ 

benefactor species with functional traits that improve resource levels or ameliorate 

harsh conditions and consequently enhance overall community biomass. 

 

Literature support: There is ample evidence that positive effects of certain species on 

others can play an important role in maintaining diversity and productivity of several 

ecosystems ranging from tundra to tropical forest ecosystems (Callaway, 1995, 

Callaway, 2007, Brooker, Maestre, Callaway et al., 2008). Facilitative effect of species 

can result from different processes that include enhancement of soil fertility, 

microclimate amelioration, reduction of herbivores by unpalatable species or soil water 

redistribution (Loreau et al., 2001, Callaway, 2007, Caldwell, Dawson & Richards, 

1998). However, the only discussed example of facilitative effect of certain species on 

BEF literature is the ability of legumes to fix atmospheric nitrogen, enhancing available 

nitrogen in the soil. Several experiments conducted in herbaceous communities 

demonstrated that legume presence is an important factor increasing productivity of 

nitrogen demanding species (Hector, Joshi, Scherer-Lorenzen et al., 2007, Lambers, 

Harpole, Tilman et al., 2004, Temperton, Mwangi, Scherer-Lorenzen et al., 2007). 

 

Future perspectives: Future experiments should map important benefactor species 

present in the plant community through facilitation experiments. These benefactor 

species should then be included in a factorial design where their presence and absence 

are combined with all levels of diversity treatments. If a positive interaction between 
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facilitation and diversity treatments is found one could conclude that the facilitation 

mechanism brings an important contribution to the diversity-productivity pattern. 

 

Mechanism 5 – Positive effects of higher space filling  

Definition: The plant community as a whole (not only a single species) may function as 

a “benefactor” because it improves microclimate through space filling and consequently 

enhance plant growth. For example, a high diversity of plant structures and growth 

forms may reduce wind speed and consequently lower water limitation by decreasing 

evapotranspiration. This would allow species to increase leaf area over time, and 

consequently increase light capture and air humidity, creating a positive feedback for 

the whole plant community. 

 

Literature support: More complex canopies of diverse communities can increase water 

availability, as e.g. more diverse arctic tundra moss communities absorbed and retained 

more water in their higher and more complex canopy (Rixen et al., 2005). In a 

Mediterranean grassland a higher soil water content and lower ∂13C in leaves in species 

rich plots indicate lower water stress with increasing species richness. This probably 

occurs due to the reduced evaporation under higher plant cover together with dew 

retention that can be absorbed by plants aerial tissue (Caldeira, Ryel, Lawton et al., 

2001). This effect might occur as denser canopies with better three dimensional space 

filling decrease wind speed reducing evapotranspiration (De Boeck, Lemmens, Bossuyt 

et al., 2006). This higher space filling might be related to the wide varieties of grow 

forms and leaf types found in high diverse communities. Thereby, increasing plant 

diversity can increase productivity by reducing drought stress under an established 

canopy (Fridley, 2002).  
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According to the stress-gradient hypothesis, facilitative interactions should be 

more common in harsher environments while competition should be more intense in 

mild conditions (Bertness & Callaway, 1994). If facilitation is a driving force of 

diversity-productivity relationships, the effect of diversity should be more prominent in 

environments where conditions are not optimal for every species to grow. For example, 

Mulder, Uliassi & Doak (2001) found that the effect of diversity on productivity was 

only apparent when experimental mosses and liverworts communities were subjected to 

drought conditions. Under drought stress more diverse bryophyte communities showed 

greater humidity, increasing survival, and growth as (1) tall species were more affected 

by low humidity than short species in greater contact with the soil and (2) transpiration 

by short species may have increased humidity under the canopy and thus also benefited 

taller plants (Mulder et al., 2001). In a study conducted at a large scale, the effect of 

diversity was more pronounced in boreal forests compared to more stable and 

productive temperate forests of Canada (Paquette & Messier, 2011). Wang, Zhang, 

Chen et al. (2012) observed that the sampling effect was stronger when experimental 

communities were at low stress, however, when communities were grown under 

stressed conditions, complementarity was responsible for biomass increase in diverse 

communities. Facilitation among species may have been responsible for this results 

because stress tolerance increased with community diversity for all species (Wang et al., 

2012). 

 

Future perspectives: Future experiments should measure wind, humidity, soil 

temperature and other microclimatic variable levels in high and low diversity 

treatments. In laboratory conditions, those wind and humidity levels should be applied 

experimentally, in constant light conditions, on every single plant species present in the 
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field. The space filling mechanism would be supported if plant species consistently 

increase growth in microclimatic conditions that are similar to the ones found in high 

diversity communities. Additionally, one could measure individual plant species 

productivity in field experiments that introduce artificial structures with increasing 

complexity that mimic space filling. An enhancement of productivity with increasing 

complexity would suggest that higher space filling lead to a positive diversity-

productivity relationship. 

 

Discussion 

Advances in BEF experimental designs have improved knowledge on 

mechanisms responsible for the positive diversity-productivity pattern. For example, 

almost every new BEF experiment now cultivates monocultures of all species present in 

mixtures to separate the relative contribution of sampling effects vs. complementarity 

(Huston, 1997, Loreau et al., 2001). Separating sampling effects from complementarity 

effects helped to understand how mechanisms related to species identity or to species 

diversity per se are influencing higher biomass productivity in natural communities 

(Cardinale et al., 2007). This information has major implications for conservation and 

management because high productivity goals could be best achieved either through the 

preservation of functionally important species or by maximizing biodiversity (Schwartz, 

Brigham, Hoeksema et al., 2000). Nevertheless, this traditional dichotomy does not 

explain the subtle mechanisms behind the observed pattern, which could produce 

misleading directions for future conservation and management plans. For example, 

considering a system where the presence of a benefactor species with low population 

density increases productivity of the whole community. The additive partition method 

would reveal high contribution of mechanisms related to complementarity, because the 
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benefactor does not dominate biomass production. However, the best action would be to 

promote the occurrence of the benefactor species given that the aim is to increase 

productivity of the whole community. Given the limitations of the traditional dichotomy 

between sampling effects and complementarity to provide a deep understanding of the 

diversity-productivity relationship, we believe that future BEF experimental designs 

should take into account the relative role of each subtle mechanisms described in this 

review. 

A promising venue for future experiments to evaluate the role of species 

responses to competitors is to use genetically modified organisms (GMO). Some studies 

have used GMO to test if there are fitness differences between wild plants and 

transgenic plants with respect to phytochrome-mediated plasticity (Sultan, 2000). BEF 

experiments using both wild plants and transgenic plants without plastic responses 

might help determining the relative importance of plants trait adaptation generating the 

positive diversity-productivity pattern. 

Mechanisms described may not be the only drivers of greater productivity in 

diverse communities. How biodiversity might be related to ecosystem processes at 

higher trophic levels and how these effects feedback to the producer levels have 

received surprisingly little attention (Duffy, 2002). A wide range of mechanisms acting 

at other trophic levels (consumers, predators, pathogens, decomposers, and mutualists) 

might influence plant community and impact plant biomass production either directly or 

indirectly by altering the plant-plant interactions described above. 

It is likely that the mechanisms presented here are not mutually exclusive and we 

should expect that more than one may act simultaneously. Also, the importance of each 

mechanism can vary with different abiotic conditions (e.g. soil fertility), as it is 

expected for facilitation processes where the presence of a legume may have stronger 
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influence when communities are nitrogen limited. Additionally, selection of species to 

be planted in BEF experiments is very relevant. For instance, Mommer et al. (2010) 

found evidence for Mechanism 3, however, greater productivity was only achieved by 

the species that was highly responsive to the presence of other competitors. To sum up, 

the importance of different mechanisms will vary among Earth's ecosystems and efforts 

should be directed to understand when and where each mechanism will be most 

important. 

 

Acknowledgments 

G.G.M. was supported by a National Council of Research and Technology (CNPq) 

doctoral scholarship (process no. 147969/2010-7). G.G was supported by a PQ, CNPq 

grant. This work was supported by TUMBRA initiative and CNPq. 

 

References 

Ballaré, C.L. (1999) Keeping up with the neighbours: phytochrome sensing and other 

signalling mechanisms. Trends in Plant Science 4, 97-102. 

Bertness, M.D. & Callaway, R. (1994) Positive interactions in communities. Trends in 

Ecology and Evolution 9, 191-193. 

Bessler, H., Temperton, V.M., Roscher, C., Buchmann, N., Schmid, B., Schulze, E.-D., 

Weisser, W.W. & Engels, C. (2009) Aboveground overyielding in grassland 

mixtures is associated with reduced biomass partitioning to belowground organs. 

Ecology 90, 1520-1530. 

Brassard, B.W., Chen, H.Y.H., Bergeron, Y. & Paré, D. (2011) Differences in fine root 

productivity between mixed- and single-species stands. Functional Ecology 25, 

238-246. 



22 
 

Brooker, R.W., Maestre, F.T., Callaway, R.M., Lortie, C.L., Cavieres, L.A., Kunstler, 

G., Liancourt, P., Tielbörger, K., Travis, J.M. & Anthelme, F. (2008) 

Facilitation in plant communities: the past, the present, and the future. Journal of 

Ecology 96, 18-34. 

Caldeira, M.C., Ryel, R.J., Lawton, J.H. & Pereira, J.S. (2001) Mechanisms of positive 

biodiversity-production relationships: insights provided by delta C-13 analysis 

in experimental Mediterranean grassland plots. Ecology Letters 4, 439-443. 

Caldwell, M.M., Dawson, T.E. & Richards, J.H. (1998) Hydraulic lift: consequences of 

water efflux from the roots of plants. Oecologia 113, 151-161. 

Callaway, R.M. (1995) Positive interactions among plants. Botanical Review 61, 306-

349. 

Callaway, R.M. (2007) Positive interactions and interdependence in plant communities. 

Springer. 

Callaway, R.M., Pennings, S.C. & Richards, C.L. (2003) Phenotypic plasticity and 

interactions among plants. Ecology 84, 1115-1128. 

Cardinale, B.J., Duffy, J.E., Gonzalez, A., Hooper, D.U., Perrings, C., Venail, P., 

Narwani, A., Mace, G.M., Tilman, D., Wardle, D.A., Kinzig, A.P., Daily, G.C., 

Loreau, M., Grace, J.B., Larigauderie, A., Srivastava, D.S. & Naeem, S. (2012) 

Biodiversity loss and its impact on humanity. Nature 486, 59-67. 

Cardinale, B.J., Matulich, K.L., Hooper, D.U., Byrnes, J.E., Duffy, E., Gamfeldt, L., 

Balvanera, P., O'connor, M.I. & Gonzalez, A. (2011) The functional role of 

producer diversity in ecosystems. American Journal of Botany 98, 572-592. 

Cardinale, B.J., Wright, J.P., Cadotte, M.W., Carroll, I.T., Hector, A., Srivastava, D.S., 

Loreau, M. & Weis, J.J. (2007) Impacts of plant diversity on biomass production 



23 
 

increase through time because of species complementarity. Proceedings of the 

National Academy of Sciences 104, 18123-18128. 

Carroll, I.T., Cardinale, B.J. & Nisbet, R.M. (2011) Niche and fitness differences relate 

the maintenance of diversity to ecosystem function. Ecology 92, 1157-1165. 

Cavard, X., Bergeron, Y., Chen, H.Y.H. & Paré, D. (2010) Mixed-species effect on tree 

aboveground carbon pools in the east-central boreal forests. Canadian Journal 

of Forest Research 40, 37-47. 

Chesson, P. (2000) Mechanims of maintenance of species diversity. Annual Review of 

Ecology and Systematics 31, 343-366. 

Dassler, A., Roscher, C., Temperton, V.M., Schumacher, J. & Schulze, E.D. (2008) 

Adaptive survival mechanisms and growth limitations of small-stature herb 

species across a plant diversity gradient. Plant Biology 10, 573-587. 

De Boeck, H.J., Lemmens, C., Bossuyt, H., Malchair, S., Carnol, M., Merckx, R., Nijs, 

I. & Ceulemans, R. (2006) How do climate warming and plant species richness 

affect water use in experimental grasslands? Plant and Soil 288, 249-261. 

De Deyn, G.B., Quirk, H., Oakley, S., Ostle, N.J. & Bardgett, R.D. (2012) Increased 

Plant Carbon Translocation Linked to Overyielding in Grassland Species 

Mixtures. PLoS ONE 7, e45926. 

Duffy, J.E. (2002) Biodiversity and ecosystem function: the consumer connection. 

Oikos 99, 201-219. 

Fargione, J., Tilman, D., Dybzinski, R., Hillerislambers, J., Clark, C., Harpole, W.S., 

Knops, J.M.H., Reich, P.B. & Loreau, M. (2007) From selection to 

complementarity: shifts in the causes of biodiversity-productivity relationships 

in a long-term biodiversity experiment. Proceedings of the Royal Society B - 

Biological Sciences 274, 871-876. 



24 
 

Fargione, J.E. & Tilman, D. (2005) Diversity decreases invasion via both sampling and 

complementarity effects. Ecology Letters 8, 604-611. 

Fornara, D.A. & Tilman, D. (2009) Ecological mechanisms associated with the positive 

diversity-productivity relationship in an N-limited grassland. Ecology 90, 408-

418. 

Franklin, K.A. (2008) Shade avoidance. New Phytologist 179, 930-944. 

Fridley, J.D. (2002) Resource availability dominates and alters the relationship between 

species diversity and ecosystem productivity in experimental plant communities. 

Oecologia 132, 271-277. 

Gubsch, M., Buchmann, N., Schmid, B., Schulze, E.-D., Lipowsky, A. & Roscher, C. 

(2011) Differential effects of plant diversity on functional trait variation of grass 

species. Annals of Botany 107, 157-169. 

Hector, A., Joshi, J., Scherer-Lorenzen, M., Schmid, B., Spehn, E.M., Wacker, L., 

Weilenmann, M., Bazeley-White, E., Beierkuhnlein, C., Caldeira, M.C., 

Dimitrakopoulos, P.G., Finn, J.A., Huss-Danell, K., Jumpponen, A., Leadley, 

P.W., Loreau, M., Mulder, C.P.H., Nesshoover, C., Palmborg, C., Read, D.J., 

Siamantziouras, A.S.D., Terry, A.C. & Troumbis, A.Y. (2007) Biodiversity and 

ecosystem functioning: reconciling the results of experimental and observational 

studies. Functional Ecology 21, 998-1002. 

Hector, A., Schmid, B., Beierkuhnlein, C., Caldeira, M.C., Diemer, M., 

Dimitrakopoulos, P.G., Finn, J.A., Freitas, H., Giller, P.S., Good, J., Harris, R., 

Hogberg, P., Huss-Danell, K., Joshi, J., Jumpponen, A., Korner, C., Leadley, 

P.W., Loreau, M., Minns, A., Mulder, C.P.H., O'donovan, G., Otway, S.J., 

Pereira, J.S., Prinz, A., Read, D.J., Scherer-Lorenzen, M., Schulze, E.D., 

Siamantziouras, A.S.D., Spehn, E.M., Terry, A.C., Troumbis, A.Y., Woodward, 



25 
 

F.I., Yachi, S. & Lawton, J.H. (1999) Plant diversity and productivity 

experiments in European grasslands. Science 286, 1123-1127. 

Hodge, A. (2009) Root decisions. Plant, Cell & Environment 32, 628-640. 

Hooper, D.U. & Vitousek, P.M. (1997) The Effects of Plant Composition and Diversity 

on Ecosystem Processes. Science 277, 1302-1305. 

Huston, M.A. (1997) Hidden treatments in ecological experiments: re-evaluating the 

ecosystem function of biodiversity. Oecologia 110, 449-460. 

Lambers, J.H.R., Harpole, W.S., Tilman, D., Knops, J. & Reich, P.B. (2004) 

Mechanisms responsible for the positive diversity–productivity relationship in 

Minnesota grasslands. Ecology Letters 7, 661-668. 

Lang’at, J.S., Kirui, B.Y., Skov, M., Kairo, J., Mencuccini, M. & Huxham, M. (2012) 

Species mixing boosts root yield in mangrove trees. Oecologia 172, 1-8. 

Lei, P., Scherer-Lorenzen, M. & Bauhus, J. (2012) The effect of tree species diversity 

on fine-root production in a young temperate forest. Oecologia 169, 1105-1115. 

Loreau, M. (2004) Does functional redundancy exist? Oikos 104, 606-611. 

Loreau, M. & Hector, A. (2001) Partitioning selection and complementarity in 

biodiversity experiments (vol 412, pg 72, 2001). Nature 413, 548-548. 

Mcgill, B.J., Enquist, B.J., Weiher, E. & Westoby, M. (2006) Rebuilding community 

ecology from functional traits. Trends in Ecology & Evolution 21, 178-185. 

Mommer, L., Van Ruijven, J., De Caluwe, H., Smit-Tiekstra, A.E., Wagemaker, 

C.A.M., Joop Ouborg, N., Bögemann, G.M., Van Der Weerden, G.M., 

Berendse, F. & De Kroon, H. (2010) Unveiling below-ground species 

abundance in a biodiversity experiment: a test of vertical niche differentiation 

among grassland species. Journal of Ecology 98, 1117-1127. 



26 
 

Mulder, C.P.H., Uliassi, D.D. & Doak, D.F. (2001) Physical stress and diversity-

productivity relationships: The role of positive interactions. Proceedings of the 

National Academy of Sciences of the United States of America 98, 6704-6708. 

Paquette, A. & Messier, C. (2011) The effect of biodiversity on tree productivity: from 

temperate to boreal forests. Global Ecology and Biogeography 20, 170-180. 

Pierik, R., Mommer, L. & Voesenek, L.A.C.J. (2013) Molecular mechanisms of plant 

competition: neighbour detection and response strategies. Functional Ecology 

27, 841-853. 

Poorter, H., Niklas, K.J., Reich, P.B., Oleksyn, J., Poot, P. & Mommer, L. (2012) 

Biomass allocation to leaves, stems and roots: metaâ€•analyses of interspecific 

variation and environmental control. New Phytologist 193, 30-50. 

Rixen, C. & Mulder, C.P.H. (2005) Improved water retention links high species 

richness with increased productivity in arctic tundra moss communities. 

Oecologia 146, 287-299. 

Roscher, C., Schmid, B., Buchmann, N., Weigelt, A. & Schulze, E.-D. (2011) Legume 

species differ in the responses of their functional traits to plant diversity. 

Oecologia 165, 437-452. 

Schmid, I. & Kazda, M. (2002) Root distribution of Norway spruce in monospecific and 

mixed stands on different soils. Forest Ecology and Management 159, 37-47. 

Schumacher, J. & Roscher, C. (2009) Differential effects of functional traits on 

aboveground biomass in semi-natural grasslands. Oikos 118, 1659-1668. 

Schwartz, M., Brigham, C., Hoeksema, J., Lyons, K., Mills, M. & Van Mantgem, P. 

(2000) Linking biodiversity to ecosystem function: implications for conservation 

ecology. Oecologia 122, 297-305. 



27 
 

Spehn, E.M., Joshi, J., Schmid, B., Diemer, M. & Korner, C. (2000) Aboveground 

resource use increases with plant species richness in experimental grassland 

ecosystems. Functional Ecology 14, 326-337. 

Sultan, S.E. (2000) Phenotypic plasticity for plant development, function and life 

history. Trends in Plant Science 5, 537-542. 

Temperton, V.M., Mwangi, P.N., Scherer-Lorenzen, M., Schmid, B. & Buchmann, N. 

(2007) Positive interactions between nitrogen-fixing legumes and four different 

neighbouring species in a biodiversity experiment. Oecologia 151, 190-205. 

Tilman, D., Knops, J., Wedin, D., Reich, P., Ritchie, M. & Siemann, E. (1997) The 

Influence of Functional Diversity and Composition on Ecosystem Processes. 

Science 277, 1300-1302. 

Tilman, D., Reich, P.B., Knops, J., Wedin, D., Mielke, T. & Lehman, C. (2001) 

Diversity and productivity in a long-term grassland experiment. Science 294, 

843-845. 

Turnbull, L.A., Levine, J.M., Loreau, M. & Hector, A. (2013) Coexistence, niches and 

biodiversity effects on ecosystem functioning. Ecology Letters 16, 116-127. 

Van Ruijven, J. & Berendse, F. (2005) Diversity-productivity relationships: Initial 

effects, long-term patterns, and underlying mechanisms. Proceedings of the 

National Academy of Sciences of the United States of America 102, 695-700. 

Vandenbussche, F., Pierik, R., Millenaar, F.F., Voesenek, L.A.C.J. & Van Der Straeten, 

D. (2005) Reaching out of the shade. Current Opinion in Plant Biology 8, 462-

468. 

Von Felten, S., Hector, A., Buchmann, N., Niklaus, P.A., Schmid, B. & Scherer-

Lorenzen, M. (2009) Belowground nitrogen partitioning in experimental 



28 
 

grassland plant communities of varying species richness. Ecology 90, 1389-

1399. 

Von Felten, S. & Schmid, B. (2008) Complementarity among species in horizontal 

versus vertical rooting space. Journal of Plant Ecology 1, 33-41. 

Wang, J., Zhang, C., Chen, T. & Li, W. (2012) From selection to complementarity: the 

shift along the abiotic stress gradient in a controlled biodiversity experiment. 

Oecologia 171, 1-9. 

Wright, I.J., Reich, P.B., Westoby, M., Ackerly, D.D., Baruch, Z., Bongers, F., 

Cavender-Bares, J., Chapin, T., Cornelissen, J.H.C., Diemer, M., Flexas, J., 

Garnier, E., Groom, P.K., Gulias, J., Hikosaka, K., Lamont, B.B., Lee, T., Lee, 

W., Lusk, C., Midgley, J.J., Navas, M.-L., Niinemets, U., Oleksyn, J., Osada, N., 

Poorter, H., Poot, P., Prior, L., Pyankov, V.I., Roumet, C., Thomas, S.C., 

Tjoelker, M.G., Veneklaas, E.J. & Villar, R. (2004) The worldwide leaf 

economics spectrum. Nature 428, 821-827. 

 

 

  



29 
 

Table 1. Terminologies currently used in this review and their related definitions.  

Term Definition 

Overyield The concept of overyield has been widely used in plant 

sciences to indicate when species mixtures perform 

better than expected when compared with monocultures. 

Mathematically, overyielding occurs when Relative 

Yield Total (RYT) exceeds unit. The RYT is defined by: 

      
  
  

 

where    and    are the yields of species i in mixtures 

and monocultures, respectively. 

Complementarity The differential use of resources in space, time or 

chemical forms by different plant species, generating a 

more complete use of available resources. High 

functional diversity is usually treated as an evidence for 

complementarity. 

Sampling effect In BEF experiments, the composition of mixtures is 

generally drawn from a random species pool. So, in 

richer communities there is an increased likelihood of 

including highly productive species or species with traits 

that significantly affect productivity of the whole 

community. 

Facilitation Positive effect of neighbors on other individuals of the 

same trophic level through increased suitability of the 

local environment. 

Functional trait Any measurable morphological, physiological, 

phenological or behavioural feature that strongly 

influences species performance. 

Fundamental niche The subset of n-dimensional environmental space of all 

possible conditions in which a species can maintain itself 

in the absence of competition. Using a trait-based 

approach, the fundamental niche can be considered the 

whole range of trait values that species present in 

different locations where it can persist. 

Realized niche  The subset of n-dimensional environmental space where 

a species is present. It is usually assumed that the 

realized niche is a subset of (smaller than) the 

fundamental niche. Using a trait-based approach, the 

realized niche can be considered the measured trait value 

that species present in a given condition. 

Niche breadth The amount of niche occupied in a communities. It is 

usually estimated as that total range of conditions that 

species occur in a spatially determined area (e.g. plot), 

the types of resources that are exploited. Using a trait-

based approach, the range of trait values within a 

communities is sometimes used as an estimate of niche 

breadth. 
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Figure 1. Graphical representation of the effect of niche shift (A,B,C) and packing 

(D,E,F) enhancing productivity. A) Potential biomass and crown and root shape when 

species are isolated. Both species invest in the upper layers of the fertil upper layer of 

the soil. B) When species are grown in mixture and do not present a plastic response the 

produced biomass is reduced due competition. C) When species are grown in mixture 

an adapt its traits to avoid competition, productivity increases. D) Fundamental niche of 

the species growing alone. E) Species reduce their niche space because of competition, 

but the sum of niche spaces of different species is higher than species niches when 

grown alone. F) Even if a dominant species do not change its niche, the sum of the 

niche space will be higher in diverse communities than in monocultures. 
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Figure 2. Plant–plant interactions during competition involve various signals, such as 

far-red (FR) light reflection, biogenic volatile components (BVOCs), shade, variations 

in nutrient concentrations and soluble root exudates. Figure reproduced from (Pierik et 

al., 2013). 
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Abstract 

Stability of ecosystems functions during climatic fluctuations has been accessed by two 

distinct scientific approaches that differ in scale. At local scale a wide range of 

manipulative experiments showed that species diversity begets stability because plant 

species are complementary in the way they explore resources. At large scale, modellers 

have been looking at vegetation responses to climatic fluctuation for a given biome 

ignoring the influence of plant diversity. It is still a puzzle whether results found in 

small-scale studies would prevail at spatial scales more relevant for conservation 

decisions. This work performs the first biogeographical investigation on the relative role 

of climate versus plant diversity in begetting ecosystem stability. Here we show that 

phylogenetic diversity is more important than climatic variables such as rainfall and 
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temperature for predicting vegetation stability in a Brazilian semi-arid biome. We 

advocate that diversity begets stability at a large scale not yet contemplate by current 

researchers and decision makers. We suggest that regional climatic models should 

incorporate plant biodiversity measures for predicting vegetation responses towards 

global changes. 
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Introduction 

A growing concern on the impact of climatic changes and species extinctions 

on ecosystem functioning reignited a long lasting debate on the diversity-stability 

hypothesis
1,2,3

. This hypothesis states that ecosystem functioning (usually measured as 

plant productivity) is more stable in diverse communities because species respond 

differently to environmental fluctuation. For example, in diverse ecosystems the gain of 

biomass by some species may compensate the loss of biomass by others leading to 

steady ecosystem productivity during climatic changes. Several small-scale studies 

revealed positive diversity-stability relationship consistent with ecological theory
4
. Such 

results clearly indicate that biodiversity may exert strong effects on ecosystem stability. 

However, one standing question regarding these studies is whether the same patterns are 

observed at spatial scales more relevant for conservation decisions. Loreau et al.
5
 

proposed that in heterogeneous environments the positive diversity-stability relationship 

may increase at large spatial scales. Two studies have indicated that this prediction may 

hold at scales larger than previous experiments
6,7

, however, no study has ever addressed 

this issue at the scale in which climate models are built. 
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Terrestrial vegetation is a dynamic component of global carbon cycle and is 

particularly sensitive to the variability of rainfall and temperature predicted for the next 

decades
8
. In the Fifth Assessment Report of the Intergovernmental Panel on Climatic 

Change (IPCC), the authors have used several climate models with different 

complexities to predict how different scenarios of climate change might affect Earth's 

carbon cycle
9
. However, all models ignore the stabilizing effect that plant diversity may 

have on ecosystem functioning, partially because of uncertainties related to the 

diversity-stability effect at large spatial scales
8
. One obvious limitation is that 

experimental manipulations of diversity are impractical at this scale. Nonetheless, 

environmental variation through space can generate natural gradients of biogeographical 

patterns of diversity that can be used to explain ecosystem stability. The challenge 

depends on obtaining reliable diversity maps for entire biomes. To overcome this 

challenge, biogeographers are using statistical methods that estimates species 

distributional areas on the basis of correlations of known occurrences with the 

environment
10

. This approach enables to estimate species distributional areas were 

inventory collections are missing but environmental conditions are known. 

Additionally, the use of phylogenetic measures of diversity are good alternatives when 

key functional traits driving ecosystem responses are unknown or data on functional 

traits is incomplete
11

. 

Dryland ecosystems cover about 41% of Earth's land surface and, thus, are areas 

of global importance for atmospheric carbon fixation
12

. An increase of inter-annual 

precipitation variability is expected for several biomes
13

, however, due to low rainfall at 

arid and semi-arid zones, drylands will experience a higher magnitude of rainfall 

variability. The semi-arid region of Brazil, known as Caatinga, is an example of such 

drylands. It is mostly dominated by deciduous shrubs and trees, cacti and a variety of 
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annual herbaceous species. This dryland corresponds to almost 10% of the entire 

Brazilian territory and is home to 16% of its human population. Because of intensive 

land use, around 50% of this biome is deforested and 15% is at some stage of 

desertification
14

. Many climate models predict that this ecosystem is on a trajectory of 

imminent desertification for the next 50-100 years
15

, which could lead to large scale 

changes on future climate of South America due to albedo increase
16

. 

In this study, we used MODIS (Moderate-Resolution Imaging 

Spectroradiometer) set of remotely sensed estimates of the enhanced vegetation index 

(EVI) as a proxy for terrestrial vegetation productivity to investigate how Caatinga 

vegetation has been responding to climatic fluctuations since last decade and to test the 

prediction that areas with higher biodiversity are more stable through time. We used a 

database of more than 15,000 records of woody species that occur in Caatinga to model 

the geographic distribution of 771 species (complete list in Table S1), deriving a grid 

base data of species range maps at 0.5° resolution. Our specific questions are: (i) Is 

there a correlation between predicted phylogenetic diversity and annual estimates of 

EVI stability? (ii) Does plant phylogenetic diversity influence the effect of climate on 

stability of EVI? 

 

Results and Discussion 

Phylogenetic species evenness
17

 (hereafter phylogenetic diversity) was 

positively related to EVI stability using simple ordinary least-square (OLS) and 

generalized least-square (GLS) models which take into account residual spatial 

autocorrelation (r = 0.42 with OLS and r = 0.45 with GLS), whereas richness was not 

significant in both models (r = -0.04 with OLS and 0.07 with GLS). To evaluate the 

importance of diversity relative to climatic variables, we selected mean annual rainfall, 
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inter-annual rainfall stability, seasonality, mean annual temperature and consecutive dry 

months variability (dryness length variability hereafter) as they showed less than 0.3 

correlation among each other (Table S2). In addition, we used latitude and longitude as 

covariates, totaling nine variables (Table S3). We then fitted models with all possible 

combination of variables (511 models) and ranked them according to their Akaike 

Information Criterion (AICc) values. The most important variable was phylogenetic 

diversity, with an importance values of 1 as it occurred in all models with lower than 2 

ΔAICc (Table 1). Longitude, rainfall, rainfall stability and richness were also expressive 

variables with importance values of 0.99, 0.98, 0.96 and 0.92, respectively (Table 1). 

The nine best models (ΔAICc < 2) explained ~36% of the EVI stability variance (Table 

S3). Phylogenetic diversity had the highest weighted partial correlation coefficient (r = 

0.66), followed by rainfall (r = -0.36) and rainfall stability (r = 0.19). Curiously, 

richness had a negatively partial correlation (r = -0.18) after controlling for the effect of 

climate. Only phylogenetic diversity remained significant in all models when spatial 

regressions were fitted using the same predictors of the nine best models, while rainfall 

stability remained significant in seven models. When we applied a stepwise procedure 

to a model with all predictors the only variables retained were phylogenetic diversity 

and rainfall stability (Table S3, Figure 2). When the same procedure was applied to a 

model without richness and phylogenetic diversity, the retained variables were rainfall 

and rainfall stability, however, the AICc value for this model was consistently higher 

when compared to the model with phylogenetic diversity instead of rainfall (Table S3). 

Together, these results indicate that phylogenetic diversity has a strong positive 

correlation with Caatinga's EVI stability even when controlling for climatic variables 

and spatial autocorrelation of the residuals. Interestingly, rainfall has a significant 

negative correlation when OLS models are fitted, however, when spatial GLS models 
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are fitted the effect of this variable turn positive but is not significant when phylogenetic 

diversity is present. This loss of significance when using spatial models is probably 

because rainfall is not a good explanatory variable for small-scale variation of 

Caatinga's EVI stability, which is best explained by phylogenetic diversity
18

. On the 

other hand, when models without phylogenetic diversity are fitted, rainfall is positively 

correlated with EVI stability using both OLS and spatial GLS models. This signal 

reversal of OLS model partial coefficient is probably because of multicollinearity 

caused by a positive correlation between rainfall and phylogenetic diversity (r = 0.76), 

which suggests that rainfall may affect EVI stability indirectly via effects on species 

biogeographical patterns of diversity. 

To further explore these possible indirect relationships, we fitted several 

stepwise spatial multiple regressions GLS models in a path analysis framework and 

compared path models where current climate conditions have both direct and indirect 

effect on EVI stability. The path model where current climatic conditions affect 

indirectly EVI stability through a direct effect on both richness and phylogenetic 

diversity is consistent with the data (χ
2
 = 16.8, df = 7, P = 0.27; AICc = 27.1; Figure 1). 

On the other hand, the path model where current climatic variables affect directly EVI 

stability was not supported by the data and had a higher AICc value than the former 

path model (χ
2
 = 25.2, df = 7, P = 0.03, AICc = 35.4; Figure S2). In the indirect climate-

effect model, rainfall has a positive indirect correlation with EVI stability through a 

strong positive correlation with phylogenetic diversity (Figure 1). This result indicates 

that low rainfall can act as an environmental filter, diminishing the probability of 

occurrence of some clades. Also an indicative of a filtering process, mean annual 

temperature is negatively correlated with species richness probably because high 

temperatures increase harshness restricting species numbers. On the other hand, species 
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richness was positively related to phylogenetic diversity, which demonstrate an indirect 

negative correlation between temperature and EVI stability (Figure 1). 

Our results show that diversity-stability effects can be found in natural gradients 

of biodiversity at a biogeographical spatial scale. Furthermore, our analyses illustrate 

that the correlation usually found between climatic conditions and ecosystems 

stability
19,20

 may be mediated by vegetation diversity. Although our results are only 

correlative, the ample evidence of experiments showing a positive effect of diversity on 

ecosystem functioning and stability
19,21

 support the use of natural gradients of diversity 

as drivers of ecosystems functioning through a cause-and-effect linkage
22

. 

Phylogenetic diversity had a stronger positive correlation with EVI stability than 

species richness (Figure 2). Phylogenetic measures of diversity contains information on 

divergence time among species, which is expected to increase functional differences and 

consequently the response and effect of species to changing resource conditions
11

. It is 

possible that areas with high estimated phylogenetic diversity are more stable because 

species that are less phylogenetically related may have differential response to inter-

annual climatic variability
23

, creating a "portfolio effect" of diversity as argued by the 

insurance hypothesis
24

. Moreover, the Caatinga vegetation can be divided into different 

floristic units (or ecoregions) composed by species that are related to other Brazilian 

biomes
25

. The distribution of Caatinga's ecoregions can be explained by climatic 

conditions, however distinct floristic units tend to be spatially aggregated due to 

regional scale soil variation
25

. Therefore, it is common to find nearby patches of 

different ecoregions having low community composition overlap
26

. Additionally, pixels 

with high phylogenetic diversity are close to other biomes and vegetation patches and 

are likely to hold a mixture of species from different phylogenetic origins (ecotones). 

The exception is the high phylogenetic diversity values predicted in the central north of 
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Caatinga, which is an area where three floristic units coverage following the 

classification proposed by Velloso et al.
27

. 

Climate change models predict a higher frequency of extreme events of low and  

high rainfall for several biomes on Earth's surface
13,28

. Our approach is particularly 

relevant to predict areas that will be most impacted by climatic variability and areas that 

will function as safeguards against climatic fluctuation due to their stability of carbon 

fixation through time. Biomes are not at equilibrium having potential multiple states 

depending on climate
29,30

 and the increased variability of ecosystem processes is one 

indicator of such state changes
31,32

. Thus, it is important to monitor how climatic 

stability may affect the productivity of Earth's ecosystems and our main point is that the 

effect of biodiversity cannot be ignored
1,3,6,7,19,21,23,33,34

. We advocate that species 

distribution models used to predict biogeographical patterns of diversity coupled with 

remote sensed data should be considered as tools to predict areas that are most likely to 

resist to climatic fluctuations in the next decades. This approach can help defining areas 

to conserve important ecosystem process, identifying areas that are most threaten by 

climatic changes and improving predictions of regional climate models. 

 

Methods Summary 

We extracted presence occurrence for 771 woody species from the TreeAtlan 2.0 

database
35

 and fitted species distribution models of all species with MaxEnt
36 

(See 

Figure S6 for a map of all occurrence data). We ran all models with ten explanatory 

variables (See Supplementary Information for details). Species distribution models were 

fitted at a 0.10° pixel resolution and aggregated to a 0.5° for posterior analyses, totaling 

229 pixels. To generate diversity maps we applied suggestions proposed by Calabrese et 

al.
37

 to stack species distribution models (See Supplementary Information for details).  
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We calculated phylogenetic species evenness as a measure of phylogenetic 

diversity using the "picante" package in R
38

. Phylogenetic tree was constructed from the 

supertree of Davies et al.
39

 using Phylomatic
40

. Branch lengths were calculated using 

the bladj algorithm on the software Phylocom
41

. 

Monthly precipitation estimates from 2000 to 2010 were extracted from Tropical 

Rainfall Measuring Mission (TRMM) satellite data (product 3B42 at 

http://mirador.gsfc.nasa.gov/) at 0.25º resolution to calculate several climatic variables 

(see Supplementary Information for complete description). Monthly MODIS estimates 

of Enhanced Vegetation Index (EVI) from 2001 to 2010 at ~1km resolution were 

extracted from Land Processes Distributed Active Archive Center (LP DAAC) (product 

MOD17A3 Terra at http://lpdaac.usgs.gov/). We used this data only on vegetation 

remnant areas of Caatinga and aggregated the values by mean to 0.5° resolution. 

We used several ordinary least-square (OLS) regressions and generalized least-

square (GLS) regressions with rational quadratic spatial correlation structure for all 

analyses
42

. Akaike information criterion and Akaike weights were used to compare 

models and calculate variables importances
43

. Likelihood ratio tests were used to 

conduct the stepwise procedure. Path models reliabilities were accessed using d-

separation technique
44

. Finally, Z scores of all variables were used to estimate 

correlation and partial correlation coefficients of all models. 
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Table 1. Importance and weighted standardized coefficients of all explanatory variables 

explaining vegetation stability using OLS and GLS regressions. Importance was 

calculated summing the Akaike weights of all models were each variable occurred. 

Weights coefficients were calculated using Akaike weights. 

  OLS   GLS 

Variables Importance Std coeff.   Importance Std coeff. 

Phylogenetic diversity 1 0.66 

 

0.73 0.34 

Longitude 0.99 -0.14 

 

- - 

Rainfall 0.98 -0.36 

 

0.61 0.37 

Rainfall stability 0.96 0.19 

 

0.83 0.20 

Richness 0.92 -0.21 

 

0.27 0.01 

Seasonality 0.55 -0.16 

 

0.42 0.20 

Longitude 0.48 0.06 

 

- - 

Temperature stability 0.32 0.05 

 

0.30 -0.08 

Latitude 0.30 0.05   0.29 0.03 
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Figure 1. Path model where average climate is indirectly correlates with vegetation 

stability. Rectangles represent exogenous variables and ellipses represents endogenous 

variables. Black one-headed arrows represent positive effects, gray one-headed arrows 

represent negative effects. Two-headed arrows represents correlation among exogenous 

variables. Numbers on arrows are correlation coefficients using GLS regressions with 

rational quadratic spatial structure. Numbers inside small ellipses are unexplained 

variance of endogenous variables without considering what is explained by space. 
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Figure 2. Scatter-plots of the partial correlations of both a) phylogenetic diversity and b) 

rainfall stability explaining vegetation stability. Solid lines are OLS models predictions. 
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Supplementary Information 

Climatic variables selection for species distribution models 

We conducted an Pearson correlation amongst all variables available in the 

WorldClim database (http://www.worldclim.org/download) plus height above nearest 

drainage (HAND) available at the National Institute for Spatial Research (INPE) 

(http://www.dpi.inpe.br/Ambdata/). When a pair of variables had a correlation 

coefficient higher than |0.7|, the variable with the highest biological meaning for plant 

species distribution in our interpretation was included in species distribution models 

(SDMs) (Table S5). Additionally, we included soil category as a factor in SDMs. The 

shapefile of soil categories for all Brazilian territory is available at the Brazilian 

Institute of Geography and Statistics (http://mapas.ibge.gov.br/). To run MaxEnt 

analyses, we used the Brazilian territory boundaries to define the background layers of 

climatic variables that were used to predict species occurrence probabilities based on 

only presence data. 

 

Climatic variables used for GLM and GLS modeling 

Using data from TRMM satellite (http://mirador.gsfc.nasa.gov/), for each pixel 

we computed the mean annual rainfall, inter-annual rainfall stability (mean annual 

rainfall divided by the standard deviation of inter-annual rainfall), mean annual 

precipitation seasonality (coefficient of variation of average monthly precipitations), 

annual precipitation seasonality stability (mean mean annual precipitation seasonality 

divided by the standard deviation of inter-annual seasonality), dryness length stability 

(mean number of consecutive months with less than 100 mm divided by the standard 

deviation of inter-annual of the number of consecutive dry months). Mean annual 

temperature and inter-annual temperature stability (mean annual temperature divided by 

http://mirador.gsfc.nasa.gov/
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the standard deviation of inter-annual temperature) were obtained in the WorldClim 

database (http://www.worldclim.org/download). 

 

Diversity maps with stacked species distribution models (S-SDMs) 

It has been claimed that S-SDMs will overestimate species richness. Calabrese et 

al.
37

 suggests a tool to overcome this problem using a maximum likelihood approach to 

adjust S-SDMs to better fit observed richness, Sj. Their method modify the occurrence 

probabilities of species, pjk, as a function of pixels observed richness. Let 

                    
   

      
 ; 

the adjusted values can be defined as 

   
              

where   is the intercept and   the slope. The adjusted occurrence probabilities are then 

   
              

    
 

        
  

These probabilities are given by the Poisson binomial distribution. The resulting 

adjusted occurrence probabilities, p*jk, can be used to calculate diversity indexes that 

are not possible when using macroecological data of species richness. The above 

analysis were run with a function created by Guilherme G. Mazzochini using the 

dpoibin function of the poibin package created by Yili Hong
45

. 

We derived richness values for each pixels that did not had any vegetation 

survey calculating a weighted mean from the observed richness of the five nearest 

pixels. Weights were the inverse of the linear distance of pixels with vegetation surveys 

and the focal pixel without vegetation surveys (Figure S2). 
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########################################################## 

# Function to adjust species probabilities of occurrences# 

# as suggested by Calabrese et al. 2014       # 

########################################################## 

 

require(poibin) 

 

poibinML = function(par,prob,S){ # 

 a = par[1] 

 b = par[2] 

 logLik<-numeric(length(S)) 

 for(i in 1:length(S)){ 

  q = log(prob[i,]/(1-prob[i,])) 

  qstar = q + a * S[i] + b 

  pstar = exp(qstar)/(1+exp(qstar)) 

  logLik[i]<--log(dpoibin(S[i] , pstar)+0.000001) 

 } 

 print(data.frame(a=a,b=b,logLik=sum(logLik))) 

 return(sum(logLik)) 

} 

 

# "prob" = a matrix with i number of pixels (rows) and j  

# number of species (columns) 

 

# "S" = a numeric vector with observed richness or a 

# macroecological model of species richness 

 

# To find parameters 'a' and 'b' values that minimize  

# -log likelihood use the optim()function from 'stats' 

# package
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Table S1. Complete list of species used to generate diversity maps. 

Family Species 

ACHARIACEAE Lindackeria ovata (Benth.) Gilg 

ANACARDIACEAE Anacardium occidentale L. 

ANACARDIACEAE Apterokarpos gardneri (Engl.) Rizzini 

ANACARDIACEAE Astronium concinnum Schott ex Spreng. 

ANACARDIACEAE Astronium fraxinifolium Schott ex Spreng. 

ANACARDIACEAE Astronium graveolens Jacq. 

ANACARDIACEAE Cyrtocarpa caatingae J.D.Mitch. & D.C.Daly 

ANACARDIACEAE Lithrea molleoides (Vell.) Engl. 

ANACARDIACEAE Myracrodruon urundeuva Allemão 

ANACARDIACEAE Schinopsis brasiliensis Engl. 

ANACARDIACEAE Spondias mombin L. 

ANACARDIACEAE Spondias tuberosa Arruda 

ANACARDIACEAE Spondias venulosa Mart. ex Engl. 

ANACARDIACEAE Tapirira guianensis Aubl. 

ANNONACEAE Annona cacans Warm. 

ANNONACEAE Annona coriacea Mart. 

ANNONACEAE Annona cornifolia A.St.-Hil. 

ANNONACEAE Annona emarginata (Schltdl.) H.Rainer 

ANNONACEAE Annona exsucca Dunal 

ANNONACEAE Annona leptopetala (R.E.Fr.) H.Rainer 

ANNONACEAE Annona spinescens Mart. 

ANNONACEAE Annona sylvatica A.St.-Hil. 

ANNONACEAE Annona vepretorum Mart. 

ANNONACEAE Cardiopetalum calophyllum Schltdl. 

ANNONACEAE Duguetia dicholepidota Mart. 

ANNONACEAE Duguetia echinophora R.E.Fr. 

ANNONACEAE Ephedranthus pisocarpus R.E.Fr. 

ANNONACEAE Guatteria oligocarpa Mart. 

ANNONACEAE Oxandra reticulata Maas 

ANNONACEAE Xylopia aromatica (Lam.) Mart. 

ANNONACEAE Xylopia sericea A.St.-Hil. 

APOCYNACEAE Aspidosperma cuspa (Kunth) S.F.Blake ex Pittier 

APOCYNACEAE Aspidosperma cylindrocarpon Müll.Arg. 

APOCYNACEAE Aspidosperma discolor A.DC. 

APOCYNACEAE Aspidosperma multiflorum A.DC. 

APOCYNACEAE Aspidosperma pyrifolium Mart. 

APOCYNACEAE Aspidosperma ramiflorum Müll.Arg. 

APOCYNACEAE Aspidosperma subincanum Mart. ex A.DC. 

APOCYNACEAE Hancornia speciosa Gomes 

APOCYNACEAE Himatanthus drasticus (Mart.) Plumel 

APOCYNACEAE Rauvolfia bahiensis A.DC. 

APOCYNACEAE Tabernaemontana flavicans Willd. ex Roem. & Schult. 

AQUIFOLIACEAE Ilex affinis Gardner 
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Family Species 

ARALIACEAE Aralia warmingiana (Marchal) J.Wen 

ARALIACEAE Schefflera macrocarpa (Cham. & Schltdl.) Frodin 

ARECACEAE Acrocomia aculeata (Jacq.) Lodd. ex Mart. 

ARECACEAE Attalea brejinhoensis (Glassman) Zona 

ARECACEAE Attalea pindobassu Bondar 

ARECACEAE Attalea seabrensis Glassman 

ARECACEAE Attalea vitrivir Zona 

ARECACEAE Butia capitata (Mart.) Becc. 

ARECACEAE Copernicia prunifera (Mill.) H.E.Moore 

ARECACEAE Mauritiella armata (Mart.) Burret 

ARECACEAE Syagrus coronata (Mart.) Becc. 

ARECACEAE Syagrus flexuosa (Mart.) Becc. 

ARECACEAE Syagrus oleracea (Mart.) Becc. 

ASTERACEAE Eremanthus capitatus (Spreng.) MacLeish 

ASTERACEAE Gochnatia polymorpha (Less.) Cabrera 

ASTERACEAE Paralychnophora harleyi (H.Rob.) D.J.N.Hind 

ASTERACEAE Pseudobrickellia angustissima (Spreng. ex Baker) R.M.King & 

H.Rob. 

ASTERACEAE Vernonia xiquexiquensis D.J.N.Hind 

BIGNONIACEAE Cybistax antisyphilitica (Mart.) Mart. 

BIGNONIACEAE Fridericia bahiensis (Schauer ex. DC.) L.G.Lohmann 

BIGNONIACEAE Godmania dardanoi (J.C.Gomes) A.H.Gentry 

BIGNONIACEAE Handroanthus chrysotrichus (Mart. ex A.DC.) Mattos 

BIGNONIACEAE Handroanthus heptaphyllus Mattos 

BIGNONIACEAE Handroanthus impetiginosus Mattos 

BIGNONIACEAE Handroanthus ochraceus (Cham.) Mattos 

BIGNONIACEAE Handroanthus selachidentatus (A.H.Gentry) S.O.Grose 

BIGNONIACEAE Handroanthus serratifolius (Vahl) S.O.Grose 

BIGNONIACEAE Handroanthus spongiosus (Rizzini) S.O.Grose 

BIGNONIACEAE Jacaranda brasiliana (Lam.) Pers. 

BIGNONIACEAE Jacaranda duckei Vattimo 

BIGNONIACEAE Jacaranda jasminoides (Thunb.) Sandwith 

BIGNONIACEAE Jacaranda praetermissa Sandwith 

BIGNONIACEAE Sparattosperma catingae A.H.Gentry 

BIGNONIACEAE Tabebuia aurea (Manso) Benth. & Hook.f. ex S.Moore 

BIGNONIACEAE Tabebuia gemmiflora Rizz. & Mattos 

BIGNONIACEAE Tabebuia reticulata A.H.Gentry 

BIGNONIACEAE Tabebuia roseoalba (Ridl.) Sandwith 

BIGNONIACEAE Zeyheria tuberculosa (Vell.) Bureau 

BIXACEAE Cochlospermum vitifolium (Willd.) Spreng. 

BORAGINACEAE Cordia glabrata (Mart.) A.DC. 

BORAGINACEAE Cordia glazioviana (Taub.) Gottschling & J.J.Mill. 

BORAGINACEAE Cordia incognita Gottschling & J.J.Mill. 

BORAGINACEAE Cordia insignis Cham. 

BORAGINACEAE Cordia oncocalyx Allemão 
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Family Species 

BORAGINACEAE Cordia rufescens A.DC. 

BORAGINACEAE Cordia superba Cham. 

BORAGINACEAE Cordia trichotoma (Vell.) Arrab. ex Steud. 

BORAGINACEAE Varronia globosa Jacq. 

BORAGINACEAE Varronia leucocephala (Moric.) J.S.Mill. 

BURSERACEAE Commiphora leptophloeus (Mart.) J.B.Gillet 

BURSERACEAE Protium heptaphyllum (Aubl.) Marchand 

CACTACEAE Arrojadoa penicillata (Gürke) Britton & Rose 

CACTACEAE Arrojadoa rhodantha (Gürke) Britton & Rose 

CACTACEAE Brasilicereus phaeacanthus (Gürke) Backeb. 

CACTACEAE Brasiliopuntia brasiliensis (Willd.) A.Berger 

CACTACEAE Cereus albicaulis (Britton & Rose) Luetzelb. 

CACTACEAE Cereus fernambucensis Lem. 

CACTACEAE Cereus jamacaru DC. 

CACTACEAE Espostoopsis dybowskii (Gosselin) Buxb. 

CACTACEAE Facheiroa cephaliomelana Buining & Brederoo 

CACTACEAE Facheiroa squamosa (Guerke) P.J.Braun & Esteves 

CACTACEAE Facheiroa ulei (Gürke) Werderm. 

CACTACEAE Harrisia adscendens (Gürke) Britton & Rose 

CACTACEAE Leocereus bahiensis Britton & Rose 

CACTACEAE Pereskia aculeata Mill. 

CACTACEAE Pereskia aureiflora F.Ritter 

CACTACEAE Pereskia bahiensis Gürke 

CACTACEAE Pereskia grandifolia Haw. 

CACTACEAE Pereskia stenantha F.Ritter 

CACTACEAE Pilosocereus catingicola (Gürke) Byles & G.D.Rowley 

CACTACEAE Pilosocereus chrysostele (Vaupel) Byles & G.D.Rowley 

CACTACEAE Pilosocereus densiareolatus F.Ritter 

CACTACEAE Pilosocereus flavipulvinatus (Buining & Brederoo) F.Ritter 

CACTACEAE Pilosocereus floccosus (Backeb. & Voll) Byles & G.D.Rowley 

CACTACEAE Pilosocereus gounellei (F.A.C.Weber) Byles & G.D.Rowley 

CACTACEAE Pilosocereus machrisii (E.Y.Dawson) Backeb. 

CACTACEAE Pilosocereus multicostatus F.Ritter 

CACTACEAE Pilosocereus pachycladus F.Ritter 

CACTACEAE Pilosocereus pentaedrophorus (Labour.) Byles & G.D.Rowley 

CACTACEAE Pilosocereus piauhyensis (Gürke) Byles & G.D.Rowley 

CACTACEAE Pilosocereus tuberculatus (Werderm.) Byles & G.D.Rowley 

CACTACEAE Quiabentia zehntneri (Britton & Rose) Britton & Rose 

CACTACEAE Stephanocereus leucostele (Gürke) A.Berger 

CACTACEAE Tacinga palmadora (Britton & Rose) N.P.Taylor & Stuppy 

CALOPHYLLACEAE Kielmeyera coriacea Mart. & Zucc. 

CALOPHYLLACEAE Kielmeyera petiolaris Mart. 

CALOPHYLLACEAE Kielmeyera rubriflora Cambess. 

CANNABACEAE Celtis ehrenbergiana (Klotzsch) Liebm. 

CANNABACEAE Celtis iguanaea (Jacq.) Sarg. 
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Family Species 

CANNABACEAE Trema micrantha (L.) Blume 

CAPPARACEAE Capparidastrum frondosum (Jacq.) Cornejo & Iltis 

CAPPARACEAE Colicodendron yco Mart. 

CAPPARACEAE Crateva tapia L. 

CAPPARACEAE Cynophalla flexuosa (L.) J.Presl 

CAPPARACEAE Cynophalla hastata (Jacq.) J.Presl 

CAPPARACEAE Neocalyptrocalyx longifolium (Mart.) Cornejo & Iltis 

CARICACEAE Jacaratia corumbensis Kuntze 

CARYOCARACEAE Caryocar cuneatum Wittm. 

CELASTRACEAE Cheiloclinium cognatum (Miers.) A.C.Sm. 

CELASTRACEAE Fraunhofera multiflora Mart. 

CELASTRACEAE Maytenus aquifolia Mart. 

CELASTRACEAE Maytenus catingarum Reissek 

CELASTRACEAE Maytenus distichophylla Mart. ex Reissek 

CELASTRACEAE Maytenus erythroxyla Reissek 

CELASTRACEAE Maytenus gonoclada Mart. 

CELASTRACEAE Maytenus horrida Reissek 

CELASTRACEAE Maytenus imbricata Mart. 

CELASTRACEAE Maytenus quadrangulata (Schrad.) Loes. 

CELASTRACEAE Maytenus rigida Mart. 

CELASTRACEAE Plenckia populnea Reissek 

CELASTRACEAE Salacia elliptica (Mart. ex Schult.) G.Don 

CHRYSOBALANACEAE Couepia uiti (Mart. & Zucc.) Benth. ex Hook.f. 

CHRYSOBALANACEAE Exellodendron cordatum (Hook.f.) Prance 

CHRYSOBALANACEAE Hirtella ciliata Mart. & Zucc. 

CHRYSOBALANACEAE Hirtella glandulosa Spreng. 

CHRYSOBALANACEAE Hirtella gracilipes (Hook.f.) Prance 

CHRYSOBALANACEAE Hirtella martiana Hook.f. 

CHRYSOBALANACEAE Hirtella racemosa Lam. 

CHRYSOBALANACEAE Licania apetala (E.Mey.) Fritsch 

CHRYSOBALANACEAE Licania gardneri (Hook.f.) Fritsch 

CHRYSOBALANACEAE Licania kunthiana Hook.f. 

CHRYSOBALANACEAE Licania octandra (Hoffmanns. ex Roem. & Schult.) Kuntze 

CHRYSOBALANACEAE Licania tomentosa (Benth.) Fritsch 

CLUSIACEAE Clusia burlemarxii Bittrich 

COMBRETACEAE Buchenavia grandis Ducke 

COMBRETACEAE Buchenavia tetraphylla (Aubl.) R.A.Howard 

COMBRETACEAE Combretum duarteanum Cambess. 

COMBRETACEAE Combretum glaucocarpum Mart. 

COMBRETACEAE Combretum lanceolatum Pohl ex Eichler 

COMBRETACEAE Combretum leprosum Mart. 

COMBRETACEAE Combretum monetaria Mart. 

COMBRETACEAE Terminalia actinophylla Mart. 

COMBRETACEAE Terminalia argentea (Cambess.) Mart. 

COMBRETACEAE Terminalia fagifolia Mart. 
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Family Species 

COMBRETACEAE Terminalia glabrescens Mart. 

COMBRETACEAE Terminalia phaeocarpa Eichler 

CONNARACEAE Rourea martiana Baker 

CYATHEACEAE Cyathea corcovadensis (Raddi) Domin 

CYATHEACEAE Cyathea delgadii Sternb. 

DILLENIACEAE Curatella americana L. 

EBENACEAE Diospyros hispida A.DC. 

EBENACEAE Diospyros inconstans Jacq. 

EBENACEAE Diospyros sericea A.DC. 

EMMOTACEAE Emmotum nitens (Benth.) Miers 

ERYTHROPALACEAE Heisteria blanchetiana (Engl.) Sleumer 

ERYTHROPALACEAE Heisteria ovata Benth. 

ERYTHROXYLACEAE Erythroxylum barbatum O.E.Schulz 

ERYTHROXYLACEAE Erythroxylum caatingae Plowman 

ERYTHROXYLACEAE Erythroxylum citrifolium A.St.-Hil. 

ERYTHROXYLACEAE Erythroxylum cuneifolium (Mart.) O.E.Schulz 

ERYTHROXYLACEAE Erythroxylum deciduum A.St.-Hil. 

ERYTHROXYLACEAE Erythroxylum laetevirens O.E.Schulz 

ERYTHROXYLACEAE Erythroxylum loefgrenii Diogo 

ERYTHROXYLACEAE Erythroxylum maracasense Plowman 

ERYTHROXYLACEAE Erythroxylum nummularia Peyr. 

ERYTHROXYLACEAE Erythroxylum petraecaballi Plowman 

ERYTHROXYLACEAE Erythroxylum polygonoides Mart. 

ERYTHROXYLACEAE Erythroxylum pungens O.E.Schulz 

ERYTHROXYLACEAE Erythroxylum revolutum Mart. 

ERYTHROXYLACEAE Erythroxylum vaccinifolium Mart. 

EUPHORBIACEAE Adelia membranifolia (Müll.Arg.) Chodat & Hassl. 

EUPHORBIACEAE Cnidoscolus bahianus (Ule) Pax & K.Hoffm. 

EUPHORBIACEAE Cnidoscolus oligandrus (Müll.Arg.) Pax 

EUPHORBIACEAE Cnidoscolus pubescens Pohl 

EUPHORBIACEAE Cnidoscolus quercifolius Pohl 

EUPHORBIACEAE Cnidoscolus vitifolius (Mill.) Pohl 

EUPHORBIACEAE Croton alagoensis Müll.Arg. 

EUPHORBIACEAE Croton argyrophylloides Müll.Arg. 

EUPHORBIACEAE Croton argyrophyllus Kunth 

EUPHORBIACEAE Croton blanchetianus Baill. 

EUPHORBIACEAE Croton floribundus Spreng. 

EUPHORBIACEAE Croton heliotropiifolius Kunth 

EUPHORBIACEAE Croton urticifolius Lam. 

EUPHORBIACEAE Croton urucurana Baill. 

EUPHORBIACEAE Jatropha mollissima (Pohl) Baill. 

EUPHORBIACEAE Jatropha palmatipartita B.Dehgan 

EUPHORBIACEAE Manihot caerulescens Pohl 

EUPHORBIACEAE Manihot carthaginensis (Jacq.) Müll.Arg. 

EUPHORBIACEAE Manihot catingae Ule 
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Family Species 

EUPHORBIACEAE Manihot dichotoma Ule 

EUPHORBIACEAE Manihot epruinosa Pax & K.Hoffm. 

EUPHORBIACEAE Manihot heptaphylla Ule 

EUPHORBIACEAE Manihot maracasensis Ule 

EUPHORBIACEAE Manihot pseudoglaziovii Pax & K.Hoffm. 

EUPHORBIACEAE Maprounea brasiliensis A.St.-Hil. 

EUPHORBIACEAE Maprounea guianensis Aubl. 

EUPHORBIACEAE Sapium argutum (Müll.Arg.) Huber 

EUPHORBIACEAE Sapium glandulosum (L.) Morong 

EUPHORBIACEAE Sebastiania brasiliensis Spreng. 

EUPHORBIACEAE Sebastiania brevifolia (Klotzsch ex Müll.Arg.) Müll.Arg. 

EUPHORBIACEAE Sebastiania jacobinensis (Müll.Arg.) Müll.Arg. 

EUPHORBIACEAE Sebastiania macrocarpa Müll.Arg. 

EUPHORBIACEAE Sebastiania riparia Schrad. 

EUPHORBIACEAE Stillingia trapezoidea Ule 

EUPHORBIACEAE Stillingia uleana Pax & K.Hoffm. 

HUMIRIACEAE Humiria balsamifera Aubl. 

LACISTEMATACEAE Lacistema hasslerianum Chodat 

LAMIACEAE Aegiphila integrifolia (Jacq.) B.D.Jackson 

LAMIACEAE Hyptidendron canum (Pohl) Harley 

LAMIACEAE Vitex flavens Kunth 

LAMIACEAE Vitex gardneriana Schauer 

LAMIACEAE Vitex laciniosa Turcz. 

LAMIACEAE Vitex maranhana Moldenke 

LAMIACEAE Vitex orinocensis Kunth 

LAMIACEAE Vitex polygama Cham. 

LAURACEAE Aiouea piauhyensis (Meisn.) Mez 

LAURACEAE Aniba desertorum (Nees) Mez 

LAURACEAE Endlicheria paniculata (Spreng.) J.F.Macbr. 

LAURACEAE Nectandra cissiflora Nees 

LAURACEAE Nectandra hihua (Ruiz & Pav.) Rohwer 

LAURACEAE Ocotea aciphylla (Nees & Mart.) Mez 

LAURACEAE Ocotea canaliculata (Rich.) Mez 

LAURACEAE Ocotea corymbosa (Meisn.) Mez 

LAURACEAE Ocotea loefgrenii Vattimo-Gil 

LAURACEAE Ocotea pomaderroides (Meisn.) Mez 

LAURACEAE Persea fulva L.E.Kopp 

LECYTHIDACEAE Cariniana estrellensis (Raddi) Kuntze 

LECYTHIDACEAE Lecythis pisonis Cambess. 

FABACEAE Abarema filamentosa (Benth.) Pittier 

FABACEAE Abarema jupunba (Willd.) Britton & Killip 

FABACEAE Acosmium diffusissimum (Mohlenbr.) Yakovlev 

FABACEAE Albizia inundata (Mart.) Barneby & J.W.Grimes 

FABACEAE Albizia niopoides (Spruce ex Benth.) Burkart 

FABACEAE Albizia polycephala (Benth.) Killip ex Record 
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Family Species 

FABACEAE Amburana cearensis (Allemão) A.C.Sm. 

FABACEAE Anadenanthera colubrina (Vell.) Brenan 

FABACEAE Anadenanthera peregrina (L.) Speg. 

FABACEAE Andira fraxinifolia Benth. 

FABACEAE Andira nitida Mart. ex Benth. 

FABACEAE Andira vermifuga (Mart.) Benth. 

FABACEAE Apuleia grazielanae Afr.Fern. 

FABACEAE Apuleia leiocarpa (Vogel) J.F.Macbr. 

FABACEAE Bauhinia acuruana Moric. 

FABACEAE Bauhinia brevipes Vogel 

FABACEAE Bauhinia catingae Harms 

FABACEAE Bauhinia cheilantha (Bong.) Steud. 

FABACEAE Bauhinia cupulata Benth. 

FABACEAE Bauhinia dubia G.Don 

FABACEAE Bauhinia pentandra (Bong.) Vogel ex Steud. 

FABACEAE Bauhinia pulchella Benth. 

FABACEAE Bauhinia subclavata Benth. 

FABACEAE Bauhinia ungulata L. 

FABACEAE Blanchetiodendron blanchetii (Benth.) Barneby & J.W.Grimes 

FABACEAE Bowdichia virgilioides Kunth 

FABACEAE Calliandra aeschynomenoides Benth. 

FABACEAE Calliandra macrocalyx Harms 

FABACEAE Cassia ferruginea (Schrad.) Schrad. ex DC. 

FABACEAE Centrolobium sclerophyllum H.C.Lima 

FABACEAE Chamaecrista eitenorum (H.S.Irwin & Barneby) H.S.Irwin & Barneby 

FABACEAE Chamaecrista xinguensis (Ducke) H.S.Irwin & Barneby 

FABACEAE Chamaecrista zygophylloides (Taub.) H.S.Irwin & Barneby 

FABACEAE Chloroleucon acacioides (Ducke) Barneby & J.W.Grimes 

FABACEAE Chloroleucon dumosum (Benth.) G.P.Lewis 

FABACEAE Chloroleucon extortum Barneby & J.W.Grimes 

FABACEAE Chloroleucon foliolosum (Benth.) G.P.Lewis 

FABACEAE Chloroleucon tenuiflorum (Benth.) Barneby & J.W.Grimes 

FABACEAE Copaifera arenicola (Ducke) J.Costa & L.P.Queiroz 

FABACEAE Copaifera coriacea Mart. 

FABACEAE Copaifera duckei Dwyer 

FABACEAE Copaifera langsdorffii Desf. 

FABACEAE Copaifera luetzelburgii Harms 

FABACEAE Copaifera magnifolia Dwyer 

FABACEAE Coursetia rostrata Benth. 

FABACEAE Coursetia vicioides (Nees & Mart.) Benth. 

FABACEAE Cyclolobium brasiliense Benth. 

FABACEAE Dalbergia acuta Benth. 

FABACEAE Dalbergia catingicola Harms 

FABACEAE Dalbergia cearensis Ducke 

FABACEAE Dalbergia decipularis Rizzini & A.Mattos 
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FABACEAE Dalbergia foliolosa Benth. 

FABACEAE Dalbergia miscolobium Benth. 

FABACEAE Dalbergia villosa (Benth.) Benth. 

FABACEAE Dimorphandra gardneriana Tul. 

FABACEAE Dimorphandra mollis Benth. 

FABACEAE Diplotropis ferruginea Benth. 

FABACEAE Dipteryx alata Vogel 

FABACEAE Enterolobium timbouva Mart. 

FABACEAE Erythrina velutina Willd. 

FABACEAE Erythrostemon calycina (Benth.) L.P.Queiroz 

FABACEAE Geoffroea spinosa Jacq. 

FABACEAE Goniorrhachis marginata Taub. 

FABACEAE Hymenaea courbaril L. 

FABACEAE Hymenaea eriogyne Benth. 

FABACEAE Hymenaea martiana Hayne 

FABACEAE Hymenaea parvifolia Huber 

FABACEAE Hymenaea rubriflora Ducke 

FABACEAE Hymenaea stigonocarpa Mart. ex Hayne 

FABACEAE Hymenaea velutina Ducke 

FABACEAE Inga alba (Sw.) Willd. 

FABACEAE Inga capitata Desv. 

FABACEAE Inga ingoides (Rich.) Willd. 

FABACEAE Inga laurina (Sw.) Willd. 

FABACEAE Inga marginata Willd. 

FABACEAE Inga vera Willd. 

FABACEAE Leptolobium brachystachyum (Benth.) Sch.Rodr. & A.M.G.Azevedo 

FABACEAE Leptolobium dasycarpum Vogel 

FABACEAE Leptolobium parvifolium (Harms) Sch.Rodr. & A.M.G.Azevedo 

FABACEAE Leucochloron incuriale (Vell.) Barneby & J.W.Grimes 

FABACEAE Leucochloron limae Barneby & J.W.Grimes 

FABACEAE Libidibia ferrea (Mart. ex Tul.) L.P.Queiroz 

FABACEAE Libidibia paraguariensis (D.Parodi) G.P.Lewis 

FABACEAE Lonchocarpus araripensis Benth. 

FABACEAE Lonchocarpus costatus Benth. 

FABACEAE Lonchocarpus cultratus (Vell.) A.M.G.Azevedo & H.C.Lima 

FABACEAE Lonchocarpus montanus A.M.G.Azevedo ex M.J.Silva & 

A.M.G.Azevedo 

FABACEAE Lonchocarpus sericeus (Poir.) DC. 

FABACEAE Luetzelburgia andradelimae H.C.Lima 

FABACEAE Luetzelburgia auriculata (Allemão) Ducke 

FABACEAE Luetzelburgia bahiensis Yakovlev 

FABACEAE Luetzelburgia neurocarpa D.Cardoso, L.P.Queiroz & H.C.Lima 

FABACEAE Machaerium acutifolium Vogel 

FABACEAE Machaerium brasiliense Vogel 

FABACEAE Machaerium floridum (Mart. ex Benth.) Ducke 
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FABACEAE Machaerium hirtum (Vell.) Stellfeld 

FABACEAE Machaerium nyctitans (Vell.) Benth. 

FABACEAE Machaerium opacum Vogel 

FABACEAE Machaerium punctatum (Poir.) Pers. 

FABACEAE Machaerium scleroxylon Tul. 

FABACEAE Machaerium stipitatum (DC.) Vogel 

FABACEAE Machaerium vestitum Vogel 

FABACEAE Machaerium villosum Vogel 

FABACEAE Martiodendron mediterraneum (Mart. ex Benth.) R.Koeppen 

FABACEAE Mimosa acutistipula (Mart.) Benth. 

FABACEAE Mimosa adenophylla Taub. 

FABACEAE Mimosa arenosa (Willd.) Poir. 

FABACEAE Mimosa caesalpiniifolia Benth. 

FABACEAE Mimosa exalbescens Barneby 

FABACEAE Mimosa gemmulata Barneby 

FABACEAE Mimosa hexandra Micheli 

FABACEAE Mimosa irrigua Barneby 

FABACEAE Mimosa lepidophora Rizzini 

FABACEAE Mimosa ophtalmocentra Mart. ex Benth. 

FABACEAE Mimosa paraibana Barneby 

FABACEAE Mimosa pithecolobioides Benth. 

FABACEAE Mimosa pseudosepiaria Harms 

FABACEAE Mimosa pteridifolia Benth. 

FABACEAE Mimosa sericantha Benth. 

FABACEAE Mimosa tenuiflora (Willd.) Poir. 

FABACEAE Mimosa verrucosa Benth. 

FABACEAE Myroxylon peruiferum L.f. 

FABACEAE Parapiptadenia blanchetii (Benth.) Vaz & M.P.Lima 

FABACEAE Parapiptadenia zehntneri (Harms) M.P.Lima & H.P.Lima 

FABACEAE Parkia platycephala Benth. 

FABACEAE Parkinsonia aculeata L. 

FABACEAE Peltogyne confertiflora (Mart. ex Hayne) Benth. 

FABACEAE Peltogyne pauciflora Benth. 

FABACEAE Peltophorum dubium (Spreng.) Taub. 

FABACEAE Piptadenia gonoacantha (Mart.) J.F.Macbr. 

FABACEAE Piptadenia stipulacea (Benth.) Ducke 

FABACEAE Piptadenia viridiflora (Kunth) Benth. 

FABACEAE Pithecellobium diversifolium Benth. 

FABACEAE Pityrocarpa moniliformis (Benth.) Luckow & R.W.Jobson 

FABACEAE Pityrocarpa obliqua (Pers.) Brenan 

FABACEAE Plathymenia reticulata Benth. 

FABACEAE Platymiscium floribundum Vogel 

FABACEAE Platymiscium pubescens Micheli 

FABACEAE Platypodium elegans Vogel 

FABACEAE Poecilanthe grandiflora Benth. 
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FABACEAE Poecilanthe subcordata Benth. 

FABACEAE Poecilanthe ulei (Harms) Arroyo & Rudd 

FABACEAE Poeppigia procera C.Presl 

FABACEAE Poincianella bracteosa (Tul.) L.P.Queiroz 

FABACEAE Poincianella echinata (Lam.) L.P.Queiroz 

FABACEAE Poincianella gardneriana (Benth.) L.P.Queiroz 

FABACEAE Poincianella laxiflora (Tul.) L.P.Queiroz 

FABACEAE Poincianella microphylla (Mart. ex G.Don) L.P.Queiroz 

FABACEAE Poincianella pluviosa (DC.) L.P.Queiroz 

FABACEAE Poincianella pyramidalis (Tul.) L.P.Queiroz 

FABACEAE Prosopis ruscifolia Griseb. 

FABACEAE Pseudopiptadenia bahiana G.P.Lewis & M.P.Lima 

FABACEAE Pseudopiptadenia brenanii G.P.Lewis & M.P.Lima 

FABACEAE Pterocarpus monophyllus Klitg., L.P.Queiroz & G.P.Lewis 

FABACEAE Pterocarpus rohrii Vahl 

FABACEAE Pterocarpus villosus (Mart. ex Benth.) Benth. 

FABACEAE Pterocarpus zehntneri Harms 

FABACEAE Pterodon abruptus (Moric.) Benth. 

FABACEAE Pterodon emarginatus Vogel 

FABACEAE Pterogyne nitens Tul. 

FABACEAE Riedeliella graciliflora Harms 

FABACEAE Riedeliella magalhaesii (Rizzini) H.C.Lima & A.Vaz 

FABACEAE Senegalia bahiensis (Benth.) Seigler & Ebinger 

FABACEAE Senegalia globosa (Bocage & Miotto) L.P.Queiroz 

FABACEAE Senegalia kallunkiae (J.W.Grimes & Barneby) Seigler & Ebinger 

FABACEAE Senegalia langsdorffii (Benth.) Seigler & Ebinger 

FABACEAE Senegalia lewisii (Bocage & Miotto) L.P.Queiroz 

FABACEAE Senegalia limae (Bocage & Miotto) L.P.Queiroz 

FABACEAE Senegalia martii (Benth.) Seigler & Ebinger 

FABACEAE Senegalia monacantha (Willd.) Seigler & Ebinger 

FABACEAE Senegalia piauhiensis (Benth.) Seigler & Ebinger 

FABACEAE Senegalia polyphylla (DC.) Britton & Rose 

FABACEAE Senegalia ricoae (Bocage & Miotto) L.P.Queiroz 

FABACEAE Senegalia riparia Britton & Rose ex Britton & Killip 

FABACEAE Senegalia santosii (G.P.Lewis) Seigler & Ebinger 

FABACEAE Senegalia tenuifolia (L.) Britton & Rose 

FABACEAE Senna acuruensis (Benth.) H.S.Irwin & Barneby 

FABACEAE Senna aristeguietae H.S.Irwin & Barneby 

FABACEAE Senna cana (Nees & Mart.) H.S.Irwin & Barneby 

FABACEAE Senna catingae (Harms) L.P.Queiroz 

FABACEAE Senna cearensis Afr.Fern. 

FABACEAE Senna gardneri (Benth.) H.S.Irwin & Barneby 

FABACEAE Senna lechriosperma H.S.Irwin & Barneby 

FABACEAE Senna macranthera (DC. ex Collad.) H.S.Irwin & Barneby 

FABACEAE Senna martiana (Benth.) H.S.Irwin & Barneby 
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FABACEAE Senna multijuga (Rich.) H.S.Irwin & Barneby 

FABACEAE Senna reticulata (Willd.) H.S.Irwin & Barneby 

FABACEAE Senna rizzinii H.S.Irwin & Barneby 

FABACEAE Senna rugosa (G.Don) H.S.Irwin & Barneby 

FABACEAE Senna silvestris (Vell.) H.S.Irwin & Barneby 

FABACEAE Senna spectabilis (DC.) H.S.Irwin & Barneby 

FABACEAE Senna splendida (Vogel) H.S.Irwin & Barneby 

FABACEAE Senna trachypus (Benth.) H.S.Irwin & Barneby 

FABACEAE Senna velutina (Vogel) H.S.Irwin & Barneby 

FABACEAE Stryphnodendron adstringens (Mart.) Coville 

FABACEAE Stryphnodendron coriaceum Benth. 

FABACEAE Swartzia flaemingii Vogel 

FABACEAE Swartzia macrostachya Benth. 

FABACEAE Sweetia fruticosa Spreng. 

FABACEAE Tabaroa caatingicola L.P.Queiroz, G.P.Lewis & M.F.Wojc. 

FABACEAE Tachigali aurea Tul. 

FABACEAE Taralea oppositifolia Aubl. 

FABACEAE Trischidium molle (Benth.) H.Ireland 

FABACEAE Vachellia farnesiana (L.) Wight & Arn. 

FABACEAE Vatairea macrocarpa (Benth.) Ducke 

FABACEAE Zapoteca portoricensis (Jacq.) H.M.Hern. 

FABACEAE Zollernia ilicifolia (Brongn.) Vogel 

FABACEAE Zygia latifolia (L.) Fawc. & Rendle 

LOGANIACEAE Antonia ovata Pohl 

LOGANIACEAE Strychnos pseudoquina A.St.-Hil. 

LYTHRACEAE Lafoensia pacari A.St.-Hil. 

LYTHRACEAE Physocalymma scaberrimum Pohl 

MALPIGHIACEAE Acmanthera fernandesii W.R.Anderson 

MALPIGHIACEAE Barnebya harleyi W.R.Anderson & B.Gates 

MALPIGHIACEAE Byrsonima correifolia A.Juss. 

MALPIGHIACEAE Byrsonima crassifolia (L.) Kunth 

MALPIGHIACEAE Byrsonima cydoniifolia A.Juss. 

MALPIGHIACEAE Byrsonima gardneriana A.Juss. 

MALPIGHIACEAE Byrsonima intermedia A.Juss. 

MALPIGHIACEAE Byrsonima sericea DC. 

MALPIGHIACEAE Byrsonima umbellata Mart. 

MALPIGHIACEAE Byrsonima variabilis A.Juss. 

MALPIGHIACEAE Byrsonima verbascifolia (L.) DC. 

MALPIGHIACEAE Heteropterys byrsonimifolia A.Juss. 

MALPIGHIACEAE Ptilochaeta bahiensis Turcz. 

MALPIGHIACEAE Ptilochaeta glabra Nied. 

MALVACEAE Apeiba tibourbou Aubl. 

MALVACEAE Cavanillesia umbellata Ruiz & Pav. 

MALVACEAE Ceiba erianthos (Cav.) K.Schum. 

MALVACEAE Ceiba glaziovii (Kuntze) K.Schum. 
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MALVACEAE Ceiba pubiflora (A.St.-Hil.) K.Schum. 

MALVACEAE Ceiba rubriflora Carvalho-Sobr. & L.P.Queiroz 

MALVACEAE Eriotheca gracilipes (K.Schum.) A.Robyns 

MALVACEAE Eriotheca parvifolia (Mart. & Zucc.) A.Robyns 

MALVACEAE Guazuma ulmifolia Lam. 

MALVACEAE Helicteres baruensis Jacq. 

MALVACEAE Helicteres brevispira A.St.-Hil. 

MALVACEAE Helicteres eichleri K.Schum. 

MALVACEAE Helicteres heptandra L.B.Sm. 

MALVACEAE Helicteres lhotzkyana (Schott & Endl.) K.Schum. 

MALVACEAE Helicteres muscosa Mart. 

MALVACEAE Helicteres ovata Lam. 

MALVACEAE Luehea candicans Mart. & Zucc. 

MALVACEAE Luehea grandiflora Mart. & Zucc. 

MALVACEAE Luehea ochrophylla Mart. 

MALVACEAE Luehea paniculata Mart. & Zucc. 

MALVACEAE Pachira retusa (Mart. & Zucc.) Fern.-Alonso 

MALVACEAE Pavonia glazioviana Gürke 

MALVACEAE Pseudobombax calcicola Carv.-Sobr. & L.P.Queiroz 

MALVACEAE Pseudobombax euryandrum Ravenna 

MALVACEAE Pseudobombax marginatum (A.St.-Hil.) A.Robyns 

MALVACEAE Pseudobombax parvifolium Carv.-Sobr. & L.P.Queiroz 

MALVACEAE Pseudobombax simplicifolium A.Robyns 

MALVACEAE Pseudobombax tomentosum (Mart. & Zucc.) A.Robyns 

MALVACEAE Sterculia striata A.St.-Hill. & Naudin 

MARCGRAVIACEAE Schwartzia brasiliensis (Choisy) Bedell ex Giraldo-Cañas 

MELASTOMATACEAE Miconia albicans (Sw.) Triana 

MELASTOMATACEAE Miconia elegans Cogn. 

MELASTOMATACEAE Miconia theaezans (Bonpl.) Cogn. 

MELASTOMATACEAE Mouriri cearensis Huber 

MELASTOMATACEAE Mouriri guianensis Aubl. 

MELASTOMATACEAE Mouriri pusa Gardner 

MELIACEAE Cedrela fissilis Vell. 

MELIACEAE Guarea guidonia (L.) Sleumer 

MELIACEAE Guarea kunthiana A.Juss. 

MELIACEAE Trichilia catigua A.Juss. 

MELIACEAE Trichilia elegans A.Juss. 

MELIACEAE Trichilia hirta L. 

MELIACEAE Trichilia pallida Sw. 

MELIACEAE Trichilia trifolia (A.Juss.) T.D.Penn. 

MORACEAE Brosimum gaudichaudii Trécul 

MORACEAE Brosimum guianense (Aubl.) Huber 

MORACEAE Ficus adhatodifolia Schott ex Spreng. 

MORACEAE Ficus americana Aubl. 

MORACEAE Ficus bonijesulapensis R.M.Castro 
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MORACEAE Ficus caatingae R.M.Castro 

MORACEAE Ficus calyptroceras (Miq.) Miq. 

MORACEAE Ficus crocata (Miq.) Miq. 

MORACEAE Ficus enormis Mart. ex Miq. 

MORACEAE Ficus gomelleira Kunth & C.D.Bouché 

MORACEAE Ficus longifolia Schott 

MORACEAE Ficus nymphaeifolia Mill. 

MORACEAE Ficus obtusifolia (Miq.) Miq. 

MORACEAE Ficus obtusiuscula (Miq.) Miq. 

MORACEAE Ficus pakkensis Standl. 

MORACEAE Ficus rupicola C.C.Berg & Carauta 

MORACEAE Ficus trigona L.f. 

MORACEAE Maclura tinctoria (L.) D.Don ex Steud. 

MYRISTICACEAE Virola subsessilis Warb. 

MYRTACEAE Calyptranthes luetzelburgii Burret ex Luetzelb. 

MYRTACEAE Campomanesia aromatica (Aubl.) Griseb. 

MYRTACEAE Campomanesia dichotoma (O.Berg) Mattos 

MYRTACEAE Campomanesia eugenioides (Cambess.) D.Legrand 

MYRTACEAE Campomanesia sessiliflora (O.Berg) Mattos 

MYRTACEAE Campomanesia velutina (Cambess.) O.Berg 

MYRTACEAE Eugenia acutata Miq. 

MYRTACEAE Eugenia aurata O.Berg 

MYRTACEAE Eugenia azuruensis O.Berg 

MYRTACEAE Eugenia biflora (L.) DC. 

MYRTACEAE Eugenia candolleana DC. 

MYRTACEAE Eugenia dictyophleba O.Berg 

MYRTACEAE Eugenia duarteana Cambess. 

MYRTACEAE Eugenia dysenterica DC. 

MYRTACEAE Eugenia flavescens DC. 

MYRTACEAE Eugenia florida DC. 

MYRTACEAE Eugenia hirta O.Berg 

MYRTACEAE Eugenia ilhensis O.Berg 

MYRTACEAE Eugenia involucrata DC. 

MYRTACEAE Eugenia laxa DC. 

MYRTACEAE Eugenia ligustrina (Sw.) Willd. 

MYRTACEAE Eugenia luschnathiana (O.Berg) Klotzsch ex B.D.Jacks. 

MYRTACEAE Eugenia neomyrtifolia Sobral 

MYRTACEAE Eugenia pistaciifolia DC. 

MYRTACEAE Eugenia pohliana DC. 

MYRTACEAE Eugenia prasina O.Berg 

MYRTACEAE Eugenia punicifolia (Kunth) DC. 

MYRTACEAE Eugenia rosea DC. 

MYRTACEAE Eugenia stictopetala DC. 

MYRTACEAE Eugenia uniflora L. 

MYRTACEAE Myrcia amazonica DC. 
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MYRTACEAE Myrcia guianensis (Aubl.) DC. 

MYRTACEAE Myrcia jacobinensis Mattos 

MYRTACEAE Myrcia multiflora (Lam.) DC. 

MYRTACEAE Myrcia paracatuensis Kiaersk. 

MYRTACEAE Myrcia polyantha (Kunth) DC. 

MYRTACEAE Myrcia splendens (Sw.) DC. 

MYRTACEAE Myrcia subavenia (O.Berg) N.Silveira 

MYRTACEAE Myrcia tomentosa (Aubl.) DC. 

MYRTACEAE Myrciaria cuspidata O.Berg 

MYRTACEAE Myrciaria floribunda (H.West ex Willd.) O.Berg 

MYRTACEAE Myrciaria tenella (DC.) O.Berg 

MYRTACEAE Psidium appendiculatum Kiaersk. 

MYRTACEAE Psidium cauliflorum Landrum & Sobral 

MYRTACEAE Psidium guajava L. 

MYRTACEAE Psidium guineense Sw. 

MYRTACEAE Psidium myrsinites DC. 

MYRTACEAE Psidium oligospermum Mart. ex DC. 

MYRTACEAE Psidium rhombeum O.Berg 

MYRTACEAE Psidium schenckianum Kiaersk. 

MYRTACEAE Siphoneugena densiflora O.Berg 

NYCTAGINACEAE Bougainvillea glabra Choisy 

NYCTAGINACEAE Guapira areolata (Heimerl) Lundell 

NYCTAGINACEAE Guapira campestris (Netto) Lundell 

NYCTAGINACEAE Guapira graciliflora (Schmidt) Lundell 

NYCTAGINACEAE Guapira noxia (Netto) Lundell 

NYCTAGINACEAE Guapira obtusata (Jacq.) Little 

NYCTAGINACEAE Guapira pernambucensis (Casar.) Lundell 

NYCTAGINACEAE Neea theifera Oerst. 

OCHNACEAE Ouratea castaneifolia (DC.) Engl. 

OCHNACEAE Ouratea cearensis (Thiegh.) C.Sastre 

OPILIACEAE Agonandra brasiliensis Miers ex Benth. & Hook. 

PERACEAE Pera glabrata (Schott) Poepp. ex Baill. 

PHYLLANTHACEAE Astrocasia jacobinensis (Müll.Arg.) G.L.Webster 

PHYLLANTHACEAE Phyllanthus acuminatus Vahl 

PHYLLANTHACEAE Phyllanthus chacoensis Morong 

PHYLLANTHACEAE Savia dictyocarpa Müll.Arg. 

PHYTOLACCACEAE Gallesia integrifolia (Spreng.) Harms 

PICRAMNIACEAE Picramnia sellowii Planch. 

PICRODENDRACEAE Piranhea securinega Radcl.-Sm. & Ratter 

PIPERACEAE Piper arboreum Aubl. 

POLYGALACEAE Acanthocladus albicans A.W.Benn. 

POLYGONACEAE Coccoloba alnifolia Casar. 

POLYGONACEAE Coccoloba argentinensis Speg. 

POLYGONACEAE Coccoloba brasiliensis Nees & Mart. 

POLYGONACEAE Coccoloba mollis Casar. 
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POLYGONACEAE Coccoloba obtusifolia Jacq. 

POLYGONACEAE Coccoloba schwackeana Lindau 

POLYGONACEAE Ruprechtia fagifolia Meisn. 

POLYGONACEAE Ruprechtia laxiflora Meisn. 

POLYGONACEAE Triplaris gardneriana Weddell 

PRIMULACEAE Jacquinia armillaris Jacq. 

PRIMULACEAE Myrsine coriacea (Sw.) R.Br. ex Roem. & Schult. 

PRIMULACEAE Myrsine guianensis (Aubl.) Kuntze 

PROTEACEAE Roupala montana Aubl. 

RHAMNACEAE Colubrina cordifolia Reissek 

RHAMNACEAE Rhamnidium elaeocarpum Reissek 

RHAMNACEAE Rhamnidium molle Reissek 

RHAMNACEAE Ziziphus cotinifolia Reissek 

RHAMNACEAE Ziziphus joazeiro Mart. 

ROSACEAE Prunus myrtifolia (L.) Urb. 

RUBIACEAE Alibertia edulis (Rich.) A.Rich. ex DC. 

RUBIACEAE Alibertia gardneri Standl. 

RUBIACEAE Alseis pickelii Pilger & Schmale 

RUBIACEAE Bathysa australis (A.St.-Hil.) Benth. & Hook.f. 

RUBIACEAE Chomelia obtusa Cham. & Schltdl. 

RUBIACEAE Cordiera myrciifolia (K.Schum.) C.Perss. & Delprete 

RUBIACEAE Cordiera rigida (K.Schum.) Kuntze 

RUBIACEAE Cordiera sessilis (Vell.) Kuntze 

RUBIACEAE Coussarea hydrangeifolia (Benth.) Müll.Arg. 

RUBIACEAE Coussarea platyphylla Müll.Arg. 

RUBIACEAE Coutarea hexandra (Jacq.) K.Schum. 

RUBIACEAE Genipa americana L. 

RUBIACEAE Guettarda angelica Mart. ex Müll.Arg. 

RUBIACEAE Guettarda leai Ridl. 

RUBIACEAE Guettarda platypoda DC. 

RUBIACEAE Guettarda viburnoides Cham. & Schltdl. 

RUBIACEAE Ladenbergia cujabensis Klotzsch 

RUBIACEAE Machaonia acuminata Kunth 

RUBIACEAE Machaonia brasiliensis (Hoffmanss. ex Humb.) Cham. & Schltdl. 

RUBIACEAE Psychotria carthagenensis Jacq. 

RUBIACEAE Randia armata (Sw.) DC. 

RUBIACEAE Rudgea viburnoides (Cham.) Benth. 

RUBIACEAE Salzmannia nitida DC. 

RUBIACEAE Simira corumbensis (Standl.) Steyerm. 

RUBIACEAE Simira gardneriana M.R.Barbosa & Peixoto 

RUBIACEAE Simira glaziovii (K.Schum.) Steyerm. 

RUBIACEAE Tocoyena formosa (Cham. & Schltdl.) K.Schum. 

RUBIACEAE Tocoyena hispidula Standl. 

RUTACEAE Balfourodendron molle (Miq.) Pirani 

RUTACEAE Dictyoloma vandellianum A.Juss. 
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RUTACEAE Esenbeckia oligantha Kaastra 

RUTACEAE Galipea ciliata Taub. 

RUTACEAE Metrodorea nigra A.St.-Hil. 

RUTACEAE Metrodorea stipularis Mart. 

RUTACEAE Pilocarpus jaborandi Holmes 

RUTACEAE Pilocarpus microphyllus Stapf ex Wardleworth 

RUTACEAE Pilocarpus sulcatus Skorupa 

RUTACEAE Pilocarpus trachylophus Holmes 

RUTACEAE Sigmatanthus trifoliatus Huber ex Ducke 

RUTACEAE Zanthoxylum gardneri Engl. 

RUTACEAE Zanthoxylum hamadriadicum Pirani 

RUTACEAE Zanthoxylum monogynum A.St.-Hil. 

RUTACEAE Zanthoxylum petiolare A.St.-Hil. & Tul. 

RUTACEAE Zanthoxylum rhoifolium Lam. 

RUTACEAE Zanthoxylum riedelianum Engl. 

RUTACEAE Zanthoxylum stelligerum Turcz. 

RUTACEAE Zanthoxylum syncarpum Tul. 

RUTACEAE Zanthoxylum tingoassuiba A.St.-Hil. 

SALICACEAE Casearia commersoniana Cambess. 

SALICACEAE Casearia decandra Jacq. 

SALICACEAE Casearia gossypiosperma Briq. 

SALICACEAE Casearia grandiflora Cambess. 

SALICACEAE Casearia lasiophylla Eichler 

SALICACEAE Casearia luetzelburgii Sleumer 

SALICACEAE Casearia mestrensis Sleumer 

SALICACEAE Casearia rupestris Eichler 

SALICACEAE Casearia sylvestris Sw. 

SALICACEAE Laetia americana L. 

SALICACEAE Prockia crucis P.Browne ex L. 

SALICACEAE Xylosma ciliatifolia (Clos) Eichler 

SALICACEAE Xylosma prockia (Turcz.) Turcz. 

SAPINDACEAE Allophylus edulis (A.St.-Hil., Cambess. & A.Juss.) Hieron. ex 

Niederl. 

SAPINDACEAE Allophylus petiolulatus Radlk. 

SAPINDACEAE Allophylus quercifolius Radlk 

SAPINDACEAE Allophylus sericeus (Cambess.) Radlk. 

SAPINDACEAE Averrhoidium gardnerianum Baill. 

SAPINDACEAE Cupania impressinervia Acev.-Rodr. 

SAPINDACEAE Cupania platycarpa Radlk. 

SAPINDACEAE Cupania rigida Radlk. 

SAPINDACEAE Cupania vernalis Cambess. 

SAPINDACEAE Diatenopteryx grazielae Vaz & Andreata 

SAPINDACEAE Dilodendron bipinnatum Radlk. 

SAPINDACEAE Dodonaea viscosa Jacq. 

SAPINDACEAE Magonia pubescens A.St.-Hil. 
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SAPINDACEAE Matayba guianensis Aubl. 

SAPINDACEAE Talisia esculenta (A.St.-Hil.) Radlk. 

SAPINDACEAE Talisia retusa R.S.Cowan 

SAPINDACEAE Toulicia laevigata Radlk. 

SAPOTACEAE Chrysophyllum arenarium Allemão 

SAPOTACEAE Chrysophyllum gonocarpum (Mart. & Eichler) Engl. 

SAPOTACEAE Chrysophyllum marginatum (Hook. & Arn.) Radlk. 

SAPOTACEAE Manilkara rufula (Miq.) Lam. 

SAPOTACEAE Manilkara salzmannii (A.DC.) H.J.Lam. 

SAPOTACEAE Manilkara triflora (Allemão) Monach. 

SAPOTACEAE Micropholis gnaphaloclados (Mart.) Pierre 

SAPOTACEAE Pouteria butyrocarpa (Kuhlm.) T.D.Penn. 

SAPOTACEAE Pouteria furcata T.D.Penn. 

SAPOTACEAE Pouteria gardneri (Mart. & Miq.) Baehni 

SAPOTACEAE Pouteria plicata T.D.Penn. 

SAPOTACEAE Pouteria ramiflora (Mart.) Radlk. 

SAPOTACEAE Pouteria reticulata (Engl.) Eyma 

SAPOTACEAE Pouteria torta (Mart.) Radlk. 

SAPOTACEAE Pradosia lactescens (Vell.) Radlk. 

SAPOTACEAE Sideroxylon obtusifolium (Roem. & Schult.) T.D.Penn. 

SCHOEPFIACEAE Schoepfia brasiliensis A.DC. 

SIMAROUBACEAE Simaba floribunda A.St.-Hil. 

SIMAROUBACEAE Simaba maiana Casar. 

SIMAROUBACEAE Simarouba versicolor A.St.-Hil. 

SIPARUNACEAE Siparuna brasiliensis (Spreng.) A.DC. 

SIPARUNACEAE Siparuna guianensis Aubl. 

SOLANACEAE Athenaea micrantha Sendtn. 

SOLANACEAE Capsicum parviflorum Sendtn. 

SOLANACEAE Cestrum axillare Vell. 

SOLANACEAE Cestrum martii Sendt. 

SOLANACEAE Cestrum obovatum Sendtn. 

SOLANACEAE Metternichia princeps Mik. 

SOLANACEAE Solanum crinitum Lam. 

SOLANACEAE Solanum gardneri Sendtn. 

SOLANACEAE Solanum granulosoleprosum Dunal 

SOLANACEAE Solanum lycocarpum A.St.-Hil. 

SOLANACEAE Solanum stipulaceum Willd. ex Roem. & Schult. 

STYRACACEAE Styrax pallidus A.DC. 

SYMPLOCACEAE Symplocos nitens Benth. 

ULMACEAE Phyllostylon rhamnoides (J.Poiss.) Taub. 

URTICACEAE Cecropia pachystachya Trécul 

URTICACEAE Cecropia palmata Willd. 

URTICACEAE Cecropia saxatilis Snethl. 

URTICACEAE Urera baccifera (L.) Gaudich. ex Wedd. 

VERBENACEAE Aloysia virgata (Ruiz & Pav.) A.Juss. 
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VOCHYSIACEAE Callisthene fasciculata (Spreng.) Mart. 

VOCHYSIACEAE Callisthene microphylla Warm. 

VOCHYSIACEAE Qualea dichotoma (Mart.) Warm. 

VOCHYSIACEAE Qualea grandiflora Mart. 

VOCHYSIACEAE Qualea multiflora Mart. 

VOCHYSIACEAE Qualea paraensis Ducke 

VOCHYSIACEAE Qualea parviflora Mart. 

VOCHYSIACEAE Salvertia convallariodora A.St.-Hil. 

VOCHYSIACEAE Vochysia gardneri Warm. 

VOCHYSIACEAE Vochysia rufa Mart. 

XIMENIACEAE Ximenia americana L. 
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Table S2. Correlations amongst climatic variables. Numbers in bold are correlation coefficients > |0.3|. 

  
Rainfall 

Rainfall 

stability 
Seasonality 

Seasonality 

stability 
Temperature 

Temperature 

stability 

Dryness length 

stability 

Rainfall 1 -0.137 -0.088 0.705 0.230 0.306 -0.237 

Rainfall stability -0.137 1 -0.091 -0.377 -0.111 -0.028 0.017 

Seasonality -0.088 -0.091 1 0.260 0.504 0.297 0.256 

Seasonality stability 0.705 -0.377 0.260 1 0.407 0.295 0.120 

Temperature 0.230 -0.111 0.504 0.407 1 0.273 0.206 

Temperature stability 0.306 -0.028 0.297 0.295 0.273 1 0.158 

Dryness length stability -0.237 0.017 0.256 0.120 0.206 0.158 1 
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Table S3. Nine best OLS models (< 2 ΔAICc ) fitted to explain vegetation stability. LO 

= longitude, LA = latitude, PD = phylogenetic diversity, RI = richness, RA = rainfall, 

TE = temperature, RS = rainfall stability, DL = dryness length stability, SE = 

seasonality. 

Variables AICc ΔAICc R
2
 

RA, RS, DL, RI, PD 1091.68 0.00 0.363 

RA, RS, RI, PD 1091.95 0.27 0.356 

RA, SE, RS, RI, PD, LO 1092.53 0.85 0.366 

RA, RS, RI, PD, LA 1092.65 0.97 0.360 

RA, RS, RI, PD, LO 1092.77 1.09 0.360 

RA, RS, TS, DL, RI, PD 1093.27 1.59 0.364 

RA, RS, DL, RI, PD, LO 1093.39 1.71 0.360 

RA, SE, RS, RI, PD 1093.62 1.94 0.360 

RA, RS, DL, RI, PD, LA 1093.64 1.96 0.363 
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Table S4. Pairwise correlation amongst all variables in WorldClim database and height above nearest drainage (HAND). Bold numbers are 

values above |0.7|. Columns or row names in bold are the variables that were used in SDMs. Code legends in Table S5. 

 

  alt hand bio1 bio2 bio3 bio4 bio5 bio6 bio7 bio8 bio9 bio10 bio11 bio12 bio13 bio14 bio15 bio16 bio17 bio18 bio19 

alt 1 0.65 -0.71 0.46 -0.41 0.43 -0.59 -0.72 0.51 -0.59 -0.71 -0.79 -0.66 -0.47 -0.37 -0.28 0.24 -0.4 -0.3 0.21 -0.52 

hand 0.65 1 -0.56 0.13 -0.32 0.34 -0.53 -0.47 0.25 -0.49 -0.53 -0.6 -0.51 -0.32 -0.3 -0.09 0.04 -0.31 -0.1 0.1 -0.26 

bio1 -0.71 -0.56 1 -0.24 0.75 -0.84 0.82 0.91 -0.61 0.89 0.94 0.95 0.98 0.36 0.52 -0.08 0.28 0.53 -0.07 -0.37 0.38 

bio2 0.46 0.13 -0.24 1 -0.35 0.21 0.21 -0.58 0.83 -0.13 -0.36 -0.27 -0.26 -0.33 -0.15 -0.51 0.42 -0.14 -0.52 0.2 -0.59 

bio3 -0.41 -0.32 0.75 -0.35 1 -0.84 0.37 0.84 -0.79 0.63 0.76 0.61 0.8 0.45 0.54 0.2 0.13 0.53 0.2 -0.23 0.55 

bio4 0.43 0.34 -0.84 0.21 -0.84 1 -0.59 -0.83 0.65 -0.68 -0.84 -0.65 -0.92 -0.47 -0.64 0.08 -0.31 -0.65 0.07 0.31 -0.39 

bio5 -0.59 -0.53 0.82 0.21 0.37 -0.59 1 0.58 -0.1 0.73 0.74 0.84 0.78 0.19 0.38 -0.29 0.37 0.39 -0.29 -0.36 0.1 

bio6 -0.72 -0.47 0.91 -0.58 0.84 -0.83 0.58 1 -0.87 0.76 0.93 0.86 0.93 0.45 0.52 0.16 0.08 0.51 0.16 -0.42 0.59 

bio7 0.51 0.25 -0.61 0.83 -0.79 0.65 -0.1 -0.87 1 -0.48 -0.68 -0.54 -0.65 -0.43 -0.4 -0.37 0.13 -0.38 -0.37 0.29 -0.66 

bio8 -0.59 -0.49 0.89 -0.13 0.63 -0.68 0.73 0.76 -0.48 1 0.72 0.87 0.85 0.24 0.41 -0.14 0.31 0.41 -0.14 -0.21 0.22 

bio9 -0.71 -0.53 0.94 -0.36 0.76 -0.84 0.74 0.93 -0.68 0.72 1 0.88 0.95 0.42 0.54 0.03 0.18 0.54 0.03 -0.45 0.49 

bio10 -0.79 -0.6 0.95 -0.27 0.61 -0.65 0.84 0.86 -0.54 0.87 0.88 1 0.89 0.28 0.4 -0.03 0.19 0.4 -0.03 -0.39 0.37 

bio11 -0.66 -0.51 0.98 -0.26 0.8 -0.92 0.78 0.93 -0.65 0.85 0.95 0.89 1 0.42 0.59 -0.07 0.28 0.59 -0.06 -0.38 0.42 

bio12 -0.47 -0.32 0.36 -0.33 0.45 -0.47 0.19 0.45 -0.43 0.24 0.42 0.28 0.42 1 0.82 0.59 -0.46 0.85 0.62 0.31 0.66 

bio13 -0.37 -0.3 0.52 -0.15 0.54 -0.64 0.38 0.52 -0.4 0.41 0.54 0.4 0.59 0.82 1 0.14 0.06 0.99 0.16 0.07 0.55 

bio14 -0.28 -0.09 -0.08 -0.51 0.2 0.08 -0.29 0.16 -0.37 -0.14 0.03 -0.03 -0.07 0.59 0.14 1 -0.84 0.15 0.99 0.37 0.54 

bio15 0.24 0.04 0.28 0.42 0.13 -0.31 0.37 0.08 0.13 0.31 0.18 0.19 0.28 -0.46 0.06 -0.84 1 0.02 -0.86 -0.41 -0.39 

bio16 -0.4 -0.31 0.53 -0.14 0.53 -0.65 0.39 0.51 -0.38 0.41 0.54 0.4 0.59 0.85 0.99 0.15 0.02 1 0.18 0.1 0.55 

bio17 -0.3 -0.1 -0.07 -0.52 0.2 0.07 -0.29 0.16 -0.37 -0.14 0.03 -0.03 -0.06 0.62 0.16 0.99 -0.86 0.18 1 0.38 0.56 

bio18 0.21 0.1 -0.37 0.2 -0.23 0.31 -0.36 -0.42 0.29 -0.21 -0.45 -0.39 -0.38 0.31 0.07 0.37 -0.41 0.1 0.38 1 -0.13 

bio19 -0.52 -0.26 0.38 -0.59 0.55 -0.39 0.1 0.59 -0.66 0.22 0.49 0.37 0.42 0.66 0.55 0.54 -0.39 0.55 0.56 -0.13 1 

 

  



74 
 

Table S5. Names of the variables presented in Table S4. 

 

Code Variable name 

alt Altitude 

hand Height Above Nearest Drainage 

bio1 Annual Mean Temperature 

bio2 Mean Diurnal Range (Mean of monthly*(max temp - min temp)) 

bio3 Isothermality (BIO2/BIO7) (* 100) 

bio4 Temperature Seasonality (standard deviation *100) 

bio5 Max Temperature of Warmest Month 

bio6 Min Temperature of Coldest Month 

bio7 Temperature Annual Range (BIO5-BIO6) 

bio8 Mean Temperature of Wettest Quarter 

bio9 Mean Temperature of Driest Quarter 

bio10 Mean Temperature of Warmest Quarter 

bio11 Mean Temperature of Coldest Quarter 

bio12 Annual Precipitation 

bio13 Precipitation of Wettest Month 

bio14 Precipitation of Driest Month 

bio15 Precipitation Seasonality (Coefficient of Variation) 

bio16 Precipitation of Wettest Quarter 

bio17 Precipitation of Driest Quarter 

bio18 Precipitation of Warmest Quarter 

bio19 Precipitation of Coldest Quarter 
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Figure S1. Path model where average climate is directly correlates with vegetation 

stability. Rectangles represent exogenous variables and ellipses represents endogenous 

variables. Black one-headed arrows represent positive effects, gray one headed arrow 

represent negative effects. Two-headed arrows represents correlation among exogenous 

variables. Numbers on arrows are correlation coefficients using GLS regressions with 

rational quadratic spatial structure. Numbers inside small ellipses are unexplained 

variance of endogenous variables without considering what is explained by space. 
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Figure S2. Interpolated richness using the mean value of the nearest five pixels 

weighted by the inverse of the linear distances amongst pixels. 
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Figure S3. Estimated richness after the adjustment proposed by Calabrese et al.
37
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Figure S4. Relationship between interpolated observed richness and estimated richness 

after the adjustment. Black line represent the 1:1 relation between axis and the red line 

is the prediction of a simple regression model. The intercept and slope are not different 

from zero and one, respectively (P < 0.5 for both tests). 
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Figure S5. Phylogenetic species evenness calculated using the probabilities of species 

occurrences. 
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Figure S6. Locations of occurrence data used to model the geographic distribution of 

the 768 species present on TreeAtlan database. 
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Abstract 

Regeneration in drylands highly depends on positive effects of nurse-plants due to harsh 

conditions of open spaces. However, competition among species is also expected in 

drylands, especially among those with similar functional traits. The removal of nurse-

plants may raise stress levels, increasing seedling community dependence on nurses. To 

understand the complexity of multiple interactions among species and the effect of 

nurse cover on these interactions, we analysed plant communities as ecological 

networks composed by nurse species (benefactors) interacting with seedlings species 

(beneficiaries). The aim of this study was to evaluate the structure of nurse-seedling 

interaction networks in a region with clear imprints of human land-use and understand 

how the loss of nurse cover alter nurse-seedlings co-occurrence patterns. We show that 

nurse-seedling interaction networks in a Brazilian semiarid region is modular, forming 

four compartments of nurse and seedling species that interact more frequently among 

each other. Also, the frequency of interaction was best explained by functional distance 

among seedling and nurse species pairs. The removal of nurse cover disarrange the 
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composition of compartments, increasing the frequency of interaction between 

functionally similar species. This results highlights that nurse-seedlings interactions in 

this region is species-specific. Nonetheless, the decreased specificity of nurse-seedlings 

interaction in areas with reduced nurse cover indicates that competition among 

functionally similar species is reduced when stress level raised. 

 

Keywords: Competition, facilitation, drylands, modularity, functional traits 

 

Introduction 

Land-use changes made by humans are reducing vegetation cover and diversity 

of ecosystems worldwide. Drylands are particularly threaten by land-use changes 

because recovery rates after disturbances are heavily dependent on extreme rainfall 

events (Holmgren et al. 2006, Holmgren et al. 2013). Loss of vegetation cover may 

have disproportionate negative effects on recovery after disturbances due to positive 

feedbacks between plants and soil (van de Koppel et al. 1997). For instance, perennial 

plant cover loss may increase runoff and evaporation, and water entering the soil after a 

rain event rapidly becomes unavailable to most plants (Rietkerk et al. 2004). As a 

consequence, the loss of vegetation cover may impair the establishment of seedlings 

because harsher conditions will limit species not adapted to establish in bare ground. 

Nonetheless, it is well known that recruitment of several species in drylands relies 

greatly on positive effects of the established vegetation (Callaway and Walker 1997, 

Callaway 2007). This positive effect is related to the facilitation process where adult 

plants in drylands ameliorate drought stress through shading, increasing seedling 

performances underneath its canopy (Gómez-Aparicio et al. 2005).  



84 
 

Facilitation is expected to promote diversity because the reduction of stressful 

conditions enables less stress-tolerant species to establish, increasing species number 

(Hacker and Gaines 1997, Bruno et al. 2003, Michalet et al. 2006, Zonneveld et al. 

2012). On the other hand, plants might compete for shared resources (light, water and 

nutrients) and strong competition can also be expected in drylands (Goldberg and 

Novoplansky 1997). Thereby, facilitation and competition act concomitantly and the 

balance between these two processes will vary according to the stress levels which 

plants are exposed, their rates of resource consumption and the survival and growth 

requirements of interacting species (Callaway and Walker 1997). The stress-gradient 

hypothesis states that positive interactions increases with reduced productivity (higher 

stress) because harsher abiotic conditions limit plant performance more than 

competition (Bertness and Callaway 1994). Additionally, when stress is high, 

competition may be weaker because a reduced growth rate of plants reduces resource 

demand by the resident vegetation. Others studies showed competition under the 

resource supply and demand hypothesis, which states that competition intensifies if 

limiting resource supply is below the demand of the resident vegetation (Taylor et al. 

1990, Davis et al. 1998); however, if resource supply is above the demand, competition 

intensity is reduced and facilitation may occur (Davis et al. 1998). Note that if 

competition is reduced at high resource conditions, then competition intensity should be 

negatively related with site suitability. 

Competition theory predicts that competitive interactions are stronger between 

species with similar niches (Weiher and Keddy 1995). Recent syntheses has identified 

that key functional traits are directly correlated with several dimensions of plants' 

ecological strategies that represent species resource requirements (Westoby et al. 2002). 

In this perspective, species with similar functional traits values possess equivalent 
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niches, therefore they might strongly compete for resources. On the other hand, 

competition between functionally dissimilar species is weaker and facilitative 

interactions among them are thought to be more conspicuous. The same rationale 

applies to species phylogenetic distances where competition is hypothesized to be 

stronger among related species compared to distantly related ones if phylogenetic 

conservatism of traits plays a role (Wiens and Graham 2005, Valiente-Banuet and 

Verdú 2013). 

Interactions among plant species have been generally studied using pairwise 

experiments where species are grown together in pairs and in monocultures to reveal 

potential competitive or facilitative effects that one species may have on another 

(Goldberg and Barton 1992). Despite revealing important mechanisms, this approach is 

limited because results found in pairwise experiments do not always reflect patterns 

found in observational studies due to the narrow duration of experiments (Tilman 1989). 

Real nature communities are embedded in complex multispecies interaction networks 

where many species are interacting simultaneously (Stanton 2003). Ecological networks 

analyses are increasingly being used to understand patterns of mutualistic networks such 

as plant-pollinator and plant-disperser systems (Bascompte et al. 2003, Bascompte and 

Jordano 2007). To appreciate the complexity arising from multiple plant positive 

interactions (facilitation), Verdú and Valiente-Banuet (2008) proposed to analyse plant 

communities as ecological networks in which species interact with others connected to 

one or more facilitation partners. In their approach, an interaction network would be 

composed by nurse species (benefactors) interacting with seedlings species 

(beneficiaries). 

Two general network architectures have been widely analysed in network 

studies: nestedness and modularity. An ecological network is described as nested when 
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generalist species interact with a wide range of species found in the community, while 

specialist species interact only with a subset of this species (Almeida-Neto et al. 2008). 

In the context of nurse-seedling interaction networks, a nested structure would indicate 

that some nurse species facilitate several seedling species while nurses with a lower 

number of interactions facilitate only a subset of those seedlings. On the other hand, a 

modular network can emerge if a group of species interact more frequently among each 

other (forming modules or compartments) and interactions among species from 

different groups are sparse (Newman and Girvan 2004). A nurse-seedling interaction 

network with a modular structure would imply strong species specificity, indicating that 

the environment underneath the canopy of different nurse species is variable and 

seedling species requirements for establishment differ. 

Recent studies showed that land-use changes in the Brazilian semiarid region 

cause the loss of nurse cover (Marinho et al. in prep). Consequently, water availability 

and soil fertility are also reduced, increasing stress experienced by seedlings (Manhães 

et al. in prep). Moreover, experimental results conducted in a degraded area indicate that 

nurse-seedling interactions at this semiarid region may be species-specific (Paterno et 

al. submitted). The aim of this study was to evaluate the structure of nurse-seedling 

interaction networks in a region with clear imprints of human land-use and understand 

how the loss of nurse cover alter nurse-seedlings co-occurrence patterns. The specific 

questions are: 1) Is the structure of nurse-seedling interaction network nested or 

modular? 2) How does functional and phylogenetic distances modulate the frequency of 

nurse-seedling interspecific interactions? 3) Does the loss of nurse cover alter the 

structure of interaction networks? 4) How the effect of functional or phylogenetic 

distances on the frequency of pair-wise interaction changes with nurse cover loss? 
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Methods 

Study site and vegetation survey 

This study was conducted within the State's Sustainable Use Reserve Ponta do 

Tubarão located at the Brazilian northeast region, inside the boundaries of the Caatinga 

biome (Figure 1a). Climate is semi-arid with mean rainfall of 508 mm.year
-1

 which is 

concentrated between January and May and less than 20 mm between October and 

December (data available at http://www.inmet.gov.br). The vegetation of the reserve 

can be divided in: i) a Caatinga-like vegetation with a closed canopy height of ~4 

meters, mostly dominated by the woody species Mimosa tenuiflora, Poincianella 

pyramidalis, Pytirocarpa moliniformis and Croton sonderianus; ii) a dune-like 

vegetation, with sparse canopy dominated by the tree Sideroxylum obtusifolium and 

open spaces dominated by the small stature species Pavonia varians, Herissantia sp. 

and Sida sp.; and iii) a mangrove located near the coastline. We conducted the 

vegetation surveys at the Caatinga-like vegetation (Figure 1b). 

Vegetation survey plots were arranged to maximize the range of vegetation 

cover, which is negatively affected by land use intensity (Marinho et al. in prep). In 

September 2011, we explored several trails within the Caatinga-like vegetation, where 

several points were marked using a GPS and classifying into three vegetation cover 

categories: open, intermediate and closed. We used all bands of Landsat 5 images from 

2008 to conduct a supervised classification of these three vegetation cover categories 

using maximum likelihood methods (Figure 1c). Subsequently, we randomized twelve 

locations in open areas and twenty locations within intermediate and closed vegetation 

cover categories. In November 2011 we established 52 (100 m
2
) plots at the previously 

randomized locations. 
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We started the vegetation survey in March 2012, two months after the beginning 

of the raining season when all species have produced leaves to help identification. We 

marked and measured height and basal diameter of all individuals higher than 20 cm in 

height occurring inside the plots. We considered seedlings those individuals with less 

than 1.5 m in height and a basal diameter lower than 1 cm. We also calculated the 

canopy area of adult plants by measuring the diameter of the major and minor axis of 

the crown, applying subsequently the ellipse area formulae. This was done for all plants 

with more than 50 cm in height and with the major axis diameter larger than 1 m (these 

individuals are hereafter called nurses). For all seedlings within plots, we registered 

their occurrence beneath a nurses canopy (when nurse species were present) or in open 

areas in between nurses. Finally, we estimated vegetation cover by registering the 

presence or absence of vegetation in 25 points placed two meters inside each plot (Fig. 

S1). 

 

Functional traits measurements 

For all species occurring within plots, we collected five sun exposed leaves from 

five adult individuals in the rainy season of 2011 and 2012. Leaves were collected 

between 5:00 and 9:30 in the morning and 15:00 and 17:30 in the afternoon. 

Immediately after arriving from field, leaves were still attached to the branches and 

were kept in water for at least 3 hours to rehydrate. After rehydration, healthy fully 

expanded leaves (without major damage) were scanned and stored in paper envelopes. 

Leaves were oven dried until reached constant weight and weighted using a 0.001 g 

precision scale. The area and perimeter of leaves were measured using ImageJ software 

(Abràmoff et al. 2004). Perimeter per leaf area was calculated by dividing leaf perimeter 

(cm) by leaf area (cm
2
). Leaf mass per area was calculated by dividing leaf dry mass (g) 
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by leaf area (cm
2
). To measure the wood density we collected five branches from five 

adult individuals of each species in the rainy season of 2012. Immediately after arriving 

from the field, barks were removed and volume of branches were measured by 

submerging them in water using graduate beakers of several sizes (depending on branch 

thickness). After volume measurement, branch pieces were sun dried for one hour and 

oven dried in paper bags until constant weight. Wood density was calculated dividing 

the dry weight of branch pieces (g) by its volume (mm
2
). The growth form of species 

was determined based on its maximum height recorded and crown shape into the 

following five ordered categories: 1) herbaceous, 2) sub-shrubs, 3) shrubs, 4) treelets 

and 5) trees. 

 

Statistical analyses 

To unveil if the structure of nurse-seedling interaction network of the study area 

is nested or modular (question 1), we constructed a nurse-seedling interaction matrix 

where columns are nurse species and rows are seedlings species. Each cell of this 

interaction matrix was filled with the number of times each seedling species occurred 

underneath each nurse species. To measure nestedness, we used the weighted 

nestedness metric based on overlap and decreasing fill (wNODF) which is a quantitative 

modification of the NODF index (Almeida-Neto and Ülrich 2011), the most used index 

to measure nestedness in bipartite networks. Modularity was measured according to the 

Quantitative Bipartite Modularity (QuaBiMo) algorithm, an adaptation of (Newman 

2004) weighted Q modularity index for bipartite networks (Dormann and Strauss 2013). 

Since both indexes are sensitive to network matrix dimensions and filling, we compared 

the observed values of indexes with random expectations by calculating the Z-scores of 

each index as: 
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, 

where,   is the observed value of any index,   is the mean of index values of n 

randomly generated matrices and   is the standard deviation of the random values. 

Higher |Z| values means that interaction networks are more structured than the null 

expectation, while |Z| approaching zero implies that the observed value of network 

structure is not different from random. Z-scores were calculated with 5000 random 

matrices using the independent swap algorithm that maintain marginal totals and 

connectivity (Gotelli and Entsminger 2003). Since modularity index is sensitive to 

singletons, we considered only dominant nurse species (those representing 95% of total 

canopy area) and seedling species that occurred more than 4 times. We conducted the 

above analyses with and without including open interspaces in between nurse canopies 

as an extra column on the interaction matrices. 

To test if seedlings were more likely to occur under the canopy of a functionally 

or phylogenetically distant nurse species (question 2), we constructed interaction 

probability matrices where probability of interactions varied with: i) nurse species cover 

(higher probability of seedlings to occur under nurses with large area); ii) functional 

distance between pairs of seedlings and nurse species; iii) phylogenetic distance 

between pairs; and iv) a null matrix where interaction are equiprobable. Each matrix 

represents models with a linear effect of nurse cover, functional and phylogenetic 

distances, respectively. The null probability matrix was defined as a matrix in which all 

pairwise interactions had the same probability 1/IJ of occurrence, where I and J are the 

numbers of seedlings and nurse species in the network. Nurse cover area probability 

matrix was constructed summing the canopy area of nurse individuals for each species, 

so the probability of interaction is higher with species with large coverage. Functional 

distance matrix was constructed by conducting a hierarchical cluster on principal 
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coordinates analysis (PCoA) axes and calculating the pairwise distances between 

seedlings and nurse species. Phylogenetic distance matrix was constructed using species 

phylogenetic distances from the supertree of Davies et al. (2004) using Phylomatic 

software (Webb and Donoghue 2005). Branch lengths were calculated using the bladj 

algorithm on the software Phylocom (Webb et al. 2008). 

We also combined the probability matrices of nurse cover with functional 

distances and phylogenetic distance matrices by conducting an element-wise matrices 

multiplication. All probability matrices were normalized so that their elements added up 

to one. We evaluated the likelihood of each probability matrix using a multinomial 

distribution of the observed interaction matrix and calculated AIC to compare models. 

AIC is a parsimony-adjusted index that favors simpler models. The model with the 

lowest AIC value is the best minimum adequate model and models whose AIC is less 

than 2 units larger than the best fit model also have substantial support, whereas those 

models resulting in AIC values larger than10 units have virtually no support (Burnham 

and Anderson 2002). Since we do not know how nurse cover, functional and 

phylogenetic distance may quantitatively affect interaction probabilities, we constructed 

matrices with power transformed values of the probabilities matrices that minimized the 

log-likelihood. 

To evaluate if the loss of nurse cover modify the structure of networks 

interaction (question 3), the complete interaction network was divided into two 

networks, one representing interaction structure when the sum of nurse canopy area is 

high and another when nurse cover is low. For that, the 52 vegetation survey plots were 

classified as "high nurse cover" when the nurse cover area was equal or higher than the 

median nurse cover area of all plots, whereas, those plots with lower nurse cover than 

the median were classified as "low nurse cover" plots. Two separate interaction matrices 
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where built using co-occurrence data from plots belonging to either category. Z-scores 

of each network structure index were compared between the two interaction networks 

and a substantial modification of network structure was considered when Z-scores 

differences were greater than one. 

 To specifically test if functional or phylogenetic effect changes with nurse cover 

loss (question 4), we estimated two power coefficients for each matrix and summed the 

log-likelihood of both matrices using the two power coefficients. Then, we compared 

with the summed log-likelihood of both matrices using the power coefficient estimated 

with the complete interaction network (using all vegetation survey plots). A lower AIC 

value of the summed log-likelihood using two power coefficients compared to the one 

using just one power coefficient indicates that the functional or phylogenetic effect on 

pair-wise interaction frequencies differ between the high and low nurse cover 

interaction networks. 

 

Results 

Structure of the complete interaction network 

We recorded 3886 seedling individuals of 37 species, from which 2425 (62.4 %) 

occurred underneath the canopy of nurses and 1461 (37.6 %) occurred in open spaces 

between nurses. The frequency of seedlings occurring below nurses was different from 

expectation based on the proportion of vegetation (59.6 %) and open spaces (40.4 %) 

averages across all plots (Table 1). Separate analyses for each species showed that nine 

(23.6 %) species are significantly associated with nurses (hereafter nurse-dependent 

species), six (15.8 %) species occurs preferably in open areas (light-demanding species) 

and 23 (60.5 %) species do not occur at higher frequency in either habitat (generalist 
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species) (Table 1). It should be mentioned that 17 (74 %) generalist species had less 

than 30 records and non-significant results can be due to low statistical. 

The structure of the complete nurse-seedling interaction network is significantly 

modular when including open as a column in the network (Q = 0.12, Z = 4.96, p < 

0.001, Figure S2) as well as without open (Q = 0.11, Z = 4.17, p < 0.001, Figure S1b). 

With open, three compartments maximized Q, where one compartment was mainly 

composed by seedlings that occurred more frequently in open areas or below the canopy 

of low stature nurse species (Table 1; orange compartment in Figure S2). The other two 

compartments were a mix of nurse-dependent and generalist species. When open areas 

were not considered in the analysis, again three compartments maximized Q, where one 

compartment maintained almost the same composition in comparison with the network 

with open (green compartment in Figure S2) and the composition of the other two 

compartments were mixed (Figure S2). Nestedness was significantly different from 

random but the Z value was negative (with open: wNODF = 65.9, Z = -2.1, p = 0.02; 

without open: wNODF = 65.1, Z = -3.3, p = 0.001), indicating an anti-nested structure 

(Almeida-Neto et al. 2008). 

 

Functional and phylogenetic distances modulate nurse-seedling interactions  

The probability matrix with an interaction between functional distance and nurse 

species cover was the best predictor of interactions frequency (Table S1). The null 

matrix was the worst predictor of the observed interactions matrix (Table S1). The 

phylogeny matrix alone did not improve prediction compared to the null matrix (Table 

S1). The functional matrix considerably improved prediction compared to the 

phylogeny matrix (Table S1). 
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Effect of nurse cover loss on interaction network structure 

Nurse species relative cover rank distribution was different between plots with 

high and low nurse cover (Mann-Whitney test: V = 84, P = 0.049; Figure S3a), 

however, relative number of seedlings per species rank distribution was not 

significantly different (V = 101, P = 0.9), despite the fact that light-demanding seedlings 

increased frequency in plots with low nurse cover (Figure S3b). 

There was a consistent increase of modularity from high to low nurse cover 

networks with and without including open areas (Table 2). In both comparisons, four 

compartments were identified, however, nurses and seedlings compartments 

composition collapsed in low nurse cover networks when compared with compartments 

composition of high nurse cover networks (Figure 2; Figure S4). One interesting 

observation is that, when open areas were not included, the occurrence of seedling 

species inside compartments composed by conspecific nurses increased from high to 

low vegetation networks, indicating that conspecific interactions are more common 

when nurse cover is reduced. When analyses were run without conspecific interactions, 

modularity remained constant from high to low nurse cover with open areas (Zhigh = 

4.61 and Zlow = 4.97), however, without open area modularity strongly decreased in low 

nurse cover (Zhigh = 4.45 and Zlow = 2.18). 

 

Nurse cover loss affecting the influence of functional and phylogenetic distances on 

pair-wise interactions 

According to model selection procedure, the power coefficients estimated for 

functional distances of high and low nurse cover interaction networks are significantly 
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different (Table 3). Both coefficients are higher than one, which describes an asymptotic 

curve of the effect of functional distance on interaction probabilities, but the power 

coefficient of the low nurse cover network is higher, indicating that when nurse cover is 

low, functionally similar species interact more frequently in comparison with the high 

nurse cover network (Figure 3). The effect of phylogenetic distances among seedling 

and nurse species did not vary significantly among high and low nurse cover interaction 

networks (Table 3). 

 

Discussion 

In direct contrast with previous studies showing that network structure are 

strongly nested in eight Mexican deserts communities (Verdú and Valiente-Banuet 

2008, 2011), we found that nurse-seedling interaction network at this particular 

Brazilian semiarid community is modular. In addition, nurse-seedling co-occurrence 

patterns are best explained by functional distances among species where seedling 

species tend to occur under the canopy of functionally distant nurse species. As 

expected, nurse cover loss induced changes on nurse-seedling interaction network 

structure allowing seedling species to occur more frequently underneath functionally 

similar nurses. 

 

Modularity of nurse-seedling interaction networks 

Nurse-seedling interaction networks were strongly modular, supporting the 

infrequent tested hypothesis that positive and negative interaction are highly species-

specific (Callaway 1998, Lortie and Turkington 2008). The core assumption of this 

hypothesis is that different nurse species may have distinct effects on its immediate 

environment added to the fact that seedling species requirements for successful 
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establishment may also differ (Lortie and Turkington 2008). In our study system, the 

most obvious difference between seedling species requirements is related to their 

occurrence below the canopy of nurses or in open spaces (Table 1). Considering open 

areas in network structure analyses, compartment detection algorithm identified one 

compartment that was mostly composed by light-demanding seedling species and small 

stature nurse species (Table S1). It shows that seedlings associated with open areas may 

also occur under the canopy of nurses that do not cast deep shade. Association of light-

demanding species with these nurses mostly occurred in plots with very low nurse cover 

and potentially harsher conditions. The detection of other two modules and the fact that 

the composition of one module barely changed after conducting the analyses without 

open areas, reinforce the hypothesis that positive effects of one species on another in 

this area are species-specific (Paterno et al. submitted). 

Species-specific interactions can emerge when factors other than light 

requirements influence the establishment of different seedling species. For example, soil 

nitrogen content in the vicinity of legume nurse species may be higher due atmospheric 

nitrogen fixation, benefiting nitrogen-demanding species while preventing the 

establishment of other legume species (Temperton et al. 2007). Species-specific 

interactions might also play a role due to non-resource related processes. For instance, 

nurse species with large leaves may impair the establishment of small seeded species 

due to leaf fall because smaller seedlings are more prone to die after physical damage 

(Clark and Clark 1991). Also, small-seeded species may be unable to surpass the litter 

layer after germination because of limited elongation ability (Ganade and Westoby 

1999). 

In accordance with the modular structure of the network, the interaction between 

species canopy area and functional distance of seedling species was the best predictor of 
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species interaction frequencies (Table S1). Strong interference among functionally 

similar species may prevent co-occurrence of species with similar traits (Weiher and 

Keddy 1995). On the other hand, weak competition among dissimilar species may allow 

for positive effects of nurses on seedlings with complementary niches. If positive and 

negative interactions among species are strongly explained by functional traits of 

interacting species, it is expected that networks would be formed by compartments 

composed with nurses with similar effect and seedlings with similar requirements. In 

the absence of trait data, studies are increasingly using phylogenetic distances among 

species as a proxy for functional divergences (Wiens and Graham 2005, Valiente-

Banuet and Verdú 2013). Yet, the present results show that functional distance 

calculated by measuring five simple functional traits predict the frequency of interaction 

better than phylogenetic relatedness (Table 3). Interestingly, nurse cover area was the 

best predictor alone, however, this effect was not strong enough to organize the network 

in a nested structure (Verdú and Valiente-Banuet 2011). Previous work showed that the 

interaction between species abundances and phylogenetic distances among interacting 

species consistently improved the prediction of interaction frequencies in eight 

communities in Mexican deserts, however, interaction networks were nested due to 

large influence of species abundances in the networks architectures (Verdú and 

Valiente-Banuet 2011). This result may occur when the most abundant species have 

also the highest mean pairwise phylogenetic distance with all other species. 

 

Nurse cover loss induced changes in network structure 

The comparison of networks composed by plots with high and low nurse cover 

revealed that the structure of interaction networks are not static even when considering 

different communities in the same study area. The first impression was that the 
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increased modularity in low nurse cover plots could be caused by stronger competition 

when nurse cover is loss. However, when compartments composition were carefully 

analysed, we notice a higher occurrence of seedling species in compartments composed 

by conspecific nurses. In fact, conspecific co-occurrences increased from 9% in high 

nurse cover plots to 15% in low nurse cover plots. It is possible that stress levels are 

higher in low nurse cover plots making competition less intense, thus enabling the 

occurrence of seedlings under conspecifics. An study conducted in a Mexican semiarid 

grassland showed that anthropogenic disturbances reduced plant cover which led to 

decreases in water availability and soil fertility (Villarreal-Barajas and Martorell 2009). 

They also reported that the negative effect of competition by resident vegetation was 

reduced for stress-intolerant species, in some cases turning into facilitation (Villarreal-

Barajas and Martorell 2009). Another possible explanation for the higher co-occurrence 

of conspecifics is that seed dispersal of these species may be limited and seed 

consumption is lower when nurse cover is reduced because seed consumers avoid 

exposed areas (Pinheiro and Ganade 2009). Nonetheless, when modularity analyses 

were run without considering intraspecific interactions, modularity strongly decreased, 

demonstrating that nurse cover loss may disarrange the modular structure of nurse-

seedling interspecific interaction networks. This result is also supported by the 

significantly higher value of the power coefficient estimated in the low nurse cover 

network in comparison with the power coefficient of the high nurse cover network 

(Table 3). These power coefficients describe the effect of functional distance on 

interaction probabilities among species and a higher value indicate that interaction 

among functionally similar species is more common. This apparent weaker competition 

when nurse cover is diminished may explain why the rank order of nurse species 

abundance distribution altered in plots with intense land-use (low nurse cover plots) but 
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the rank order of abundance distribution of seedling did not significantly changed. 

Taken together, these results support the predictions of the stress-gradient hypothesis 

where increased stress levels would reduce the negative effect of competition and 

increase the role of positive interactions on maintenance of community structure and 

diversity (Bertness and Callaway 1994). 

 

Implications for restoration and conservation 

Nurse-seedling interactions networks in this Brazilian semiarid are modular 

even when stress levels are high highlighting the importance of facilitation processes in 

restoration and biodiversity conservation. Our results emphasize that facilitation and 

competition are major drives of community structure in drylands. In the absence of 

positive interaction, is possible that the resistance and resilience of these ecosystems 

would be lower due to reduced regeneration capacity of the seedling community. In this 

study, functional distances calculated with only five simple traits was a good predictor 

of interaction frequencies among nurse and seedling species. More detailed studies on 

the role of functional traits unveiling species resource requirements and their effects on 

neighbours are needed. These studies may improve the knowledge of mechanistic 

processes behind the outcomes of species interactions. Restoration projects aiming to 

stimulate natural regeneration of several species should maximize functional diversity 

of planted seedlings to ensure long-term stability of regenerating community. 
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Table 1. Results of the contingency table analyses used to identify the dependence of 

species to occur underneath nurse canopies or in open spaces. The "+" symbol represent 

a positive association of seedlings with nurses, "-" represents a higher frequency of 

seedlings found in open areas and "0" indicates those species that are neutral regarding 

the occurrence under or out of nurses canopies. All χ
2
 values where tested with one 

degree of freedom. 

 

Species N 
% under 

canopy 
χ2 P 

Association 

with nurses 

All 3886 62.4 12.9 < 0.001 + 
      

Croton sonderianus 913 0.584 0.56 0.452 0 

Turnera diffusa 596 0.664 11.59 0.001 + 

Pytirocarpa moliniformis 478 0.728 34.61 < 0.001 + 

Poincianella pyramidalis 273 0.696 11.33 0.001 + 

Calliandra depauperata 269 0.546 2.74 0.098 0 

Senna macranthera 180 0.639 1.38 0.241 0 

Erythroxylum sp. 176 0.733 13.71 < 0.001 + 

Varronia globosa 173 0.827 38.21 < 0.001 + 

Croton heliotropiifolius 149 0.195 99.68 < 0.001 - 

Verbenaceae1 136 0.757 14.71 < 0.001 + 

Croton nepetifolius 84 0.417 11.22 0.001 - 

Manihot sp. 83 0.639 0.62 0.429 0 

Piptadenia stipulacea 49 0.755 5.15 0.023 + 

Jatropha mollissima 40 0.35 10.05 0.002 - 

Chamaecrista sp. 39 0.513 1.12 0.29 0 

Mimosa tenuiflora 39 0.282 15.96 < 0.001 - 

Croton adamantinus 37 0.595 0.01 0.986 0 

Bauhinia Dubia 34 0.765 4.02 0.045 + 

Commiphora leptophleos 27 0.815 5.37 0.02 + 

Waltheria brasiliensis 25 0.2 16.28 < 0.001 - 

Calliandra spinosa 15 0.667 0.31 0.577 0 

Jatropha mutabilis 14 0.286 5.6 0.018 - 

Ximenia americana 13 0.615 0.02 0.887 0 

Jatropha ribifolia 8 0.625 0.03 0.867 0 

Lantana camara 6 0.833 1.4 0.236 0 

Aspidosperma pyrinifolium 5 0.2 3.26 0.071 0 

Guapira sp. 4 1 2.71 0.1 0 

Cordiera sp. 4 0.75 0.39 0.53 0 

Cereus jamacaru 3 0.333 0.86 0.354 0 
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Combretum leprosum 3 0.333 0.86 0.354 0 

Croton rhamanofolioides 2 0 2.95 0.086 0 

Malvaceae1 2 0.5 0.08 0.782 0 

Senna trachypus 2 0.5 0.08 0.782 0 

Senna splendida 1 1 0.68 0.41 0 

Bauhinia cheilanta 1 0 1.48 0.225 0 

Erytroxylum revolutum 1 1 0.68 0.41 0 

Mimosa sp. 1 1 0.68 0.41 0 

 

 

 

 

 

Table 2. Comparison of networks structures indexes of high and low nurse cover 

interaction networks. Obs are the observed values and Z are the standardized 

comparison with the null expectation. Subscripts high and low refers to indexes in high 

and low nurse cover networks. Observed values significantly different from random are 

bolded. 

        with open   without open 

 

Obshigh Obslow 

 

Zhigh Zlow 

 

Zhigh Zlow 

Nestedness - wNODF 70 58 

 

-1,29 -1,06 

 
-2,16 -2,02 

Modularity - Q 0,1 0,16   3,28 4,95   3,62 4,81 
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Table 3. Model comparison among different matrices of probabilities (models). "Area" refers to the model where interaction probabilities vary 

according to the cover area of nurse species, "Functional" and "Phylogeny" refers to the models where probabilities increase with functional and 

phylogenetic distances among nurse and seedling species, respectively. The "X" symbols refers to the interaction among variables (element-wise 

multiplication of matrices). "Cover *" represent the model were different power coefficients were estimated for high and low nurse cover 

networks. Numbers in the second to fourth columns are the power coefficients that minimize log-likelihood for each model. When numbers are 

separated by "/", the number on the left and right refers to the power coefficients estimated for high and low nurse cover networks, respectively. k 

is the number of parameters. 

Model Cover Functional Phylogeny logLik k AIC ΔAIC 

Observed - - - 406 - - - 

Cover * (Area x Functional) 1 1,67 / 2,07 - 2582 4 5173 0 

Area x Functional 1 2,41 - 2589 3 5184 -11 

Area x Phylogeny 1 - 0,34 2620 3 5245 -72 

Cover * (Area x Phylogeny) 1 - 0,32 / 0,45 2619 4 5246 -73 

Area 1 - - 2704 2 5411 -238 

Cover * Functional - 1,38 / 1,43 - 3541 3 7087 -1915 

Functional - 1,77 - 3543 2 7091 -1918 

Phylogeny - - 0,21 3583 2 7169 -1996 

Cover * Phylogeny - - 0,2 / 0,24 3583 3 7171 -1998 

Null - - - 3649 1 7300 -2127 
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Figure 1. Study area and location of the vegetation plots. a) Location of the State's 

Sustainable Use Reserve Ponta do Tubarão. b) Supervised classification of the 

vegetation types of the reserve. c) Supervised classification of the Caatinga vegetation 

into open, intermediate and closed canopy.  
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Figure 2. Nurse-seedling interaction networks in high nurse cover and low nurse cover 

plots. The intensity of small blue square represent the number of times a seedling 

species was record below the canopy of a nurse species. Red squares in the diagonal 

represent the compartment configuration that maximize modularity. Colored bullets 

next to species names represent to which compartment species belong to high nurse 

cover network. Grey bullets in the right network are species that were not recorded in 

the high nurse cover network. 
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Figure 3. Comparison of species interaction probabilities given by functional distance 

among nurse and seedlings for the high nurse cover network (green curve) and low 

nurse cover network (red curve) based on estimated power coefficients of the 

multinomial analyses.  
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Supplementary Information 

Table S1. Model comparison among different matrices of probabilities (models) using the complete nurse-seedling interaction network. "Area" 

refers to the model where interaction probabilities vary according to the cover area of nurse species, "Functional" and "Phylogeny" refers to the 

models where probabilities increase with functional and phylogenetic distances among nurse and seedling species, prespectively. The "X" 

symbols refers to the interaction among variables (element-wise multiplication of matrices). 

Model Cover Functional Phylogeny logLik k AIC ΔAIC 

Observed - - - 298 - - - 

Area X Functional 1 2,41 - 1984 4 3976 0 

Area X Phylogeny 1 - 0,34 1994 4 3995 -19 

Area 1 - - 2105 2 4215 -239 

Functional - 1,77 - 2893 2 5790 -1814 

Phylogeny - - 0,21 2912 2 5828 -1852 

Null - - - 3001 1 6004 -2028 
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Figure S1. Schematic figure showing how vegetation cover was estimated in each plot. 

The grey shaded area represent the vegetation cover inside the plot, open circles are 

locations with bare ground and closed circles are location with some cover. 
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Figure S2. Complete nurse-seedling interaction networks using all vegetation survey 

plots with (left) and without (right) open areas. The intensity of small blue square 

represent the number of times a seedling species was record below the canopy of a 

nurse species. Red squares in the diagonal represent the compartment configuration that 

maximize modularity. Colored bullets next to species names represent to which 

compartment species belong to high nurse cover network. Grey bullets in the right 

network are species that were not recorded in the high nurse cover network. 
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Figure S3. Abundance rank distribution of a) nurses, using canopy area, and b) 

seedlings number in high nurse cover plots (dark grey bars) and low nurse cover plots 

(light grey bars).  
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Figure S4. Nurse-seedling interaction networks without using open areas in high nurse 

cover (left) and low nurse cover (right) plots. The intensity of small blue square 

represent the number of times a seedling species was record below the canopy of a 

nurse species. Red squares in the diagonal represent the compartment configuration that 

maximize modularity. Colored bullets next to species names represent to which 

compartment species belong to high nurse cover network. Grey bullets in the right 

network are species that were not recorded in the high nurse cover network. 
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CONSIDERAÇÕES FINAIS 

 

 Os mecanismos que podem explicar a relação positiva entre diversidade de plantas e 

produtividade do ecossistema nos experimentos realizados em pequenas escalas são 

diversos. Nesta tese, eu descrevo cinco mecanismos onde as interações entre plantas 

podem levar a uma maior produtividade em comunidades mais diversas. 

 

 Todos os mecanismos descritos possuem evidências na literatura, sendo que alguns 

experimentos encontraram evidências para mais de um mecanismo atuando 

concomitantemente. O papel de cada mecanismo pode variar de acordo com as 

características das espécies que compõem a comunidade de plantas e os recursos 

limitantes do ecossistema investigado. 

 

 A modelagem da distribuição geográfica das espécies de plantas pode ser uma boa 

alternativa para o estudo do efeito da diversidade de espécies de plantas em 

processos ecossistêmicos em grandes escalas. 

 

 A diversidade filogenética de plantas foi o melhor preditor da estabilidade da 

produtividade da Caatinga entre os anos de 2001 à 2010 mesmo depois de considerar 

as variações climáticas nesse período. 

 

 Na escala local, a estrutura modular das redes de interações entre plântulas e adultas 

sugere que processos de competição e facilitação atuam na composição da 

comunidade regenerantes da Caatinga. Indivíduos de plântulas tendem a ocorrer mais 

frequentemente abaixo de indivíduos adultos de espécies com características 

funcionais distintas das suas. 
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 Comunidades de plantas da Caatinga com alta diversidade de espécies e 

características funcionais divergentes podem garantir comunidades de regenerantes 

mais diversas, aumentando a capacidade de regeneração, a resiliência e a resistência 

da vegetação frente aos eventos climáticos extremos previstos para os próximos 

anos. 


