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Abstract
Chronic anthropogenic disturbance (CAD) and climate change represent two of the major threats to biodiversity globally, but
their combined effects are not well understood. Here we investigate the individual and interactive effects of increasing CAD
and decreasing rainfall on the composition and taxonomic (TD), functional (FD) and phylogenetic diversity (PD) of plants
possessing extrafloral nectaries (EFNs) in semi-arid Brazilian Caatinga. EFNs attract ants that protect plants against insect
herbivore attack and are extremely prevalent in the Caatinga flora. EFN-bearing plants were censused along gradients of
disturbance and rainfall in Catimbau National Park in north-eastern Brazil. We recorded a total of 2243 individuals belonging to 21 species. Taxonomic and functional composition varied along the rainfall gradient, but not along the disturbance
gradient. There was a significant interaction between increasing disturbance and decreasing rainfall, with CAD leading to
decreased TD, FD and PD in the most arid areas, and to increased TD, FD and PD in the wettest areas. We found a strong
phylogenetic signal in the EFN traits we analysed, which explains the strong matching between patterns of FD and PD
along the environmental gradients. The interactive effects of disturbance and rainfall revealed by our study indicate that the
decreased rainfall forecast for Caatinga under climate change will increase the sensitivity of EFN-bearing plants to anthropogenic disturbance. This has important implications for the availability of a key food resource, which would likely have
cascading effects on higher trophic levels.
Keywords Climate change · Extrafloral nectar · Plant biodiversity · Seasonally dry tropical forests · Semiarid ecosystems

Introduction
Habitat loss, anthropogenic disturbances within remaining
habitat, and climate change are the primary drivers of biodiversity decline globally (Pecl et al. 2017; Tilman et al. 2017).
In the semi-arid tropics, most remaining habitat is subject to
severe chronic anthropogenic disturbances (CAD), such as
grazing by domestic livestock, extraction of timber and nontimber forest products, and hunting (Singh 1998; Martorell
and Peters 2005). CAD can considerably impact biodiversity
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(Martorell and Peters 2005; Ribeiro et al. 2015; RibeiroNeto et al. 2016) and key ecological processes (e.g., Schultz
et al. 2016). Meanwhile, several studies have reported that
climate change is leading to changes in the morphology,
phenology and physiology of organisms (Bairlein and Winkel 2001; Yu et al. 2016), the distribution and abundance
of species (Harringon and Stork 1995; Mair et al. 2014),
the composition of, and interactions within, communities
(Rubenstein 1992; Vilela et al. 2017), and the functioning
of ecosystems (Walther et al. 2002).
The ecological threats posed by CAD and climate change
are serious enough when considered individually, but their
combined effects could have especially severe consequences
for biodiversity (Travis 2003; Rito et al. 2017a; Arnan et al.
2018a). This is especially true if both CAD and climate
change have similar effects. For instance, disturbance can
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increase habitat openness, temperature and desiccation
(Sagar et al. 2003; Silva et al. 2019a, b), and thus lead to
aridification (Prober and Thiele 2004; Friskoff et al. 2016).
Similarly, both CAD and climate change can cause differential declines of specialist species, leaving communities
dominated by generalists (Warren et al. 2001; Travis 2003).
In these cases, CAD and climate change can act together
to result in even higher rates of biodiversity loss and biotic
homogenization. CAD and climate change might also have
complex interactive effects. For example, the effects of
livestock grazing on plant diversity differ from positive to
negative with decreasing rainfall (Rotem et al. 2015, with
reptiles; Rito et al. 2017a).
The combined effects of disturbance and climate change
are a particular threat to species interactions, where direct
effects on one species will have cascading effects on others
(Williams and Middleton 2008). For example, long-term
studies have shown that harsh dry seasons imposed by climate change results in a reduced abundance of herbivorous
insects (Frith and Frith 1985), causing significant declines
in the density of insectivorous birds (Frith and Frith 2005).
These negative impacts of climate change are exacerbated by
anthropogenic disturbances, which reduce the foraging area
available for birds (Williams and Middleton 2008).
Extrafloral nectaries (EFNs) are a widespread mechanism
of plant defence, designed to attract ants for the protection of
plants from insect herbivores (Rudgers and Gardener 2004).
EFN-bearing plants occur in about 4000 species belonging
to more than 700 genera representing more than 108 families
of vascular plant species (Marazzi et al. 2013; Weber and
Keeler 2012). They may represent ca. 30% of the individuals and 25% of the arboreal plant species in tropical ecosystems, especially in arid and semiarid areas (Leal et al.
2017). Despite the ubiquity and ecological importance of
EFN-bearing plants (Marazzi et al. 2013), their distributions
along climatic and disturbance gradients have received little
attention.
Extrafloral nectar is a key resource for arboreal ants
(Davidson et al. 2003; Byk and Del-Claro 2011; Calixto
et al. 2021a) and this resource plays significant roles in
structuring plant and ant communities (Marazzi et al. 2013;
Ribeiro et al. 2018; Silva et al. 2019a, b), influencing the
abundance, composition and competitive interactions among
species (Rico-Gray et al. 1998; Heil et al. 2001; Ribeiro
et al. 2019). Ant activity at EFNs is highly sensitive to variation in rates of nectar secretion, reducing or even ceasing
entirely when rates are low (Heil et al. 2000; Kersh and Fonseca 2005). Both disturbance and climate change can affect
partner identity and interaction strength of this mutualism
by reducing levels of nectar secretion, altering the distributions of EFN-bearing plant species, and shaping the structure and/or composition of ant communities (Blüthgen and
Reifenrath 2003; Leal et al. 2015; Câmara et al. 2017, 2018;
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Calixto et al. 2021b; Nogueira et al. 2020). Thus, increased
disturbance or reduced water availability can negatively
affect EFN-bearing plants not only directly, but also indirectly through disrupting their mutualism with ants (Leal
et al. 2015; Calixto et al. 2021b).
Previous studies of impacts of disturbance on EFNbearing plants have focused on responses of species (taxonomic) diversity (TD), without considering different EFN
function or evolutionary history (Devictor et al. 2010).
EFNs have evolved multiple times among vascular plants
over their > 100 million-yr history (Weber and Keeler 2012;
Marazzi et al. 2013), and their evolution may have significantly influenced the evolution of the plants bearing them
(Marazzi and Sanderson 2010). Phylogenetic diversity
(PD) can provide a very different perspective on biodiversity change (Webb et al. 2002). For example, in Brazilian
Caatinga (a mosaic of semi-arid scrub and seasonally dry
tropical forest) species of Leguminosae and Euphorbiaceae
often proliferate at disturbed sites, and, given that many of
these bear EFNs (Leal et al. 2015; Rito et al. 2017b), the
TD of EFN-bearing plants might be expected to increase
with disturbance. However, if disturbance-sensitive clades
containing few species are lost, then PD would decline.
Similarly, there is substantial functional variation in EFNs
relating to their structure and location (Marazzi et al. 2013).
EFN structure can vary from simple glandular trichomes
to complex vascularized glands (i.e., flattened and elevated
nectaries), and EFNs can be variably located on leaves and
other organs (Heil and McKey 2003). Such attributes are
functionally significant, affecting rates and accessibility
of nectar production and attractiveness to ants (Apple and
Feener 2001; Díaz-Castelazo et al. 2005).
Analyses of FD and PD can therefore reveal important
insights into the responses of communities to disturbance
and climate change (e.g.,Arnan et al. 2018a; Ribeiro et al.
2016), including for ant mutualists and the protective services they provide (i.e., functional performance relationship at the community level; Tilman et al. 1997) that are
not revealed by changes in the TD of EFN-bearing plants.
Patterns of FD and PD can be similar if functional traits
that confer resilience to disturbance or climate change are
evolutionarily conserved, thereby displaying strong phylogenetic signals (Webb et al. 2002; Cavender-Bares et al. 2009).
This seems to be the case for EFN traits, which are usually
evolutionarily conserved (Weber and Keeler 2012; Marazzi
et al. 2013).
Our study investigates the individual and interactive
effects of increasing CAD and decreasing rainfall on the
taxonomic and functional composition and TD, FD and PD
of EFN-bearing plants in Caatinga. As is typical for the
semi-arid tropics, Caatinga supports dense human populations whose livelihoods are heavily dependent on the use
of local natural resources (Ribeiro et al. 2015; Silva et al.
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2017). Caatinga is also threatened by climate change, with
mean annual rainfall projected to decline by 22% this century (Magrin et al. 2014). Mean annual rainfall varies markedly over short distances within Caatinga, which provides
an opportunity for investigating likely impacts of climate
change using space-for-time substitution (Caddy-Retalic
et al. 2017).
We specifically address three hypotheses: (1) CAD leads
to aridification and thus has a similar impact as does decreasing rainfall on the composition of EFN-bearing plants and
their three facets of diversity; (2) CAD and rainfall have
interactive effects on the diversity of EFN-bearing plants
with more disturbed and dryer areas presenting the lowest
diversity scores; and (3) FD and PD respond differently than
TD to variation in CAD and rainfall, with stronger effects
on FD and PD than on TD because small changes in TD can
result in large changes in FD and PD.

Materials and methods
Study area
The study was carried out in Catimbau National Park (8º
24′ 00ʺ and 8º 36′ 35ʺ S; 37º 09′ 30ʺ and 37º 14′ 40ʺ W,
Fig. 1), a 640 k m2 Caatinga reserve. Caatinga is a mosaic
of dry forest and scrub that covers 912,529 km2 in northeastern Brazil (Silva et al. 2017). The climate is semi-arid,
with annual temperature averaging 23 °C, and mean annual
rainfall varying from 480 to 1100 mm per year, concentrated

between March and July (Rito et al. 2017a). Deep sandy
(quartzite) soils predominate (covering 70% of the area),
but planosols (15%) and lithosols (15%) are also present
(Rito et al. 2017a). Leguminosae, Euphorbiaceae and Myrtaceae are the most important woody plant families (Rito et al.
2017a) while the herbaceous understory is dominated by
Poaceae, Asteraceae and Cyperaceae (Athiê-Souza et al.
2019). The Park was established in 2002 and its inhabitants still remain; the Park thus continues to be subject to
extensive human livelihood activities, including livestock
grazing, timber harvesting, firewood collection and hunting
(Arnan et al. 2018b; Rito et al. 2017a). For example, EFNbearing species such as Anadenanthera colubrina, Croton
heliotropiifolius, Piptadenia stipulacea, and Sapium glandulosum are all commonly used for fence construction and
(Specht et al. 2019), as they are more generally in Caatinga
(Nascimento et al. 2012). Similarly, EFN-bearing species
such as Cynophalla hastata, Libidibia ferrea, Cenostigma
microphyllum, and Senna velutina are significant components of cattle and goat diets (Specht et al. 2019).
Based on satellite imagery, soil maps, and data on rainfall
and disturbance (see below), we established 20 50 m × 20 m
(0.1 ha) study plots that cover a wide range of CAD and rainfall. Plots were separated by a minimum of 2 km and located
within a total area of 214.3 km2. To control for potential
variation in vegetation age, terrain slope and soil characteristics, all plots were located on quarzitic sand soil and
flat terrain of old-growth stands (Rito et al. 2017a). There
was no correlation between levels of disturbance and rainfall
(Arnan et al. 2018a).

Fig. 1  Location of study plots in Catimbau National Park, northeastern Brazil. a Limits of Catimbau National Park with the 20 study plots represented by circles (increasing circle size represents higher levels of disturbance). b Location of Catimbau National Park (white star) in Brazil
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Characterising disturbance and rainfall
We characterised CAD using a global multi-metric disturbance index previously established for the study plots
(Arnan et al. 2018b). The index combines three types of
source information (see Appendix 1 for details): (i) indirect
landscape measures using satellite imagery in ArcGIS 10.1
software: proximity to the nearest house, and proximity to
the nearest road; (ii) socio-ecological information obtained
by interviewing local households: number of people, number
of goats, number of cattle and firewood use; and (iii) direct
field measures of the length of goat trails, the density of
goat and cattle dung, extents of live-wood extraction and
fire-wood collection. The global multi-metric index has a
potential range from 0 (no disturbance) to 100 (highest disturbance), and actual values ranged from 2 to 58.
We obtained data on mean annual rainfall for each plot
from the WorldClim global climate data repository for
1970–2000 (Hijmans et al. 2005) with 1 km resolution using
the “maptools” package for R 3.1.2 (R Core Team 2014).
Mean annual rainfall ranged from 460 to 940 mm among
plots. Such extreme variation in a small geographic area
makes the study area ideal analysing the ecological effects
of rainfall.

Plant survey
We used woody plant inventory data that have previously
been published for the 20 0.1-ha plots (Rito et al. 2017a).
Species were assessed as bearing EFNs on the basis of published literature (e.g.,Elias 1983; Rico-Gray and Oliveira
2007; Melo et al. 2010) and information available on the
World List of Plants with Extrafloral Nectaries (Weber et al.
2015). When the information was unclear or contradictory
(such as for some species of the euphorb genera Cnidosculus, Croton and Jatropha), we performed our own field
collections and samples were sent to Estadual University
of Bahia herbarium (HUNEB Herbarium) and Vale do São
Francisco herbarium (HVASF Herbarium), where they were
examined under a stereomicroscope for EFNs.

EFN functional traits
For each species, we used information from Weber et al.
(2015), Queiroz (2009) and Melo et al. (2010) to document
three traits related to nectar secretion and attraction/access
to ant attendants: EFN morphological type, location and
arrangement (Appendix 2). Eight of the EFN morphological types recognized by Weber et al. (2015) occurred in our
study species: (i) elevated; (ii) flat-elevated; (iii) digitiformelevated; (iv) concave-elevated; (v) stipitate; (vi) globose;
(vii) impregnated in slot and (viii) glandular trichomes. We
recognized eight EFN locations in our study species: (i) base

13

of petiole; (ii) petiole (other than the base); (iii) interpetiolar;
(iv) rachis; (v) base of leaflet; (vi) leaf tip; (vii) leaf margin
and (viii) floral pedicel. EFNs can occur either in isolation
or arranged in groups (Díaz-Castelazo et al. 2005), categorised as: (i) isolated; (ii) variably isolated/paired; (iii) paired
and (iv) grouped (> 2 EFNs), with multiple EFNs providing greater total nectar resources (Apple and Fenner 2001;
Lange et al. 2017).

Phylogenetic relatedness
We constructed a regional time-calibrated phylogeny of our
recorded EFN-bearing plants species using information from
four gene regions (matK, 5.8S, rbcL and trnL-trnF) from
sequence data available in GenBank (Appendix 3). The continuous phylogenetic distance between the sampled species
was estimated using Bayesian inference and Markov chain
Monte Carlo (MCMC) methods implemented in BEAST
v.1.8.2 (Drummond et al. 2012). Further details on the methodology used to build the time-calibrated tree are provided
in Ribeiro et al. (2016).

Measuring taxonomic, functional and phylogenetic
diversity
To measure TD, FD and PD we used the Rao’s coefficient
of diversity (i.e., RaoQ, Rao 1982), which is a standardized
method that can be used to compare these diversity facets
within the same mathematical framework (de Bello et al.
2010). This index is especially recommended to calculate
FD for categorical traits (Rao 1982; Leps et al. 2006), and
its estimates of FD and PD are relatively independent of TD
(Mouchet et al. 2010). Values of this index represent the
expected taxonomic, functional or phylogenetic dissimilarity between two individuals of different species chosen at
random from the community. The Rao’s coefficient of diversity was calculated using the following formula (Rao 1982;
Pavoine et al. 2004):

𝛼Rao =

n
n
∑
∑

dij PiPj

i=1 j=1

where dij is the distance between species i and j, which can
be taxonomic, functional, or phylogenetic, and P is relative abundance. We measured taxonomic distances between
species as dij = 1, where i ≠ j and dij = 0, when i = j. We
used cophenetic distances from the phylogeny to measure
the phylogenetic distances between species. To determine
functional distances between species we conducted principal
component analysis (PCA) on the standardized (mean = 0,
SD = 1) trait data to correct for the effect of highly correlated traits on the distance matrix (Devictor et al. 2010;
Purschke et al. 2013). We then, used the rotated PCA axes
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to calculate Euclidian distances between species. Finally,
we transformed the taxonomic, phylogenetic and functional
distances by dividing each type of distance by its maximum
value, such that in each case distance values ranged from 0
to1 (de Bello et al. 2010). RaoQ index values range from 0
to maximum Simpson index. Calculations were performed
using the ‘rao’ function (de Bello et al. 2010) in R.

Statistical analyses
We used Canonical Correspondence Analysis (CCA; Legendre et al. 2011) to evaluate variation in species composition of EFN-bearing plants in relation to variation in CAD,
rainfall and their interaction. We performed a randomization test (10 000 randomizations) to obtain the statistical significance of the 2 explanatory variables (Legendre
et al. 2011). To analyze the effects of variation in CAD
and rainfall and their interaction on functional composition we constructed Linear Models (LMs), where CAD,
rainfall and their interaction were the fixed factors and the
proportion of plants with particular EFN trait states was
the response variable. Both explanatory variables were
standardized (centred and scaled) to facilitate comparison
across variables. We conducted one model for each trait
state that occurred at least in six plots along the gradients.
Thus, we were not allowed to conduct statistical analyses for the stipitate, impregnated in slot, base of petiole,
interpetiolar, base of leaflet, leaf tip and floral pedicel trait
states. All response variables (excepting the paired trait
state that was log-transformed) were arcsin(sqrt) transformed to achieve homoscedasticity and normality of
model residuals. The analyses were performed using the
‘lm’ function in R.
To test the effects of variation in CAD and rainfall and
their interaction on the TD, FD and PD of EFN-bearing
plants we again performed LMs, where CAD, rainfall and
their interaction were the fixed factors. Both explanatory
variables were again standardized to facilitate comparison
across variables. TD was log transformed to achieve homoscedasticity and normality of model residuals.
A strong correlation between FD and PD would be
expected if the functional traits that allow species to persist
in the environment are evolutionarily conserved, that is to
say, they display phylogenetic signals (Webb et al. 2002;
Cavender-Bares et al. 2009). We tested for the presence of
phylogenetic signal in each of the three EFN traits (type,
location and arrangement) by comparing the minimum
number of trait-state changes across the phylogenetic tree
to a null model (a fixed tree, character randomly reshuffled
model) with 999 randomizations, following the methodology
of Maddison and Slatkin (1991) and using the ‘phylo.signal.
disc’ function in R.

Results
We recorded a total of 2243 individuals belonging to 21
species from 13 genera and four families of EFN-bearing
plants (Appendix 2), representing 40% of total individuals and 16% of total plant species in our 20 plots. At the
plot scale, mean (± SE) number of individuals was 112
(± 15) and richness was 5.1 (± 0.5). Most of the EFNbearing plant species (15; 71.4%) and individuals (73%)
belonged to Leguminosae (Appendix 2). The most common EFN-bearing species were Pityrocarpa moniliformis
(Benth.) Luckow & R.W. Jobson (Leguminosae; 27.8%
of total individuals), Cenostigma microphyllum (Mart.
ex G. Don) L.P. Queiroz (Leguminosae; 19.6%) and Croton argyroglossus Baill. (Euphorbiaceae; 18.8%), which
together accounted for two-thirds of all EFN-bearing individuals (Appendix 2). The most widely distributed EFN
morphological types across species were digitiform-elevated (occurring in 4 of the 21 species), globose, concaveelevated, elevated, flat elevated and glandular trichomes
(three each; Appendix 2), with the last being most common overall, occurring in 39% of all EFN-bearing individuals. The most widespread EFN locations were rachis
(nine species) and petiole (six), with the latter representing
47% of total individuals. Finally, EFNs were arranged in
isolation in 17 of the 21 species, representing 71% of total
individuals (Appendix 2).
The first and second CCA axes explained 33.0 and
20.6% respectively of the variation in species composition
of EFN-bearing plants (Fig. 2), but only the first axis was
statistically significant (CCA1: F = 2.5, p = 0.027; CCA2:
F = 1.6, p = 0.279). Only rainfall was significantly associated with variation in species composition (CAD: F = 1.4,
p = 0.144; rainfall: F = 2.4, p = 0.001; rainfall × CAD:
F = 1.1, p = 0.365). Axis 1 differentiated plant communities favoured by increased rainfall (with Cynophalla flexuosa (L.) J. Presl., Turnera cearensis Urb., Senna velutina
(Vogel) H.S. Irwin & Barneby, S. rizzini H.S. Irwin &
Barneby and Sapium glandulosum (L.) Morong as characteristic species) from those favoured by decreased rainfall
(Senegalia polyphylla (DC.) Britton, Cenostigma microphyllum, Pityrocarpa moniliformis, Croton helitropifolius
Kunth and Piptadenia stipulacea (Benth.) Ducke as characteristic species).
As for taxonomic composition, functional composition
was strongly affected by rainfall, but not by CAD (Appendix 4). The relative abundance of plants with elevated,
digitiform-elevated, located in rachis and isolated EFNs
declined with decreasing rainfall (Appendix 5), while the
relative abundance of glandular trichomes and grouped
traits increased with decreasing rainfall (Appendix 5).
There was a significant interaction between CAD and
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Fig. 2  Canonical Correspondence Analysis ordination diagram displaying the association
between the rainfall gradient
and species composition of
extrafloral nectaries-bearing
plant communities in Catimbau
National Park, northeastern
Brazil

rainfall on the relative abundance of flat-elevated EFNs,
in that it declined with decreasing rainfall and this effect
was stronger in the most disturbed areas (Appendix 5).
There were significant interactive effects of CAD and
rainfall on TD, FD and PD (Table 1). Increasing disturbance reduced TD (a reduction of 44%), FD (12%) and
PD (15%) in the aridest plots but increasing them in the
wettest (an increase of 163%, 20% and 17% in TD, FD and
PD, respectively, Fig. 3). Decreasing rainfall negatively
influenced TD (a reduction of 62% from the wettest to
the driest), FD (14%) and PD (16%) in the most disturbed
areas, but increased TD (78%), FD (17%) and PD (37%)
in the least disturbed areas (Fig. 3). There was a strong
phylogenetic signal in each of the three EFN traits: morphological (p < 0.0001), location (p = 0.04), and arrangement (p = 0.03) (Appendix 6).

Table 1  Statistical outputs from
Linear Models analyzing the
effects of chronic anthropogenic
disturbance, rainfall and their
interaction on taxonomic,
functional and phylogenetic
diversity of extrafloral
nectary-bearing plants species
in Catimbau National Park,
northeastern Brazil

Diversity facet Variables
Rao taxonomic diversity
Rainfall
Chronic disturbance index
Rainfall*Chronic disturbance index
Rao functional diversity
Rainfall
Chronic disturbance index
Rainfall*Chronic disturbance index
Rao phylogenetic diversity
Rainfall
Chronic disturbance index
Rainfall*Chronic disturbance index

Discussion
Our study addressed the effects of increasing CAD and
decreasing rainfall on the taxonomic and functional composition and TD, FD and PD of EFN-bearing plant communities in Brazilian Caatinga. Our results show that (1) CAD
and rainfall have important individual and interactive effects,
(2) taxonomic and functional composition change along the
rainfall gradient, but not along the disturbance gradient,
(3) the three facets of diversity increase and decrease with
increasing disturbance at the most humid and most arid areas
of the Park, respectively, (4) TD, FD and PD responded in
the same direction to increasing disturbance and decreasing
rainfall, but TD responses were stronger than those of FD
and PD responses, and (5) there is a strong phylogenetic
signal in all three functional traits evaluated (i.e., related

Standardized slope
(Standard Error)

t

P

0.045 (0.039)
− 0.044 (0.040)
0.098 (0.037)

1.17
− 1.1
2.63

0.258
0.288
0.018

0.005 (0.015)
− 0.023 (0.015)
0.049 (0.014)

0.32
− 1.51
3.53

0.754
0.15
0.003

− 0.024 (0.024)
− 0.028 (0.026)
0.081 (0.023)

− 1.01
− 1.09
3.574

0.328
0.291
0.003

We considered variables that were different at p < 0.05 to be significant
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Model R2
0.18

0.35

0.43
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Fig. 3  Interactive effects of chronic anthropogenic disturbance and
rainfall on a taxonomic, b functional, and c phylogenetic diversity of
extrafloral nectaries-bearing plant communities in an area of Caatinga located at Catimbau National Park, northeastern Brazil. Circle
size corresponds the magnitude of the predicted diversity values, with
smaller and larger circles depicting lower and higher values of diversity, respectively

species tend to share similar traits), explaining why PD and
FD showed similar responses.
Our first hypothesis that CAD leads to aridification and
thus has a similar impact on the composition and diversity
of EFN-bearing plants as does decreasing rainfall was supported for diversity. We found that rainfall and CAD had
similar impacts, both positive and negative, on all three facets of the diversity of EFN-bearing plants. However, compositional variation was not congruent along the two gradients:
species composition showed little variation along the disturbance gradient whereas there was high species turnover
along the rainfall gradient. The most common xeric species
were Cenostigma mycrophyllum, Croton heliotropiifolius
and Senegalia polyphylla (Queiroz 2009), and these are
likely favoured at the expense of more-mesic species by a
drier climate. Thus, the hotter and drier climate change scenarios projected for the Caatinga (Torres et al. 2017) can
lead to important processes of homogenization of EFN-bearing plants in the future. The occurrence of several functional

traits relating to EFN type, location and arrangement also
varied markedly along the rainfall gradient. Notably, the
abundance of plants with glandular trichomes and grouped
EFNs (which are more accessible to generalist ants than
other EFN types) increased with decreasing rainfall, which
might explain why interactions between EFN-bearing plants
and ants become more generalized and temporally unstable
in drier areas (Câmara et al. 2018, 2019). However, we found
no systematic changes in species or functions along the disturbance gradient. Our findings suggest that CAD has not
led to regional homogenization of either species, functions
or phylogenetic lineages.
Our second hypothesis that CAD and rainfall have significant interactive effects on the diversity of EFN-bearing
plants was supported by our findings that increasing CAD
reduced TD, FD and PD in the most arid areas, but increased
them in the wettest areas. This is consistent with previous
findings that species diversity of plants overall in Caatinga
is positively associated with chronic disturbances in wet
areas, whilst in most dry areas it is negatively impacted (Rito
et al. 2017a). In drier areas plants might be more sensitive
to disturbance because they are water stressed (Allen et al.
2017), whereas in wetter (and more productive) areas CAD
might promote diversity by reducing competitive exclusion
by dominant species (Grime 1973; Connell 1978).
We found no support for our third hypothesis that FD
and PD show stronger responses to variation in CAD and
rainfall than does TD. Rather, the reverse was true, which
indicates that FD and PD are somewhat buffered from the
loss of TD due to significant ‘redundancy’ in functional
types and phylogenetic lineages (Petchey and Gaston 2002).
However, our results show that a loss or increase of species
is accompanied by some losses (or increases) in the diversity of functional traits and phylogenetic lineages. Overall,
we found a strong matching in the distributions of FD and
PD along both CAD and rainfall gradients. This is consistent with the strong phylogenetic signals we found in all the
functional traits we measured, indicating that morphological
traits of EFNs are evolutionarily conserved, such that more
closely related EFN-bearing plant species share more similar
functional traits (Webb et al. 2002; Cavender-Bares et al.
2009). These results agree with those of other studies finding
phylogenetic signals in EFN traits (Weber and Keeler 2012;
Marazzi et al. 2013).

Conclusions
We found that declining rainfall and increasing CAD have
important individual and interactive effects on communities of EFN-bearing plants, and therefore on a key ant-plant
mutualism. These findings have important implications
for the likely impacts of the marked reduction in rainfall
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forecasted not only for Caatinga but for the semi-arid tropics
globally (Burkett and Suarez 2014; Magrin et al. 2014). The
implications extend beyond direct impacts on communities
of EFN-bearing plants, as changes in the functional diversity and composition of EFNs are likely to have important
consequences for attendant ants and the protective services
provided by them, as well as on the other ecological roles
they play. Any reduction in protective services provided by
ants will exacerbate the direct impact of climate change on
EFN-bearing plants. Our findings suggest that Caatinga conservation policies should prioritize protection of the driest
areas, because this is where the biodiversity costs of disturbance are highest.
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