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Chronic anthropogenic disturbances and climate change are the main threats to biodiversity, acting as potential
drivers of assembly reorganization in human-modified tropical landscapes. We aimed to understand how the
reproductive traits of edible fruit plant assemblages respond to chronic disturbances and aridity in the Caatinga,
a dry forest in northeastern Brazil housing a human population that greatly depends on natural resources for
subsistence and is threatened by increasing aridity. The study was carried out across 20 permanent plots of
Caatinga, covering gradients of chronic disturbances (livestock grazing, wood extraction and non-timber product
exploitation) and aridity (1051 mm to 664 mm). We registered 24 native plant species with fruits that are edible
for humans, which were classified according to their flowering/fruiting pattern, floral size and reward, sexual
and reproductive systems, pollination systems, and fruit types. They were also grouped into two categories of
reproductive strategies (generalists and specialists). We documented that chronic disturbances and aridity pose
more negative than positive effects on the reproductive traits of edible fruit plants in terms of trait richness
(negative: 29% of the traits; positive: 3.2%) and abundance (negative: 19.3%; positive: 3.2%). In general, we
observed that 79.2% of the studied species had at least one reproductive trait that was negatively reduced by
increased chronic disturbance and/or aridity in terms of trait richness and abundance. Overall, 75% of the edible
fruit species have specialized reproductive strategies that were negatively affected by chronic disturbances and/
or aridity. Specifically, individual or combined effects of chronic anthropogenic disturbances or aridity nega
tively impacted the richness and abundance of specialized reproductive traits such as supra-annual flowering and
fruiting patterns and obligatory cross-pollinated edible fruit species. Also, in terms of richness, the reproductive
functional diversity of specialized reproductive strategies was negatively affected by increasing aridity. Our
findings indicate that in the expected future scenarios of increased land-use and climate change, the Caatinga
could face a collapse in the offer of edible fruits to local human communities by impacting the provision of this
ecosystem service.

1. Introduction
Plant community organization in human-modified landscapes is a
key ecological issue for ecosystem functioning that has been widely
studied in tropical forests (e.g., Carreño-Rocabado et al., 2012, 2016;
Ribeiro et al., 2015, 2016, 2019; Ribeiro-Neto et al., 2016; Zorger et al.,
2019). Anthropogenic disturbances and climate change are the main
threats to plant communities as they reorganize the functional profile of

species assembly, affecting community functioning and the provision of
ecosystem services (e.g., Carreño-Rocabado et al., 2016; Ribeiro et al.,
2019; Silva et al., 2020a,b). Therefore, the responses of plant commu
nity functional traits to human-driven environmental changes emerge as
an important approach to identify the underlying mechanisms respon
sible for the biological impoverishment and biotic homogenization of
assemblages along environmental gradients (e.g., Ribeiro et al., 2015,
2019; Silva et al., 2020a; Zorger et al., 2019). In this context,
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community-level changes in the functional traits of organisms in
disturbed habitats have implications for forest resilience due to several
effects on the provision of ecosystem functioning and ecological services
(Carreño-Rocabado et al., 2016; Ribeiro et al., 2019; Sfair et al., 2018;
Silva et al., 2020a,b).
Isolated or combined effects of chronic anthropogenic disturbances
(i.e. firewood collection, non-timber products exploitation, livestock
farming, hunting) and aridity (i.e. water deficit) impacting both plant
and animal populations and human communities have been docu
mented in seasonally dry tropical forests (e.g., Arnan et al., 2018a,b;
Arroyo-Rodríguez et al., 2015; Martorell and Peters, 2005). For instance,
chronic disturbances and aridity were accountable for reducing the
functional diversity of woody plants (e.g., Rito et al., 2017; Sfair et al.,
2018; Silva et al., 2020b) and ants (Arnan et al., 2018a). Also, the
reproductive functional diversity of specialized strategies is reduced by
increasing chronic disturbances and aridity (Silva et al., 2020b), which
is expected, given that specialized traits are more sensitive to distur
bance and climate change than generalists (Girão et al., 2007; Lopes
et al., 2009; Silva et al., 2019, 2020b). In some cases, considering, for
instance, the plant diversity and plant reproductive traits, the effects of
increasing aridity may exacerbate the consequences of chronic distur
bances (Gibb et al., 2015; Rito et al., 2017a; Silva et al., 2020b), and
could aggravate the disruption of plant-animal interactions (Câmara
et al., 2019; Silva et al., 2020b). From this perspective, chronic distur
bances and aridity are potential drivers that shape community assembly,
exerting negative effects on biological diversity at the functional level,
favoring the process of biotic homogenization (Ribeiro et al., 2015,
2019) and affecting key mutualistic interactions that are critical to
ecosystem functioning and services, such as seed dispersal and pollina
tion (e.g., Kiers et al., 2010; Leal et al., 2014; Memmott et al., 2007;
Oliveira et al., 2019; Vilela et al., 2018).
Plant-animal interactions play a critical role in pollination and seed
dispersal (Jordano, 1987; Ollerton et al., 2011). In particular, mutual
istic interactions are important for biodiversity organization and pro
vision of ecosystem services (e.g. Bascompte and Jordano, 2007; IPBES,
2016). Ecosystem services refer to all nature’s benefits to people,
providing quality of life and well-being for humans worldwide (IPBES,
2016). Therefore, the offering of edible fruits is a good example of na
ture’s gifts [as a holistic valuation of ecosystem services (IPBES, 2016)]
to local human communities (e.g., Diaz et al., 2018; Mensah et al., 2017;
Paz et al., 2021). As many local communities inhabiting dry forests are
poor and highly dependent on natural forest products for livelihood and
food, the availability of edible fruits emerges as an ecosystem service
that provides a richer, more nutritious diet (e.g., Chaves et al., 2017;
Nascimento et al., 2013). However, depending on the intensity, human
actions on natural habitats could erode the quality of life of people by
reducing nature’s capacity to provide some ecosystem process, such as
pollination (Diaz et al., 2019), a crucial plant-animal interaction that
many plants species rely on to set fruits (Klein et al., 2007; Ollerton
et al., 2011; Paz et al., 2021). Anthropogenic disturbances negatively
impact both plant and pollinator diversity (Potts et al., 2010; Tilman and
Lehman, 2001), thus affecting pollination and reducing food production
(including edible fruits), and risking the food security of indigenous and
local communities (e.g. Diaz et al., 2018, 2019; IPBES, 2016).
The Caatinga is the largest continuous expanse of seasonally dry
tropical forest on Earth (Silva et al., 2017). It houses a population of
approximately 29 million people that greatly depend on natural re
sources (Silva et al., 2017), forcing local human populations to use an
imals and plants for their subsistence (Albuquerque et al., 2017;
Monteiro et al., 2010). Although family farming is predominant in local
communities, the collection of wild food is widely acknowledged (e.g.,
Albuquerque and Andrade, 2002; Chaves et al., 2017; Cruz et al., 2013;
Nascimento et al., 2013; Nunes et al., 2018). The ethnobotanical
knowledge of food plants used by local communities reveals more than
50 plant species native to Brazil and occurring in the Caatinga dry forest
that are reported as human food sources (Jacob et al., 2020); this

number rises to 129–169 when exotic species are included. Considering
only native species, 75% offer fruits and/or seeds that are palatable and
consumed by humans (Jacob et al., 2020; Nascimento et al., 2013).
However, the continuous exploitation of natural resources by local
communities and the increasing aridity could jeopardize this important
service (i.e., edible fruit offering). The major sources of chronic distur
bances in the Caatinga are livestock grazing, wood extraction for houses
and fences, firewood and charcoal, exploitation of non-timber forest
products, and slash-and-burn agriculture (Arnan et al., 2018b; Rito
et al., 2017a; Silva et al., 2017). Additionally, the Caatinga dry forest is
one of the six ecosystems most vulnerable to climate variability (Seddon
et al., 2016), with climate models indicating that it will likely experience
a 22% reduction in rainfall and a 3–6 ◦ C increase in temperature by 2100
(IPCC, 2014; Magrin et al., 2014). Nevertheless, the isolated and com
bined effects of chronic disturbances and aridity on the reproductive
traits of plant species with edible fruits in the Caatinga dry forest and the
impacts of these drivers on ecological services remain unknown.
Here, we aim to understand the isolated and combined effects of
chronic disturbances and aridity (i.e., water deficit) on the composition
and diversity of reproductive traits and strategies of edible fruit plants.
We first report the abundance and richness of reproductive traits of
plants with edible fruits in a Caatinga dry forest, then we test the general
hypotheses that individual and combined increases in chronic distur
bances and aridity levels negatively impact reproductive traits and
strategies of those plants due to higher human exploitation and reduc
tion in productivity associated to higher levels of aridity. Specifically,
we expect that (1) both increasing chronic anthropogenic disturbances
and aridity reduce the abundance, richness and functional diversity of
reproductive traits and strategies, (2) there are also combined effects of
chronic disturbances and aridity, so that the disturbance effects are
contingent on the level of aridity and (3) specialized reproductive traits
and strategies are more negatively affected by chronic anthropogenic
disturbances and aridity.
2. Materials and methods
2.1. Study site
This study was carried out at Catimbau National Park (8◦ 24′ 00′ ’ to
8 36′ 35′ ’S, 37◦ 00′ 40′ ’ to 37◦ 01′ 40′ ’W), a 670 km2 protected area
located in the state of Pernambuco, northeastern Brazil (Freire, 2015).
This region has a semiarid, hot and dry climate (Köppen, 1948), with
annual average temperature of 25 ◦ C and wide variation in precipitation
(from 1,100 mm to 480 mm) at the landscape scale (Rito et al., 2017a).
The predominant soil type is deep quartzite sand soils (70%), but pla
nosols and lithosols are also present (Siqueira et al., 2017), supporting
short-stature Caatinga vegetation (Rito et al., 2017). Although Catimbau
National Park was officially declared a protected area in 2002, it still
houses rural and indigenous settlements that use natural resources for
family farming, hunting, subsistence agriculture, and livestock (Rito
et al., 2017a). The dissemination of these sources of chronic anthropo
genic disturbances led to high increases in land use (704% between 2000
and 2014) within the park limits (Freire, 2015).
◦

2.2. Experimental design
We selected, using RapidEye satellite images and soil maps, 20 1000
m2 (20 m × 50 m) permanent plots spaced at least 2 km apart from each
other, covering a total area of 214.3 km2 (see Rito et al., 2017 for de
tails). The plots are separated at least by 2 km because it is the minimum
distance to maintain independence and avoid spatial correlation be
tween plots (Rito et al., 2017). Therefore, the 20 plots used in the present
study are not spatially correlated (Rito et al., 2017). All plots were on
sandy soil, had similar slope, and supported old-growth vegetation that
had not suffered slash and burn agriculture for at least 50 years (sensu
Rito et al., 2017a). These plots include gradients of different sources of
2
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chronic anthropogenic disturbances and water deficit (as a proxy for
aridity) (Fig. 1).

Nascimento et al., 2013).
2.4. Estimating chronic anthropogenic disturbance indexes

2.3. Plant survey and edible fruit species identification

To estimate the intensity of chronic anthropogenic disturbance in
each plot, we used a disturbance index (sensu Arnan et al., 2018b),
which comprises the integration of three main sources of chronic
anthropogenic disturbances: (1) livestock pressure index (GPI), which
relates to herbivory activity and other physical damage in the plots
caused by goats and cattle), (2) wood extraction index (WEI), which
estimates live wood extraction and firewood collection and (3) nontimber product exploitation index (NTPEI), which includes the collec
tion of medicinal plants, food items for humans, hunting and livestock
fodder. GPI and WEI were measured in the field through assessments of

We sampled all individuals of shrubs and trees with diameter at soil
level ≥ 3 cm and height ≥1 m within each plot (sensu Rito et al., 2017a)
and identified them at the species level according to the APG IV system
(APG, 2016). We then identified from this plant survey what species are
native to Brazil, with occurrence in the Caatinga according to the Flora
do Brasil (2020) website, and known or referred to as bearing fruits and/
or seeds edible for humans (hereafter edible fruits). We classified species
as bearing edible fruits by assessing ethnobotanical information
included in the literature (e.g., Chaves et al., 2017; Jacob et al., 2020;

Fig. 1. Location of the study area. Map of South America highlighting the Caatinga dry forest in northeastern Brazil (A); Catimbau National Park in the state of
Pernambuco (B); Boundaries of Catimbau National Park highlighting the location (solid dots) and identification (numbers) of each plot (C).
3
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goat trail length, goat dung, cattle dung, live wood extraction (stem
cuts) and coarse woody debris extraction (litter) within each plot. For
NTPEI we used two indirect sources of information: geographic distance
(i.e., proximity to houses and proximity to roads) and socio-ecological
context (i.e., number of people). All individual indexes range from
0 to 100 (see Arnan et al., 2018b for more detailed information). Each
source of chronic anthropogenic disturbance mentioned above was
individually calculated using the following equation, which was origi
nally proposed by Legendre and Legendre (1998) to estimate levels of
land-use intensity:
∑n
(yi − ymin )/(ymax − ymin )
I = i=1
× 100
n

Table 1
Major classes of reproductive traits with their respective trait categories and
level of specialization.
Reproductive
traits

Trait categories and level of specialization* (specialized
in bold)

Flowering patternsa
Fruiting patternsa
Floral sizesb

sub-annual, continuous, annual, supra-annual
sub-annual, continuous, annual, supra-annual
Inconspicuous (≤4mm), small (>4 ≤ 10 mm), medium
(>10 ≤ 20 mm), large (>20 ≤ 30 mm), very large (>30
mm)
self-compatible, self-incompatible, obligatory crosspollination (self-incompatible species + dioecious)
bats, bees [small-sized bees (<12 mm) and medium-large
bees (≥12 mm)], beetles, butterflies, diverse small insects
(DSI), moths, Sphingids (hawkmoths)
dry, fleshy

Reproductive
systemsd,e
Pollination systems c

where I indicates disturbance intensity, yi is the observed value for a
given disturbance metric in each plot i, ymin and ymax represent the
minimum and maximum observed values for the disturbance metric
considering all plots, respectively, and n is the number of individual
disturbance metrics included in this index. This equation allows
different metrics to be equally combined into the final index, as the
values of each metric are standardized to vary between 0 and 1. The
three disturbance sources analyzed varied independently among the
plots (for more details see Arnan et al., 2018b).

Fruit type

f

a

According to Newstrom et al. (1994); b according to Machado and Lopes
(2004); c according to Faegri and Pijl (1979), Endress (1994), Proctor et al.
(2006) and Frankie et al. (1983) for bee body size; d according to Endress (1994),
Proctor et al. (2006), Bawa (1980); e outcrossing (i.e. obligatory crosspollination) according to Richards (1997); f according to Spjut (1994). *In
addition, we regrouped the traits into six distinct levels of reproductive strate
gies of specialization (i.e. specialists vs. generalists): 1) flowering patterns
[specialized (annual + supra-annual) and generalist (sub-annual + continuous)
according to Tabarelli et al. (2010)] ; 2) fruiting patterns [specialized (annual +
supra-annual) and generalist (sub-annual + continuous) according to Tabarelli
et al. (2010)]; 3) floral sizes [specialized (medium + large + very large) and
generalist (inconspicuous + small) according to Girão et al. (2007)]; 4) repro
ductive systems [specialized (self-incompatible + dioecious; i.e. obligatory
cross-pollinated species)] and [(generalist (self-compatible) according to Girão
et al. (2007)]; 5) pollination systems [specialized (bats + birds + medium-large
bees + beetles + Sphingids) and generalists (small bees + diverse small insects
+ butterflies + moths + flies + wind) according to Kang and Bawa (2003)]; 6)
fruit types [specialized (fleshy) and generalists (dry) according to Silva et al.
(2020a)].

2.5. Aridity gradient
The water deficit/aridity (ARD) data for each plot (i.e. the difference
between potential evapotranspiration (PET) and actual evapotranspi
ration (AET)) (Lutz et al., 2010) was obtained from hydrological maps
from the CGIAR-CSI’s Global Aridity and PET Database and the Global
High-Resolution Soil Water Database (Trabucco & Zomer, 2010). We
used 30-arc-second (1 km) resolution maps of long-term mean annual
PET and AET (Arnan et al., 2018a). The levels of aridity covered a wide
gradient among the sampled plots, ranging from 658 mm to 1086 mm.
Aridity was not correlated to any of the chronic anthropogenic pressure
indexes (see Arnan et al., 2018a for more details).

e. specialists vs. generalist trait categories) in woody plants with edible
fruits, we used the number of species and individuals in each repro
ductive trait category (e.g., Arnan et al., 2014; Silva et al., 2020b). The
prevalence of all individual or grouped traits was quantified in terms of
number of species and individuals in each plot. To estimate the func
tional diversity of reproductive traits of the edible fruit species assem
blages, we used Rao’s coefficient of diversity (Botta-Dukát, 2005). This
coefficient is based on the expected dissimilarity between any two in
dividuals of different species randomly sampled from each plot (Rao,
1982). Rao’s coefficient was calculated as follow:

2.6. Reproductive traits and strategies of edible fruit species
The reproductive traits of each edible fruit species were classified
into 31 categories belonging to eight major classes of reproductive traits:
(1) flowering patterns, (2) fruiting patterns, (3) floral size, (4) floral
reward, (5) sexual systems, (6) reproductive systems, (7) pollination
systems and (8) fruit types (see Table 1). In addition, we regrouped the
traits into six distinct levels of specialization of reproductive strategies
(i.e. specialists vs. generalists): (1) flowering patterns [specialized
(annual and supra-annual) and generalist (sub-annual and continuous)]
(sensu Tabarelli et al., 2010); (2) fruiting patterns [specialized (annual
and supra-annual) and generalist (sub-annual and continuous)] (sensu
Tabarelli et al., 2010); (3) floral sizes [specialized floral size (medium,
large and very large) and generalist (inconspicuous and small)] (sensu
Girão et al., 2007); (4) reproductive systems [specialized reproductive
system (self-incompatible + dioecious (obligatory cross-pollinated spe
cies)] and [(generalist (self-compatible)] (sensu Girão et al., 2007); (5)
pollination systems [specialized (bats, birds, medium-large bees, bee
tles, Sphingids) and generalists (small bees, diverse small insects, but
terflies, moths, flies, wind)] (sensu Kang and Bawa 2003); (6) fruit types
[specialized (fleshy) and generalists (dry)] (sensu Silva et al., 2020b).
The reproductive trait characterization of each species was based on
field observations, published and referenced data, and a survey of
specimens from the UFP Herbarium - Geraldo Mariz, Universidade
Federal de Pernambuco, Brazil.

Rao =

n ∑
∑
n
i=1

j=1

dijpipj

where dij is the functional distance between species i and j, and Pi and Pj
are their relative abundances (being 0 or 1 when applied to data on
species richness). The functional distance between the species was
measured as dij = 1 when i – j and dij = 0 when i = j. This coefficient is
independent of species richness, ranging from 0 to the maximum
Simpson diversity value, where higher values indicate higher diversity.
Moreover, the Rao coefficient calculates not only the functional di
versity for any given trait but also for a combination of traits and can be
used for quantitative, categorical and binary data (Lepš et al., 2006). The
Rao index was calculated based on the richness and abundance data for
the entire assemblage and reproductive strategies. We calculated the
Rao index in a total of six times, by estimating the functional diversity
based on the richness and abundance of reproductive traits and strate
gies (generalists vs. specialists) for the entire sampled assemblage (i.e.
traits – richness and abundance; generalists – richness and abundance;
specialists – richness and abundance). To calculate the Rao coefficient to
estimate the functional diversity in the studied edible fruit plant as
semblages, we used the dbFD function in the FD package in R 4.0.5 (R
Core Team, 2016).

2.7. Data analysis
To calculate the functional composition of reproductive strategies (i.
4
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To identify the prevalence of reproductive traits in edible fruit plant
assemblages, the richness and abundance of each reproductive trait
were initially tested for normality using Shapiro-Wilk tests. Subse
quently, we observed that even after transformation, the data remained
heteroscedastic. For this reason, we compared the richness and abun
dance within the same plant reproductive trait through the KruskalWallis test followed by Dunn’s post hoc tests. We performed eight
Kruskal-Wallis tests, one for each major class of reproductive traits (i.e.
flowering patterns, fruiting patterns, flower sizes, floral rewards, sexual
systems, reproductive systems, pollination systems, and fruit types).
Also, we conducted six Wilcoxon tests to verify differences in trait
strategies. The plots were maintained as replicates in all comparisons. To
conduct the Kruskal-Wallis tests, we used the function kruskal.test in the
dplyr package, and the functions shapiro.test and wilcox.test for normality
tests and Wilcoxon tests, respectively (R Core Team, 2016).
We used a model selection approach to investigate the isolated and
combined effects of chronic anthropogenic disturbances and aridity on
the richness and abundance of functional diversity of reproductive traits
and reproductive strategies (i.e. specialists vs. generalist trait categories)
of plants with edible fruits. First, we constructed generalized linear
models (GLMs) with Gaussian distribution and “identity” link function
(Sokal and Rohlf, 1981). We used separate models for each response
variable (e.g., categories within each major class of reproductive traits
and strategies) based on richness and abundance data. The three sources
of chronic anthropogenic disturbances (GPI, WEI, NTPEI), aridity
(ARD), and the interactions between each single disturbance index and
aridity were explanatory variables used in this study. Subsequently, to
select the best-supported models, we used the Akaike information cri
terion corrected for finite sample sizes (AICc). The model selection
approach is recognized to reduce biases associated with multiple tests,
variable collinearity, and small sample sizes (Burnham and Anderson,
2002). We selected models with AICc differences lower than two (ΔAICc
< 2). To perform model selection, we used the dredge function in the
MuMIn package (Burnham and Anderson, 2002) in R 4.0.5 (R Core
Team, 2016). All analyses were performed separately for trait richness,
abundance, and functional diversity data within the plots.

Table 2
List of families, species, common name in Brazil, edible part and if the species
are native or exotic to Brazil and native or exotic to the Caatinga dry forest
(according to Flora do Brasil 2020) of trees occurring at Catimbau National Park,
Pernambuco, Brazil (located in an area of Caatinga dry forest).
Family and species

Anacardiaceae
Anacardium
occidentale L.
Spondias tuberosa
Arruda
Annonaceae
Annona leptopetala
(R.E.Fr.) H.Rainer
Arecaceae
Syagrus coronata
(Mart.) Becc.
Boraginaceae
Cordia rufescens A.
DC.
Varronia globosa
Jacq.
Burseraceae
Commiphora
leptophloeos (Mart.)
J.B.Gillett
Cactaceae
Cereus jamacaru DC.
Pilosocereus
gounellei (F.A.C.
Weber) Byles &
Rowley
Pilosocereus
pachycladus F.Ritter
Capparaceae
Cynophalla flexuosa
(L.) J.Presl
Neocalyptrocalyx
longifolium (Mart.)
Cornejo & Iltis
Celastraceae
Maytenus rigida
Mart.
Euphorbiaceae
Croton
heliotropiifolius
Kunth
Leguminosae
Amburana cearensis
(Allemão) A.C.Sm.
Libidibia ferrea
(Mart. ex Tul.) L.P.
Queiroz
Senegalia bahiensis
(Benth.) Seigler &
Ebinger
Malpighiaceae
Byrsonima
gardneriana A.Juss.
Myrtaceae
Eugenia brejoensis
Mazine
Psidium brownianum
Mart. ex DC.
Psidium
schenckianum
Kiaersk.
Rhamnaceae
Ziziphus joazeiro
Mart.
Sapotaceae
Manilkara
salzmannii (A.DC.)
H.J.Lam

3. Results
3.1. Reproductive traits and strategies of edible fruit plant species
In this study, we recorded 747 individuals of 24 plant species with
edible fruits belonging to 22 genera and 14 families (Table 2). The
richest families were Cactaceae (3 spp.), Leguminosae (3 spp.) and
Myrtaceae (3 spp.), representing together 37.5% of all plant species
bearing edible fruits that were recorded across the 20 permanent plots at
Catimbau National Park. The most diverse genera were Pilosocereus (9%)
in Cactaceae, and Psidium (9%) in Myrtaceae.
Considering the prevalence of reproductive traits, we observed a
higher richness of plants with annual flowering and fruiting patterns
(Table 3; Fig. 2A and B), representing 65.2% and 66.7%, respectively.
The number of species with small and very large floral sizes was higher
than the richness of species with large flowers (Table 3; Fig. 2C),
together accounting for 56.5% of all floral sizes. Regarding floral
reward, we documented that more species offered nectar as a resource
(79.2%) than oil (4.1%) or pollen (16.7%) (Table 3; Fig. 2D). We
documented higher richness of hermaphroditic (approximately 71% of
all species) and self-incompatible species (63.1%) (Table 3; Fig. 2E and
F) when compared to other categories of sexual and reproductive sys
tems, respectively. We also recorded a higher richness of bee-pollinated
species (Table 3; Fig. 2G) compared to other pollination systems, rep
resenting half of the total. Considering reproductive strategies (i.e.,
specialists vs. generalists), we observed a higher richness of specialized
fruiting patterns (annual and supra-annual; 69.5%) (W = 327.0, P =
0.0004), reproductive systems (self-incompatible and dioecious; 68.4%)
(W = 330.5, P = 0.0003) and pollination systems (e.g., pollination by

Common
name

Edible
part

Native
or
Exotic to
Brazil

Native or
Exotic to
the
Caatinga

Cajú

Native

Cultivated

Umbú

Peduncle
and fruit
Fruit

Native

Native

Bananinha

Fruit

Native

Native

Licuri

Fruit

Native

Native

Grão-de-galo

Fruit

Native

Native

Moleque-duro

Fruit

Native

Native

Imburana-deespinho

Fruit

Native

Native

Mandacarú
Xiquexique

Fruit
Fruit

Native
Native

Native
Native

Facheiro

Fruit

Native

Native

Feijão de boi

Fruit

Native

Native

Icó

Fruit

Native

Native/
Endemic

Bom nome

Fruit

Native

Native

Velame

Seeds

Native

Native

Cumarú

Fruit

Native

Native

Jucá

Fruit and
seeds

Native

Native

Espinheiro

Fruit

Native

Native

Murici-domato

Fruit

Native

Native

Mama de
cachorra
Araçá-deveado
Pirim

Fruit

Native

Exotic

Fruit

Native

Native

Fruit

Native

Native/
Endemic

Juá

Fruit

Native

Native/
Endemic

Maçaranduba

Fruit

Native

Native

(continued on next page)
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individuals. Also, we observed a higher abundance of plants with annual
fruiting (56%) (Table 3; Fig. 3B) in comparison with plants with other
categories of fruiting patterns. Similarly to richness patterns, we
observed more individuals bear flowers that offered nectar as the main
floral resource (91%) than pollen or oil (Table 3; Fig. 3D). We also
observed that the abundance of hermaphrodites plants was higher
(55.4%) than that of monoecious or dioecious sexual systems (Table 3;
Fig. 3E). We documented that the number of individuals pollinated by
bees represents 61.3% of the total community (Table 3; Fig. 3G), being
the most abundant pollination system. In terms of strategies (i.e. spe
cialists vs. generalists), we documented a similar pattern to richness,
with higher abundance of specialized strategies for reproductive systems
(Table 3) and pollination systems (Table 3), representing 81.5% and
82.7%, respectively. We did not observe differences for flowering and
fruiting patterns (strategies), flower size [traits (Fig. 3C) and strategies],
reproductive systems (traits; Fig. 3F), and fruit types.

Table 2 (continued )
Family and species

Sideroxylon
obtusifolium (Roem.
& Schult.) T.D.Penn.

Common
name

Edible
part

Native
or
Exotic to
Brazil

Native or
Exotic to
the
Caatinga

Quixaba

Fruit

Native

Native

Table 3
Statistical results for representativeness in terms of richness and abundance of
reproductive traits and strategies of edible fruit plant assemblage at Catimbau
National Park, Pernambuco, Brazil. Statistically significant differences are
highlighted in bold in this table. In the Test column, H refers to the statistical
results from Kruskal-Wallis tests, and W refers to the statistical results from
Wilcoxon tests.
Reproductive classes
Flowering patterns
Richness
Traits
Strategies
Abundance
Traits
Strategies
Fruiting patterns
Richness
Traits
Strategies
Abundance
Traits
Strategies
Floral sizes
Richness
Traits
Strategies
Abundance
Traits
Strategies
Floral reward
Richness
Traits
Abundance
Traits
Sexual systems
Richness
Traits
Abundance
Traits
Reproductive systems
Richness
Traits
Strategies
Abundance
Traits
Strategies
Pollination systems
Richness
Traits
Strategies
Abundance
Traits
Strategies
Fruit types
Richness
Abundance

df

Test

P

3.2. Effects of chronic anthropogenic disturbances and aridity on
reproductive traits and strategies (i.e. Specialists vs. generalists)

3
1

H = 42.45
W = 222.0

<0.0001
0.551

3
1

H = 34.46
W = 213.0

<0.0001
0.735

3
1

H = 42.65
W = 327.0

<0.0001
0.0004

3
1

H = 32.57
W = 262.5

<0.0001
0.093

4
1

H = 14.13
W = 225.0

0.006
0.493

4
1

H = 8.19
W = 166.5

0.084
0.371

2

H = 39.29

<0.0001

2

H = 27.45

<0.0001

2

H = 24.29

<0.0001

2

H = 8.87

0.011

2
1

H = 21.61
W = 330.5

<0.0001
0.0003

2
1

H = 4.66
W = 329.0

0.09
0.0004

6
1

H = 74.23
W = 304.7

<0.0001
0.003

6
1

H = 58.98
W = 301.0

<0.0001
0.006

1
1

W = 197.0
W = 244.0

0.94
0.24

Isolated increases in wood extraction were associated with decreases
in the richness of plants with inconspicuous floral size (- 75%), dioecious
sexual system (- 62.5%), and obligatory outcrossing reproductive sys
tems (i.e. self-incompatible and dioecious; − 89%) (Tables 4 and S1;
Fig. 4A, B and C, respectively). Conversely, isolated increases in wood
extraction were positively related to the richness of plants bearing
nectar as a reward (Tables 4 and S1; Fig. 4D), increasing the number of
these species by up to 100%. Additionally, non-timber product exploi
tation reduced the richness of plants bearing pollen as reward by up to
75% (Tables 4 and S1; Fig. 4E). We also documented that increased
isolated levels of wood extraction exert positive effects on the abun
dance of plants bearing pollen as floral reward by 52% and 84%,
respectively (Tables 5 and S2; Fig. 5A, respectively). In contrast, in
creases in livestock levels were accountable for reducing the abundance
of plants with supra-annual flowering and fruiting patterns and polli
nated by moths by up to 70% (Tables 5 and S2; Fig. 5B, C and D,
respectively). We did not find any individual effects of chronic anthro
pogenic disturbances on the richness of specialized and generalist stra
tegies. However, livestock pressure positively affects the abundance of
specialized floral sizes (+40%), reproductive systems (+17%) and
pollination systems (+63%) (Tables 5 and S2; Fig. 6A, B and C,
respectively). Conversely, individual increases in non-timber product
exploitation led to reductions in the abundance of plants with special
ized floral sizes (- 93%) (Tables 5 and S2; Fig. 6D), reproductive systems
(- 93%) (Tables 5 and S2; Fig. 6E) and pollination systems (- 93%)
(Tables 5 and S2; Fig. 6F).
In addition, individual increases in aridity reduced the richness and
abundance of species with supra-annual flowering and fruiting patterns
[for richness: up to 28.5% and 35%, respectively (Tables 4 and S1;
Fig. 4F and G); for abundance: up to 70% for both (Tables 5 and S2;
Fig. 5E and F)], also reducing by up to 67% the richness of species
bearing pollen (Tables 4 and S1; Fig. 4H), 34% the richness of species
with self-incompatible reproductive system (Tables 4 and S1; Fig. 4I),
and 43% and 70% of species pollinated by moths, in terms of richness
(Tables 4 and S1; Fig. 4J) and abundance (Tables 5 and S2; Fig. 5G),
respectively. The abundance of plants with distinct floral sizes, sexual
systems and reproductive systems was not impacted by the analyzed
sources of chronic anthropogenic disturbances and aridity. In terms of
reproductive strategies, the richness of specialized floral sizes was
negatively affected by increases in aridity, reducing by up to 80% in
habitats with high levels of aridity (Tables 4 and S1; Fig. 6G). Consid
ering the richness of generalist traits, only reproductive systems were
negatively impacted by isolated increases in aridity (Tables 4 and S1;
Fig. 6H), decreasing the number of species by up to 67%. Additionally,
aridity exerts negative effects on the abundance of specialized floral
sizes and pollination systems (Tables 5 and S2; Fig. 6I and J,

bats, medium-large bees, beetles, Sphingids; 53%) (W = 304.7, P =
0.003). No differences were documented for flowering patterns, floral
sizes and fruit types.
In terms of trait abundance, we documented similar patterns to those
observed for trait richness. Specifically, the number of individuals
bearing annual flowering was higher than the other categories (Table 3;
Fig. 3A), comprising 51% of the flowering patterns among all
6
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Fig. 2. Number of species (mean ± SD) within categories of plant reproductive traits and reproductive strategies at Catimbau National Park, northeastern Brazil.
Flowering patterns (A), fruiting patterns (B), floral sizes (C), floral rewards (D), sexual systems (E), reproductive systems (F), pollination systems* (G), and fruit types
(H) occurring within the 20 sampled plots. Violin plots within each category of reproductive traits with distinct lowercase letters indicate significant differences (P <
0.05) according to Dunn’s post hoc comparisons for plots A to G and according to a one-tailed Wilcoxon test for plot H. In plot G, BTTF, DSI and SPHG indicate
pollination by butterflies, diverse small insects and Sphingids, respectively.

respectively), reducing the number of individuals with such traits by up
to 93%. The richness and abundance of fruit types were not affected by
any isolated effects of chronic disturbances and aridity.
In relation to combined effects, we observed that aridity mediates the
effect of wood extraction on the richness of plants with inconspicuous
flowers, dioecious sexual system, and obligatory cross-pollination,
increasing the richness of plants with such trait categories in habitats
with high levels of wood extraction and low aridity. Conversely, in
habitats with high levels of wood extraction and high levels of aridity,
the richness of such categories decreased (Tables 4 and S1; Fig. 7A, B and

C, respectively). We found higher richness (Tables 4 and S1; Fig. 7D) of
nectar-bearing plants in habitats with increased wood extraction and
high aridity. Consequently, habitats with high wood extraction and low
aridity levels reduce the richness and abundance of this trait category,
also increasing the abundance of pollen-bearing plants (Tables 5 and S2;
Fig. 7E). We observed more abundance of supra-annual flowering and
fruiting plant species, and plants pollinated by moths in areas with low
levels of livestock grazing and low levels of aridity, and the abundance
of these traits was reduced in areas with increasing levels of goat and
cattle pressure and low aridity (Tables 5 and S2; Fig. 7F, G and H,
7
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Fig. 3. Number of individuals (mean ± SD) within categories of plant reproductive traits and reproductive strategies at Catimbau National Park, northeastern Brazil.
Flowering patterns (A), fruiting patterns (B), floral sizes (C), floral rewards (D), sexual systems (E), reproductive systems (F), pollination systems* (G), and fruit types
(H) occurring within the 20 sampled plots. Violin plots within each category of reproductive traits with distinct lowercase letters indicate significant differences (P <
0.05) according to Dunn’s post hoc comparisons (A–G) and according to a one-tailed Wilcoxon test (H). In plot G, BTTF, DSI and SPHG indicate pollination by
butterflies, diverse small insects and Sphingids, respectively.

respectively). Considering reproductive strategies, in habitats with low
levels of aridity and non-timber product exploitation, the abundance of
plants bearing specialized floral sizes, reproductive systems and polli
nation systems was increased (Tables 3 and 4; Fig. 8A, B and C,
respectively). Conversely, the combined effects of high levels of live
stock pressure and low aridity resulted in higher abundance of special
ized floral sizes, reproductive systems and pollination systems (Tables 3
and 4; Fig. 8D, E and F, respectively). We did not find any individual
effects of wood extraction or combined effects of this chronic distur
bance and aridity on the abundance of specialized traits. Considering the

abundance of generalist traits, no individual or combined effects of
chronic disturbances and aridity were documented.
Regarding the diversity of reproductive traits of edible fruit species,
we did not observe individual effects of any sources of chronic anthro
pogenic disturbances and aridity or combined effects of these distur
bance indexes and aridity on reproductive functional diversity in terms
of both richness and abundance of traits. However, considering the
reproductive strategies (i.e. specialists vs. generalists), we observe that
the reproductive functional diversity in terms of richness of specialized
strategies was reduced under high levels of aridity (Fig. 6K).
8
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Fig. 4. Effects of chronic anthropogenic disturbances (wood extraction index – WEI and non-timber exploitation index – NTPEI) on the richness of inconspicuous
flowers (A); dioecious sexual systems (B); obligatory cross-pollination reproductive systems (C); nectar as floral reward (D); and pollen as floral reward (E); and
effects of aridity (ARD) on the richness of supra-annual flowering (F); Supra-annual fruiting (G); pollen as floral reward (H); self-incompatibility reproductive systems
(I); and pollination by moths (J). Grey shading indicates 95% confidence intervals.

Therefore, we documented that chronic disturbances and aridity
pose more negative than positive effects on certain reproductive traits in
terms of trait richness (negative: 29% of the traits; positive: 3.2%; total:
32.2%) and abundance (negative: 19.3%; positive: 3.2%; total: 22.5%).
In general, we observed that 79.2% of the studied species had at least
one reproductive trait negatively reduced by increased levels of chronic
disturbances and/or aridity in terms of trait richness and abundance.

The abundance of such species represents approximately 30% of the
total number of individuals observed in the forest stands analyzed.
However, considering reproductive strategies (specialists vs. general
ists), 18 out of 24 species (i.e. 75%) have specialized reproductive
strategies that were negatively impacted by chronic disturbances and/or
aridity in terms of richness or abundance. The abundance of these spe
cies represents 47.6% of all individuals.
9
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Fig. 5. Effects of chronic anthropogenic disturbances (wood extraction index – WEI and livestock grazing index – GPI) on the abundance of edible plants bearing
pollen as floral reward (A); supra-annual flowering (B); supra-annual fruiting (C); and pollinated by moths (D); and effects of aridity (ARD) on the abundance of
edible plants with supra-annual flowering (E); supra-annual fruiting (F); and pollinated by moths (G). Grey shading indicates 95% confidence intervals.

4. Discussion

the effects of chronic disturbances and aridity on such traits (e.g., Silva
et al., 2020b). The reproductive trait prevalence of the Caatinga vege
tation is mainly represented by species with hermaphrodite sexual sys
tem, self-incompatible reproductive system that offer nectar as the main
floral resource, pollinated by bees, and bearing dry fruits (Machado and
Lopes, 2004; Machado et al., 2006; Silva et al., 2020b), which corrob
orates a great portion of our results. In addition, it was previously
observed that chronic anthropogenic disturbances and aridity pose
distinct and complex effects on the richness, abundance and diversity of
reproductive traits of plant species in the Caatinga (see Silva et al.,
2020b for details), but the effects of such environmental drivers on
reproductive traits and functional diversity of edible fruit species
remained unknown until this study. Therefore, it is important to un
derstand how chronic disturbances and aridity affect the richness and
abundance of reproductive traits and the functional diversity of these
traits in the edible fruit assemblages in the Caatinga dry forest, because
it has severe impacts on biodiversity and in nature’s contribution to
people, which consequently affect the maintenance of ecosystem service
provision for the human population. The Caatinga houses a population
that greatly depends on natural resources (both timber and non-timber)
for firewood, fuelwood for charcoal, fodder, building materials, and
food, as many Caatinga dry forest plant species have edible fruits

In this study we characterized reproductive traits of plants with
edible fruits in the Caatinga dry forest and tested individual and com
bined effects of increasing human disturbances and aridity. Our results
indicate that assemblages are dominated by specialized reproductive
traits, with a predominance of species with annual flowering and fruit
ing patterns, with small or very large flowers, nectar reward, her
maphrodite sexual system, self-incompatible reproductive system, and
pollinated by bees in terms of both richness and/or abundance. In
general, chronic anthropogenic disturbances and aridity exert distinct
and complex effects (individually and combined) on the richness and
abundance of reproductive traits and strategies (i.e. specialists vs. gen
eralists). Also, aridity exerts negative impacts on the reproductive
functional diversity of specialized strategies in terms of richness. Thus,
our results reveal that chronic disturbances and/or aridity can be
environmental filters that reorganize the assemblage of edible fruits in
the Caatinga, which could result in impacts on food security for rural
populations.
Our findings reinforce patterns previously observed in the Caatinga
related to the representativeness of plant reproductive traits (e.g.,
Machado and Lopes, 2004; Machado et al., 2006; Leal et al., 2017) and
10
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Fig. 6. Effects of chronic anthropogenic disturbances (livestock grazing index – GPI and non-timber exploitation index – NTPEI) on the abundance of the following
reproductive strategies: floral sizes (A and D, respectively); reproductive systems (B and E, respectively); pollination systems (C and F, respectively); and effects of
aridity (ARD) on the richness of floral sizes (G) and reproductive systems (H); on the abundance of floral sizes (I) and pollination systems (J), and on the reproductive
functional diversity of specialized strategies in terms of richness (K) of edible fruit plant assemblages at Catimbau National Park, northeastern Brazil. Grey shading
indicates 95% confidence intervals.

(Albuquerque et al., 2017; Arnan et al., 2018b; Monteiro et al., 2010;
Silva et al., 2017). In this context, the human population inhabiting the
Caatinga continuously uses forest resources for livelihood and food
demands.
We recorded that chronic anthropogenic disturbances and aridity
affect the richness and abundance of reproductive traits of edible fruit

plants in complex ways. However, the interaction between these envi
ronmental drivers did not affect functional diversity. Increasing aridity
was the only factor affecting the functional diversity of specialized
strategies. Overall, sources of chronic anthropogenic disturbances pose
more positive or negative individual effects on reproductive traits than
aridity. Nevertheless, it has been well documented that chronic
11
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Fig. 7. Combined effects of chronic anthropogenic disturbances (wood extraction index – WEI and livestock grazing index – GPI) and aridity (ARD) on the richness of
edible plants with inconspicuous flowers (A), dioecious sexual systems (B), obligatory cross-pollination reproductive systems (C), nectar as floral reward (D), and
abundance of edible plants bearing nectar as floral reward (E), pollen as floral reward (F), with supra-annual flowering (G), supra-annual fruiting (H), and pollinated
by moths (I) at Catimbau National Park. Colors closer to red indicate high richness and abundance of the reproductive trait. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
Table 4
Isolated and combined effects of chronic anthropogenic disturbances (livestock grazing index – GPI; wood extraction index – WEI; and non-timber product exploitation
index – NTPEI) and aridity (ARD) on trait richness. The positive or negative signs indicate the direction of each relationship; ‘‘X” signals indicate an interaction.
Remaining best-supported models column brings information of the total number of models after model selection. Variables that were not statistically significant in the
GLMs were not included in this table.
Response variable
Flowering patterns
Supra-annual
Fruiting patterns
Supra-annual
Floral sizes
Inconspicuous
Specialists
Floral reward
Nectar
Pollen
Sexual systems
Dioecious
Reproductive systems
Self-incompatible
Obligatory cross-pollination
Generalists
Pollination systems
Moths

NTPEI

GPI

WEI

ARD

NTPEI:ARD

GPI:ARD

WEI:ARD

–

4

–

4
X

3
4

X

1
3

X

2

X

–

2
2
4

–

4

–
–
+
–

Remaining best-supported models

–
–
–
–
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Table 5
Isolated and combined effects of chronic anthropogenic disturbances (livestock grazing index – GPI; wood extraction index – WEI; and non-timber product exploitation
index – NTPEI) and aridity (ARD) on trait abundance. The positive or negative signs indicate the direction of each relationship; ‘‘X” signals indicate an interaction.
Remaining best-supported models column brings information of the total number of models after model selection. Variables that were not statistically significant in the
GLMs were not included in this table.
Response variable
Flowering patterns
Supra-annual
Fruiting patterns
Supra-annual
Floral sizes
Specialists
Floral rewards
Pollen
Reproductive systems
Specialists
Pollination systems
Moths
Specialists

NTPEI

–

GPI

WEI

ARD

–

–

X

1

–

–

X

1

X

2

–

+

NTPEI:ARD

X

GPI:ARD

X

+
–

+

–

–
+

WEI:ARD

–
–

Remaining best-supported models

1

X

X

1

X

X
X

1
1

Fig. 8. Combined effects of chronic anthropogenic disturbances (livestock grazing index – GPI and non-timber exploitation index – NTPEI) and aridity (ARD) on the
abundance of reproductive strategies of edible fruit plant assemblages at Catimbau National Park [floral sizes (A and D); reproductive systems (B and E); pollination
systems (C and F)]. Colors closer to red indicate a high abundance of the reproductive strategy. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

disturbances, depending on the intensity of collection of timber and nontimber forest products, not only lead to continuous removal of portions
of biomass (Singh, 1998), but water deficit (as a proxy for climate
change) can also result in biological community impoverishment and
homogenization, acting individually or in combination, as a potential
driver of assembly reorganization (Ribeiro et al., 2015, 2016, 2019;
Ribeiro-Neto et al., 2016; Rito et al., 2017a, b). Likewise, plant repro
ductive traits are impacted in different ways, depending on the level and
source of chronic disturbance and aridity in the Caatinga dry forest
(Silva et al., 2020b). For instance, Commiphora leptophloeos, which has
fruits consumed in natura by local communities (Chaves et al., 2017), is
more abundant in drier habitats (i.e. more disturbed and arid) (Sfair
et al., 2018). Conversely, this edible fruit species bears some specialized
traits that are negatively affected in terms of richness by wood extrac
tion, such as dioecious sexual system and obligatory cross-pollinated
reproductive system, which could be explained by specialized traits
being more sensitive to anthropogenic disturbances (e.g., Girão et al.,
2007; Lopes et al., 2009; Silva et al., 2020b). Species of the Leguminosae

family, such as Amburana cearensis, which shows specialized traits, have
abundance positively related to chronic disturbances (Ribeiro-Neto
et al., 2016). Conversely, Psidium brownianum, which has more gener
alist traits (Silva et al., 2020), is closely related to more conserved than
disturbed habitats (Rito et al., 2017b). However, A. cearensis is an en
dangered native species to the Caatinga, due to illegal and selective
logging by local communities (Oldfield et al., 1998), which displays
several reproductive traits impacted in terms of abundance by chronic
disturbances, such as pollination by moths and supra-annual flowering
and fruiting patterns (Barral, 2018; Machado et al., 1997).
Despite the effects of chronic disturbances, water availability is still
the main limiting resource in the Caatinga dry forest (Fonseca et al.,
2017). In this phytogeographic domain, some studies have revealed that
the effects of chronic anthropogenic disturbances on taxonomic or
functional levels can be mediated by rainfall/aridity (e.g., Rito et al.,
2017b; Silva et al., 2020b). Some species, such as Pilosocereus gounellei
and Ziziphus joazeiro, are positively associated with arid habitats (Rito
et al., 2017b), making them stress-tolerant species. Also, these species
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are widely used by local communities for food, mainly Z. joazeiro, which
has fruits consumed in natura (Albuquerque and Andrade, 2002; Chaves
et al., 2017; Jacob et al., 2020). P. gounellei is frequently used as an
alternative nutrient resource for local communities in the dry season
(Chaves et al., 2017; Nascimento et al., 2013) and its abundance is
positively correlated with arid habitats in terms of taxonomic compo
sition (Rito et al., 2017a). However, this species could be negatively
impacted by aridity in terms of reproductive traits due to its specialized
floral size (very large), one of the strategies that is affected by aridity in
terms of richness and abundance, as noted here. Additionally, aridity
may exacerbate the effects of chronic anthropogenic disturbances in the
Caatinga, acting as a potential environmental filter (e.g., Rito et al.,
2017b; Silva et al., 2020b) that, through the combined effect of chronic
pressure on taxonomic and functional levels, can shape and reorganize
plant communities in the Caatinga dry forest (e.g., Rito et al., 2017b;
Silva et al., 2020b). Therefore, in most cases, water availability is a
strong environmental filter that limits the occurrence of plant species
that rely on water (Rito et al., 2017b; Seiler et al. 2015). For example,
the increase in aridity negatively affects forest production under phys
iological stress, consequently leading to the death of rare large trees that
are stress-sensitive and usually occur in habitats with more water
availability, such as Libidibia ferrea (Rito et al., 2017b; Santos et al.,
2014), a nonconventional edible fruit species that displays several
specialized reproductive traits.
Although some species have been documented as adapted to dis
turbances such as human-modified landscapes, or stress-tolerant in arid
habitats in terms of taxonomic organization, functional reproductive
traits can show a different scenario, highlighting issues related to how
functional traits can impact plant community composition and how
chronic disturbances can reorganize the availability of edible fruits for
rural communities in the Caatinga dry forest, consequently compro
mising the provision of ecological services. In this study, we observed a
general pattern of reduction in reproductive traits, mainly specialized
ones, under increases in chronic disturbances and aridity. Therefore, the
observed impacts could emerge as a potential driver that leads to a
significant loss of several species that contribute to the maintenance of
the ecosystem service provision analyzed here (i.e., edible fruits) for the
rural communities from the Caatinga. Since the Caatinga is a densely
populated region (Gariglio et al, 2010), the local communities severely
exploit forest resources (timber and non-timber) for livelihood needs,
such as food (Silva et al., 2017). Anthropogenic disturbances and aridity
may exert severe effects on assembly reorganization, leading to the loss
and replacement of species with specialist traits that are more sensitive
to human disturbances in natural forests (e.g., Girão et al., 2007; Lopes
et al., 2009; Silva et al., 2020b), contributing to the proliferation and
persistence of generalist species that are less affected by disturbances
and are expected to be more frequent in open and dry forests (e.g., Girão
et al., 2007; Lopes et al., 2009).
As we recorded here, species with specialized pollination systems (e.
g., Annona leptopetala, Cereus jamacaru, Pilosocereus gounellei) and
reproductive systems (e.g., Spondias tuberosa, Commiphora leptophloeos,
Amburana cearensis) are negatively affected by chronic disturbances (e.
g., exploitation of non-timber forest products) and aridity in terms of
abundance, and will probably face reductions in productivity, directly
affecting the provision of edible fruits. The effect of chronic pressure and
aridity over specialized pollination systems (i.e. bats, beetles, mediumlarge bees and Sphingids) lead to mismatches on an important mutual
istic interaction (i.e., plant-pollinator), disrupting the pollination pro
cess, reducing the production of fruits and consequently impairing the
ecological service illustrated here by the provision of edible fruits.
Therefore, the human population will be facing food resource scarcity
and will need to respond to this scenario of environmental change
through community reorganization (i.e., resilience) (Begossi, 1998).
Unfortunately, this may drastically affect various spheres of human
nutrition by reducing the richness and abundance of edible fruit
consumed by local communities, mainly in dry seasons (i.e., during

periods of scarcity), resulting in negative impacts on the quality of diet
and acquisition of adequate essential micronutrients. Some edible fruit
species with several specialized reproductive traits, such as Syagrus
coronata, Pilosocereus pachycladus and Byrsonima gardneriana (see
Table 2), are considered nutrient-rich food sources (Chitarra and Chi
tarra, 1990; Nascimento et al., 2013), and due to chronic anthropogenic
disturbances and aridity exerting negative impacts on specialist strate
gies, it is reasonable to predict that such species would face difficulties to
survive, proliferate and establish in the projected future scenario for the
Caatinga that shows high levels of chronic disturbance and climate
change, consequently leading to decreases in ecological services (e.g.,
edible fruit offering). In addition, most of these edible fruits are eaten by
different kinds of animals, from ants to vertebrates, that contribute to
seed dispersal (e.g., Leal et al., 2007, 2017; Gomes et al., 2014a, 2014b,
2016; Gonçalves et al., 2019; Silva et al., 2020b), and have diverse floral
resources essential for pollinators in the Caatinga dry forest. In this
sense, the effects of chronic disturbances and/or aridity observed here
on functional reproductive traits and strategies of edible fruits pose
several impacts not only for the human diet but also threaten the
availability of food resources for the local fauna and the availability of
floral rewards for pollinators, consequently affecting dispersion, seed
ling recruitment, and pollination. These cascading events could result in
several implications for the Caatinga dry forest resilience by affecting
forest ecosystem functioning, processes, and services in many ways.
Finally, anthropogenic disturbances can differently affect people’s
food systems in the Caatinga. Many studies report the loss of use of these
resources driven by several factors, especially socioeconomic (see Jacob
et al., 2020). Thus, there is a global need to expand the use and con
sumption of these resources, to diversify human diet and provide food
security and self-sufficiency (see Powell et al., 2015, Jacob and Albu
querque, 2020). Semi-arid regions show additional challenges, such as
preventing the loss of traditional knowledge of indigenous and local
communities associated with local biodiversity. Anthropogenic and
aridity effects can have more severe consequences that go beyond
decreasing populations of useful plant species. Drought, for example,
affects food production systems, putting people in extreme food inse
curity (Eakin et al., 2014; Torres et al., 2017). Studies report that wild
plants become a dietary source in this scenario, being added to the socalled famine foods, which are generally only used in situations of se
vere food shortage, as they are toxic and/or laborious to process (Nas
cimento et al., 2012). Thus, our data suggest a strong socioenvironmental impact on food systems in the Caatinga.
5. Conclusions
In summary, chronic anthropogenic disturbances and aridity, indi
vidually or combined, lead to changes in the assemblage organization of
edible fruit species in terms of reproductive traits and strategies abun
dance and richness (i.e., specialists vs. generalists). Overall, we observed
negative impacts mainly on specialized reproductive traits and strate
gies, but some generalist traits (e.g., self-compatible system, pollination
by moths) were also affected by these environmental drivers. In our case,
functional reproductive traits emerged as an alternative approach to
investigate the effects of chronic disturbances and aridity on the pres
ence of edible fruit species in the Caatinga. Here, we also argue about the
impacts of such results on the ecosystem service represented by the
availability of edible fruits to rural communities that use this natural
resource for food and as economic value throughout the year and, more
specifically, in the dry seasons where resources are more scarce in the
Caatinga.
People-nature interactions lead us to think that humans have the
force to modify natural landscapes through their demands for subsis
tence and additional needs, affecting biological diversity and converting
natural systems to socio-ecological systems (Albuquerque et al., 2017).
Finally, our findings, which are summarized mainly by a general pattern
of reductions in the richness and abundance of reproductive strategies of
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plants with edible fruits, help us understand the mechanisms involved in
people-nature interactions in the Caatinga. Our results reinforce that the
exploitation of natural resources (e.g., food) by local communities leads
to land degradation and is closely related to poverty, also explained by
the socio-ecological vortex proposed by Tabarelli et al. (2017), which
briefly states that exploitation of natural resources decreases ecosystem
productivity, leading to new exploitation to compensate for reduced
productivity, increasing land degradation and poverty, followed by a
new round of exploitation of natural resources. These cascading events
may culminate in the collapse of ecosystem service provision, such as the
offering of edible fruits to the human population in the Caatinga.
Therefore, understanding the effects of chronic disturbances and climate
change on ecosystem services, even indirectly as presented in this study,
by using reproductive traits and strategies as investigative approaches,
may help us formulate policy and management strategies for mitigation
solutions and maintenance of biodiversity and provision sustaining food
benefits for humans.
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