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Abstract
Questions: Community assembly in regenerating forests is a key topic in ecology. 
Most studies examine the assembly process, assessing adult individuals along the for-
est succession. Although the adult stage is the final outcome of the assembly process, 
both abiotic and biotic filters can affect community assembly during early ontoge-
netic stages. Here, we investigate whether the functional composition and trait as-
sembly patterns (trait convergence or divergence) change across ontogenetic stages 
along regenerating forest stands exposed to precipitation and chronic anthropogenic 
disturbance (CAD) gradients.
Location: Caatinga dry forest, Catimbau National Park, Pernambuco, Brazil.
Methods: Seeds (rain and bank), seedlings and adults of woody plant species were 
recorded across 15 forest regenerating stands (4–70 years since land abandonment) 
exposed to precipitation and CAD gradients. Seven functional traits related to spe-
cies dispersal, establishment and resource use were measured for adult individuals 
and used to calculate the trait values for seeds and seedlings. Twenty old-growth 
forest stands were used as a regional flora.
Results: Functional composition (community weighted mean, CWM) varied across 
ontogenetic stages as wood density increased from seeds to seedlings, while seed 
mass increased from seeds to both seedlings and adults. The CWM also varied along 
precipitation/disturbance gradients but not along forest regeneration regardless the 
ontogenetic stage. Among seeds, dispersal distance increased towards wetter forest 
stands and decreased towards disturbed sites, while adult wood density increased 
from drier to wetter regenerating forest stands. Traits converged along the precipita-
tion gradient but not in response to time since land abandonment.
Conclusions: Caatinga dry forest regeneration is functionally structured across on-
togenetic stages mediated mostly by water availability, but not over time since land 
abandonment. The effect of water availability on forest regeneration across on-
togenetic stages highlights the complexity of species assembly in human modified 
landscapes, imposing important consequences considering the expected increasing 
aridity in the Caatinga.
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1  | INTRODUC TION

Understanding how plant species are assembled within local com-
munities is a longstanding issue in ecology that is still hotly debated. 
Classical plant succession studies suggest a directional change, more 
or less predictable, in species diversity and functional composition 
along the secondary succession (Chazdon, 2014). This happens first 
by the arrival and dominance of good colonizers and rapid growth 
species at early stages of succession with a later arrival of stronger 
competitors along the successional development, increasing vege-
tation complexity in terms of species richness, functional composi-
tion and ecosystem functions (Clements, 1916; Egler, 1954; Connell 
and Slatyer, 1977; Rozendaal et al., 2019). Such directional changes 
on plant strategies and community-level attributes along abiotic 
gradients have also been supported by classical community assem-
bly studies, suggesting a shift from environmental filtering at early 
successional stage (i.e. lower functional variation owing to environ-
mental restrictions) towards biotic interactions at late successional 
stage (Weiher and Keddy, 1995; Diaz, Cabido, and Casanoves, 1998; 
Grime, 2006; Kraft et al., 2015). However, it is already known that 
reassembly of plant communities is not always so easily predictable 
(Mayfield and Levine, 2010; Norden et al., 2015) as it is frequently 
affected by a myriad of forces and factors, including the plant onto-
genetic stage examined (Spasojevic et al., 2014; Fraaije et al., 2015; 
Lasky et al., 2015), physical environmental drivers (Enquist and 
Enquist, 2011; Lebrija-Trejos et al., 2011; Poorter et al., 2019) and 
anthropogenic disturbances (Melo et al., 2013; Ribeiro et al., 2015; 
Arroyo-Rodríguez et al., 2017).

Surprisingly, despite the consensus that community assembly 
along forest regeneration following land abandonment relies on mul-
tiple factors and processes, from colonization to establishment, few 
studies examining community assembly along forest regeneration 
have considered different plant ontogenetic stages (e.g. Bruelheide 
et al., 2011; Muscarella et al., 2016; see also Grubb, 1977). Although 
the adult stage is the final outcome of the assembly process, differ-
ent ontogenetic stages might provide more detailed information re-
garding the community assembly process (Poorter, 2007; Spasojevic 
et al., 2014; Dayrell et al., 2018). For example, dispersal limitation is 
the first obstacle that species should overcome before establishing 
in a given site (Cadotte and Tucker, 2017). Therefore, understand-
ing the role of dispersal in the assembly of regenerating forests is 
more difficult if seeds and other regenerative traits are not consid-
ered (Fraaije et al., 2015; Larson and Funk, 2016). In addition, the 
importance of each filter can differ during seed germination and 
seedlings/saplings and establishment of adults (Poorter, 2007; Lasky 
et al., 2015; Dayrell et al., 2018). For example, Muscarella et al. (2016) 

reported a shift from large seeds among saplings in early stages of 
succession towards high maximum height among adults in later 
stages of succession in a wet forest in Puerto Rico, suggesting a shift 
from colonization towards competitive ability to capture light during 
forest regeneration. Finally, it is also possible that some human-re-
lated disturbances and abiotic conditions (e.g. deforestation, graz-
ing, precipitation) can affect either seeds or seedlings, preventing 
seed germination or increasing seed and seedling mortality, reflect-
ing a different taxonomic and functional composition among adults 
(Ribeiro et al., 2019).

In seasonally dry tropical forests (SDTF sensu Pennington et al., 
2009), water availability has been recognized as an important driver 
shaping secondary succession trajectories (Lohbeck et al., 2015; 
Derroire et al., 2016; Poorter et al., 2016, 2019; Souza et al., 2019). 
Similarly, variation in water availability in regenerating forests can 
affect the functional composition and diversity of plants (Lohbeck 
et al., 2013, 2015; Derroire et al., 2018). Functional composition 
in dry forests generally changes from high wood density values to 
low values (conservative towards acquisitive strategies) during for-
est regeneration or secondary succession (Poorter et al., 2019), as 
high wood density confers more resistance against drought in early 
successional stages (Chave et al., 2009). Moreover, the seasonality 
in dry forests can also affect dispersal strategies, as most species 
dispersed during the dry season present abiotic dispersal strategies, 
and smaller and lighter seeds (Griz and Machado, 2001). As seed 
mass is an important trait for both dispersal and establishment, spe-
cies with larger seeds that overcome dispersal limitation might per-
form better during the seed–seedling and seedling–tree transitions 
(Foster and Janson, 1985; Turnbull et al., 1999). Similarly, seedlings 
with large seeds, high wood density and small leaves (conservative 
strategies) are expected to survive better in dry conditions than 
those with the opposite trait profile (Lohbeck et al., 2013, 2015; 
Adler et al., 2014). Examining how environmental filters affect on-
togenetic shifts during secondary succession under different abiotic 
conditions and anthropogenic disturbance pressures is essential to 
make the ecology of human-altered ecosystems more predictable 
(Anderson-Teixeira et al., 2013; Pecl et al., 2017).

In addition to physical drivers (particularly water availability), 
plant assembly in dry forest can be affected by local human popula-
tions. In fact, most dry forests harbour populations that still depend 
on forest products for proper livelihood such as firewood, fodder 
for livestock and timber (Albuquerque et al., 2018; Chaturvedi et al., 
2017; Tabarelli, Leal, Scarano, & Silva, 2017). This dependency 
generates a different but also pervasive kind of anthropogenic dis-
turbance, the so-called ‘chronic anthropogenic disturbance’ (here-
after CAD), which is characterized by the continuous and gradual 
removal of small portions of forest biomass (sensu Singh, 1998): 
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CAD has thus been recognized as an important driver of vegetation 
change in dry forests (Martorell and Peters, 2005; Chaturvedi et al., 
2017; Sfair et al., 2018). For example, grazing, an important CAD 
component, can favour unpalatable plants to the detriment of pal-
atable ones (i.e. favouring plants that invest more in wood and leaf 
mass) (Sfair et al., 2018). Therefore, seasonally dry tropical forests 
provide an interesting opportunity to examine how different abiotic 
conditions and anthropogenic disturbances affect the community 
assembly of plants.

In the present study, we examine the community assembly pro-
cess across different ontogenetic stages (seed, seedlings and adults) 
along a secondary succession (4–70 years of land abandonment) in 
a human-modified landscape in the Caatinga dry tropical forest, in 
northeast Brazil. Those secondary stands, hereafter named forest 
regenerating stands, stretch over a gradient of annual precipita-
tion (533 to 940 mm/year) and chronic anthropogenic disturbance 
(Arnan et al., 2018). In particular, we ask: (a) How does the functional 
composition differ across different plant ontogenetic stages and 
along the succession/regenerating process under different levels 
of water availability and chronic anthropogenic disturbances? and 
(b) How are trait assembly patterns (i.e. functional convergence 
and divergence) organized across ontogenetic stages and along en-
vironmental gradients? We expect a directional change in overall 

functional composition across ontogenies from traits linked to dis-
persal in seeds (i.e. high dispersal capacity and low seed mass) to-
wards traits linked to establishment and persistence (i.e. high seed 
mass and wood density) among seedlings and adults. However, we 
do not expect a directional change along the forest regeneration, be-
cause changes in functional composition will be highly dependent on 
water and anthropogenic disturbance levels. Moreover, we expect 
that trait convergence will be the most important assembly pattern 
across ontogenies and, as expected for functional composition, trait 
convergence will be driven by water and CAD conditions regardless 
the forest age or time elapsed since land abandonment. We also 
predict more conservative strategies (e.g. avoiding water loss) and 
species with denser tissues in drier and more disturbed regenerating 
forest stands.

2  | MATERIAL S AND METHODS

2.1 | Study area

This study was conducted in the Catimbau National Park 
(8°23′17″S; 37°11′00″W; Figure 1), covering 607 km2 of the 
Caatinga dry forest in northeast Brazil. Approximately 70% of 

F I G U R E  1   Study site location in Pernambuco (in red), Brazil (a), in Catimbau National Park (b). The raster colour depicts the precipitation 
gradient. Dots represent secondary succession sites (black) and old-growth forests (grey). Dot size represents the chronic anthropogenic 
disturbance (CAD) gradient. Numbers in labels depict the time (years) since land abandonment. The x and y axes are the longitudinal and 
latitudinal coordinates, respectively
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the park is covered by sandy soils and exposed to a semiarid cli-
mate classified as Bsh following Köppen's scale (Peel et al., 2007). 
Average annual temperature is 23°C and precipitation ranges from 
480 to 1,100 mm/year (Rito et al., 2017). A low-stature dry forest 
predominates with Fabaceae, Euphorbiaceae and Myrtaceae as 
the most species-rich plant families (Rito et al., 2017a). Over 300 
small farmers still live within the park boundaries, with slash-and-
burn agriculture and livestock production as the main economic 
activities. Moreover, such small-holdings are dependent on for-
est products such as firewood, timber, fodder and nutrients for 
crop production (Arnan et al., 2018). Accordingly, the Caatinga 
dry forest has been converted into a vegetation mosaic consisting 
of old-growth and regenerating forest stands of varying age plus 
pasture and field crops (Souza et al., 2019). Forest stands remain 
exposed to chronic disturbance (Arnan et al., 2018; Souza et al., 
2019).

2.2 | Forest chronosequence, precipitation and 
CAD gradients

In order to test our hypothesis, we addressed a chronosequence 
consisting of 15 forest regenerating stands (4–70 years of land 
abandonment in the context of slash-and-burn agriculture) (see 
Souza et al., 2019). These 15 forest regenerating stands were ex-
posed to annual precipitation varying from 533 to 940 mm/year 
(821.33 ± 124.38, mean ± standard deviation) and CAD. Although 
the CAD index can range from 0 to 100, in our study it ranged from 
3.60 (least disturbed) to 48.10 (most disturbed) (see formula). The 
successional gradient was constructed based on interviews with 
landowners (see Souza et al., 2019). For each plot in the precipita-
tion gradient, we extracted annual precipitation at a spatial reso-
lution of 1 km2 from the WorldClim database (Fick and Hijmans, 
2017) using the ‘raster’ package in R (Hijmans, 2019). The CAD gra-
dient was calculated based on different anthropogenic pressures 
such as: (a) livestock pressure (e.g. herbivore activity, trampling 
and other physical damage by cattle and goats); (b) wood extrac-
tion (e.g. live and dead wood, fire-wood collection); and (c) people 
pressure (e.g. proximity to houses and roads, number of people) 
(Arnan et al., 2018). Each individual pressure index was calculated 
using the formula:

where I is the pressure index, yi is the observed value for a perturbation 
metric in plot i, ymin is the minimum value observed for each distur-
bance metric considering all stands and ymax is the maximum value ob-
served for each disturbance metric considering all stands and n is the 
number of metrics of individual disturbance considered in the index. 
The three individual pressure indices were used to calculate the CAD 
index using the same formula described above (see Arnan et al., 2018 
for detailed information).

2.3 | Seed rain and bank

Seed rain and seed bank of woody plant species were collected 
monthly for 14 months (from September 2014 until October 2015) 
across the 15 forest regenerating stands. To collect seed rain, we 
used 10 nylon mesh (1.0 mm) collectors (1 × 1 m) placed 30 cm above 
the soil and distant at least 5 m from each other, covering 10.4 m2 in 
each regenerating forest stand. To collect the seed bank, 10 random 
points were sampled in each plot and the soil was collected using a 
metal quadrant (20 × 20 cm, 5 cm depth). Soil and litter samples were 
then filtered with sieves (0.5 mm) to separate the seeds. The spe-
cies were identified using consultation of specialists and compari-
son with samples deposited at the Geraldo Mariz Herbarium (UFP 
Herbarium), according to APG IV (2016). As seed viability was not 
tested, we considered only undamaged seeds to decrease potential 
overestimation. In addition, we decided to merge the composition of 
seed bank and seed rain, as their separate contributions to the analy-
sis was modest. Finally, seeds were sampled in 10.4 m2 of each plot, 
giving a total of 145.6 m2 along the 14 months and 2,912 m2 in total.

2.4 | Seedlings

We sampled all seedling individuals (≤30 cm high) of woody plant 
species along the forest regenerating stands (n = 15) (20 × 50 m) for 
3 months (from February to April 2016, during the rainy season). We 
carefully differentiated seedlings from resprouting adults by consid-
ering only the individuals in which the entire root system could be 
identified. We excluded two forest stands from the seedling trait 
assembly pattern analysis because of low seedling species richness 
(only one species), which did not allow the calculation of the func-
tional index.

2.5 | Adults and regional species pool

We sampled all adult individuals (diameter at soil ≥ 3 cm, ≥1 m of 
height) of woody plant species along the 15 forest regeneration 
stands (n = 15). We also obtained information of woody plant as-
semblages from 20 old-growth forest stands (Rito et al., 2017), which 
here represented the larger regional species pool that is likely oper-
ating as a source of propagules to the regenerating forest stands in 
our focal landscape.

2.6 | Functional traits

We measured seven functional traits to evaluate the ontogenetic 
shift in functional trait composition and along environmental gradi-
ents: seed mass (SM), maximum dispersal distance (MDD), maximum 
height (MH), specific leaf area (SLA), leaf thickness (LT), leaf dry mass 
content (LDMC) and wood density (WD). We measured all traits 
on adult individuals and mean species values were used across all 
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ontogenetic stages. Thereby, we evaluated one trait related to dis-
persal (MDD), two traits related to dispersal and establishment (SM 
and MH) and four traits related to persistence and establishment 
(SLA, LT, LDMC and WD) (Table 1). More details about trait meas-
urements and ecological relation in Sfair et al. (2018). The MDD was 
calculated using a set of simple traits (dispersal syndrome, growth 
form and seed mass) and using the function dispeRsal in R (Tamme 
et al., 2014). All other measurements followed Pérez-Harguindeguy 
et al. (2013).

2.7 | Data analysis

First, a sample coverage calculation was performed (i.e. the 
proportion of species sampled in the community) because the 
sampling area across ontogenetic stages was different. Trait sam-
pling covered >90% (0.98 for seed, 0.92 for seedlings and 0.97 
for adults), indicating that the species record was accurate and 
that the results were not biased by differences in sampling ef-
fort (Chao and Jost, 2012). The analyses were performed via the 
package ‘entropart’ in R (Marcon and Hérault, 2015). To test how 
the functional composition changes across ontogenetic stages, 
we calculated the community weighted mean (CWM) for each 
ontogenetic stage. The CWM is calculated by averaging the trait 
values for all species in a community, weighted by species relative 
abundances (Garnier et al., 2004). We performed an Analysis of 
Variance (ANOVA) and Tukey’s post hoc test to compare CWM 
across ontogenetic stages.

Trait assembly patterns were examined by comparing the func-
tional diversity of observed communities with null expectations 
based on null models, including information from the 20 old-growth 
forest stands. However, null models did not include species present 
in the old-growth forest but absent in forest regenerating stands. 
Such procedure was applied to avoid overestimations in the species 
pool by including species that are not able to colonize regenerating 
forest stands (see ‘species pool concept’; Zobel, 2016). Further, we 
calculated the Rao quadratic entropy index (Rao, 1982) for each trait 
and ontogeny, considering the species abundance. The standardized 
effect size (Gotelli and McCabe, 2002) of Rao index (SESRao) was 
calculated for each ontogeny based on 1,000 simulated assemblages 
with the function r2dtable in R in which species composition within 
forest stands were reshuffled at random while maintaining constant 
the species number per stand. SESRao measures the number of stan-
dard deviations (SD) that observed Rao values exhibit above or below 
the mean Rao of random assemblages as: SESRao = (RaoObserved – 
Mean RaoRandom)/SD RaoRandom. Positive SESRao values might 
indicate trait divergence (i.e. assemblages formed by species with 
more distinct traits than expected by chance), while negative values 
might indicate trait convergence (i.e. assemblages formed by species 
sharing more similar traits than expected at random; Götzenberger 
et al., 2012).

Trait assembly via SESRao was examined at two levels. First, the 
assembly process was assessed across ontogenetic stages, examin-
ing how a larger species pool is filtered into a smaller one, as follows: 
from adults to seeds, seeds to seedlings and adults (all sites) to adults 
(forest regeneration). Second, trait assembly was examined separately 

Trait Brief description and function of each trait

Maximum 
Height (MH)

MH is a trait related to competition and colonization, as taller trees are 
expected to intercept more light, outcompeting smaller trees, and to 
disperse seeds over greater distances

Seed Mass (SM) SM is related to plant colonization and establishment: larger seeds are 
related to lower dispersal ability, but greater chance for survival and 
establishment

Wood Density 
(WD)

High WD is associated with more resistance against pathogens, insects 
and with decreased chances of cavitation, an important cause of death in 
plants in dry forests (Chave et al., 2009). Conversely, low wood density is 
associated with water storage efficiency in dry periods (Borchert, 1994)

Specific Leaf 
Area (SLA)

High SLA indicates thin and less dense leaves, generally associated with 
higher metabolic rates, growth rate and shorter leaf life. In dry forests, 
generally, species in poor soils present lower SLA than species occurring in 
fertile soils (Pérez-Harguindeguy et al., 2013)

Leaf Dry Matter 
Content 
(LDMC)

High LDMC indicates tougher leaves, more resistant against physical 
damage (i.e. herbivory and wind). Low LDMC species are associated with 
high productivity and/or disturbed sites (Pérez-Harguindeguy et al., 2013)

Leaf Thickness 
(LT)

High LT is associated with succulent plants, being a response to light 
intensity in sunnier, drier and less fertile habitats, as well as in longer-lived 
leaves

Maximum 
Dispersal 
Distance 
(MDD)

High MDD is generally linked to wind dispersed species with special 
structures or species dispersed by vertebrates, whereas ballistic or ant 
dispersal species have low MDD (Tamme et al., 2014)

TA B L E  1   Brief description and 
associated functions of each trait 
considered in the study
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for each ontogenetic stage along the gradients. Accordingly, SESRao 
values were obtained by using the randomized Rao index of the larger 
species pool and the observed Rao index of the smaller species pool. 
For example, from adults to seeds we calculated the SESRao as: SE
SRao(seeds) = (RaoObserved(seeds) − Mean RaoRandom(adults))/SD 
RaoRandom(adults). The same approach was used to assess the filter-
ing process from seeds to seedlings and from adults (all sites) to adults 
(forest regeneration). Although intuitive, the assembly process from 

seedling to adult was not assessed because, compared with adults, 
seedlings are a transitory stage and present fewer individuals and spe-
cies in our study. In addition, as our null model was built to compare 
how the functional diversity is changing from a larger species pool into 
a smaller one, seedling–adult comparison would represent the oppo-
site direction (smaller species pool into a larger one).

Changes in CWM (functional composition) and SESRao (trait 
assembly) across ontogenetic stages and along the gradients 

Species
Adults region 
(n = 35)

Adults 
succession 
(n = 15) Seeds Seedlings

Pityrocarpa moniliformis 1,136 511 – 24

Poincianella microphylla 702 261 – 20

Jatropha mutabilis 672 404 – 59

Croton tricolor 647 – – –

Piptadenia stipulacea 400 268 – –

Senegalia bahiensis – 157 – 22

Croton heliotropiifolius – – 1,769 –

Waltheria brachypetala – – 1,648 –

Guapira graciliflora – – 1,010 –

Gochnatia oligocephala – – 758 –

Medusantha martiusii – – 388 –

TA B L E  2   Five most abundant species 
found in ontogenetic stage in the 
Catimbau National Park, Brazil. Numbers 
depict the overall abundance of each 
species

F I G U R E  2   Overall CWM across ontogenetic stages (seeds, seedlings and adults) in Catimbau National Park, Brazil. Different letters 
depict significant differences. WD = wood density (g/cm3), SM = seed mass (log(mg)). See Appendix S1 for more detailed graphs, including all 
traits examined 
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were examined via Linear Regression Model by considering for-
est stand age (i.e. forest regeneration), average annual precip-
itation and chronic disturbance index as explanatory variables. 
For trait assembly, we also applied a Student’s t-test comparing 
the SESRao value of each trait with the null hypothesis (mean 
SESRao = 0) as the trait assembly patterns can be constant along 
the gradient (e.g. convergence or divergence along the whole 
gradient).

3  | RESULTS

After eliminating those species recorded in the regional pool but not 
in the focal forest stands, a total of (a) 71 species and 7,683 adults 
(62 species in old-growth forests and 67 in regenerating stands), (b) 
47 species and 7,761 seeds (41 species in seed rain and 33 in seed 
bank) and (c) 20 species and 243 seedlings were examined across the 
35 forest stands (see Table 2).

Community-level functional composition (CWM) varied across 
ontogenetic stages as wood density increased from seeds to seed-
lings (F2,60 = 2.24, p = 0.03), while seed mass increased from seeds to 
both seedlings and adults (F2,60 = 20.2, p = <0.001; Figure 2 a,b) (see 
Table S3 - Appendix S1 for detailed information). Functional com-
position also varied along precipitation/disturbance gradients but 
not along forest regeneration regardless of the ontogenetic stage. 
Among seeds, maximum dispersal distance increased from drier to 
wetter regenerating forest stands, but decreased towards the highly 
disturbed stands (Figure 3a,b, respectively). Adult wood density and 
seed mass increased and decreased, respectively, from drier to wet-
ter regenerating forest stands (Figure 3a). The CWM values among 
seedlings did not change along any gradient.

Moving to trait assembly via SESRao, only convergence 
emerged. Across ontogenetic stages, a trait convergence for all 
traits was observed (except maximum height). The same pattern 
was found among adults in the regenerating stands compared with 
adults from all forest stands. Seeds to seedlings exhibited trait 

F I G U R E  3   Changes in CWM across ontogenies (seeds, seedlings and adults) and along both rainfall (a) and chronic anthropogenic 
disturbance (CAD) gradient (b) in Catimbau National Park, Brazil. Only significant models were plotted. Highlighted lines depict significant 
relationships. Lines were fitted using a linear regression. WD = wood density (g/cm3), SM = seed mass (log(mg)), MDD = maximum dispersal 
distance (log(m)). See Appendix S1 for more detailed graphs, including all traits examined and gradients
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convergence in specific leaf area and maximum dispersal distance 
(Table S4 – Appendix S2).

Similarly to CWM, trait assembly patterns did not change along-
side the forest regeneration for any ontogenetic stage. However, 
there was an increase in convergence in both wood density and dry 
leaf matter content among adults and an increase in convergence in 
wood density among seedlings along the rainfall gradient (Figure 4). 
Finally, we did not find convergence or divergence among seeds 
along the gradients (see Tables S5 and S6 – Appendix S2 for detailed 
information).

4  | DISCUSSION

Our results suggest that plant community assembly of Caatinga dry 
forest following slash-and-burn agriculture is functionally structured 
across ontogenetic stages mediated mostly by water availability and, 
to a lesser degree, by chronic anthropogenic disturbance. This find-
ing confirms our prediction that plant assemblages are not function-
ally structured across the regeneration process as they are exposed 
to different abiotic conditions (i.e. there are no directional changes 
as forest stands become older). However, there are predictable 
changes in functional traits such as seed mass, dispersal ability and 
wood density from seeds to adults. Moreover, plant assemblages 
tend to converge functionally as they are exposed to higher levels of 
water availability. Overall, assemblages become more conservative 
with lower dispersal abilities among species as regenerating forest 
stands experience drier and more disturbed conditions. Therefore, 
the regeneration of Caatinga dry forest is functionally organized 
based on water availability/CAD and across ontogenies but not with 
the time since land abandonment.

The functional organization of plant assemblages during for-
est regeneration or secondary succession has long been debated 
(Lohbeck et al., 2014, 2015). Briefly, the most accepted idea recog-
nizes forest regeneration as occurring via deterministic/predictable 
functional trajectories marked by the replacement of acquisitive 

for conservative traits or vice-versa as regeneration proceeds from 
early successional stages towards old-growth or late-successional 
stages (Lohbeck et al., 2015; Poorter et al., 2019). However, our 
findings do not support this directional change in community level 
attributes as regeneration progresses, regardless of the ontoge-
netic stage considered. In fact, such predictable changes along for-
est regeneration rely on the assumption that physical conditions, 
particularly water availability in dry forest, change directionally as 
regeneration proceeds (Lebrija-Trejos et al., 2011), which is not the 
case in the present study. Therefore, although we did not explic-
itly examine the underlying process that organizes forest regen-
eration, it is reasonable to propose that water availability is one 
of the main drivers of forest regeneration in our context. In other 
words, there is a directional community-level change on traits 
linked to germination, seedling survival and water storage linked to 
precipitation levels; i.e. large seeds and low wood density species 
are favoured during the seed-seedling transition in the driest con-
ditions in our focal landscape. In contrast, directional changes in 
functional diversity/composition suggest that seedlings and adults 
are responding roughly equally along the rainfall gradient, increas-
ing trait convergence from drier to wetter regenerating forest 
stands. It is worth mentioning that additional forces not tested here 
could also be operating in addition to water availability to shape 
the forest regeneration pathways. For example, the regenerating 
forests examined are located in sandy poor soils that could act as 
additional environmental filtering during the succession. Moreover, 
the Caatinga forest regeneration usually contains individuals origi-
nated from stump/root resprouting, which would be able to deviate 
from the trait values supported by seed-related plants (Bond and 
Midgley, 2001).

Wood density has been proposed as one of the most import-
ant functional traits organizing dry tropical forests at the popu-
lation level, affecting species survival chance and competitive 
ability (Chave et al., 2009; Poorter et al., 2019; Souza et al., 2019). 
Although several studies report that species with high wood 
density perform better under dry conditions because of a higher 

F I G U R E  4   Changes in Rao index 
(SESRao) for each ontogeny along the 
rainfall gradient in Catimbau National 
Park, Brazil. Only significant models 
were plotted. Highlighted lines depict 
significant relationships. Lines were fitted 
using a linear regression. WD = wood 
density (g/cm3). See Appendix S1 for 
more detailed graphs, including all traits 
examined and gradients
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competitive ability and lower mortality (Chave et al., 2009; Poorter 
et al., 2019), recent studies suggest that species with large seeds 
and low wood density are more tolerant to drought conditions and 
cope with effects of global change more efficiently (Harrison and 
LaForgia, 2019; Krishnan, Barua, and Sankaran, 2019). The impor-
tance of low wood density in this condition would be related to 
increased water storage ability (Borchert, 1994; Chave et al., 2009) 
and shedding of leaves at the first signs of drought (Lima et al., 
2018). It is noteworthy that although water availability affects the 
functional composition of seed mass and wood density, we did 
not detect changes in mean leaf traits across ontogenetic stages 
and along gradients, which contrasts with other recent findings 
(Spasojevic et al., 2014; Lasky et al., 2015; Derroire et al., 2018). 
One likely explanation is that if species can efficiently store water 
and maintain seedling growth, they can bear either small or large 
leaves (Lima et al., 2018), which has been already documented in 
this specific landscape (Sfair et al. 2018).

Surprisingly, changes in functional composition and diversity 
are similar among seedlings and adults along the rainfall gradients, 
with increasing trait convergence toward higher density from drier 
to wetter conditions across regenerating forests. This similar on-
togenetic shift does not support the idea that seedlings and adults 
tend to respond differently to environmental filters, as they have 
differential abilities to deal with environmental constrains and are 
usually exposed to different conditions (Grubb, 1977; Poorter, 
2007; Dayrell et al., 2018). For example, it has been documented 
that seedlings invest more in acquisitive strategies whereas adults 
invest more in conservative strategies (Spasojevic et al., 2014; 
Lasky et al., 2015; Dayrell et al., 2018). However, similar responses 
among seedlings and adults along the rainfall gradient reinforces 
the notion that water availability is indeed a key assembly force in 
tropical dry forests (Pennington et al., 2009). Moreover, trait con-
vergence suggests that although high wood density is less import-
ant during recruitment and in drier conditions, it is relevant among 
adults in wetter sites, probably by enhancing species competitive 
ability (Chave et al., 2009).

Water availability has been identified as a key force operating 
in dry forest regeneration by affecting (a) plant individual growth 
and fitness (Engelbrecht et al., 2007), (b) community-level spatial/
temporal organization (Souza et al., 2019), and (c) forest resilience 
or recovery rate (Engelbrecht et al., 2007; Lebrija-Trejos et al., 
2011; Le Bagousse-Pinguet et al., 2017). Our findings reinforce the 
notion that water availability affects not only the functional com-
position of regenerating plant assemblages across the landscape 
but also the ontogenetic functional organization of plant assem-
blages. Moreover, water availability appears to be a more import-
ant assembly force compared with other environmental variables 
correlating to the time elapsed since abandonment (i.e. regenera-
tion time) and chronic anthropogenic disturbance (see Rito et al., 
2017; Ribeiro et al., 2019). Furthermore, our findings suggest that 
recruitment rather than dispersal is the main force organizing 
plant species assembly (see Myers and Harms, 2011; Fraaije et al., 
2015 for this debate), which is in line with the fact that most of 

the Caatinga woody flora bears abiotic seed dispersal (Griz and 
Machado, 2001), with many species being secondarily dispersed 
by ants (Leal et al., 2014).

In this perspective, it is worth mentioning that CAD plays a sec-
ondary role in decreasing species dispersal abilities, as seeds under 
high CAD and dry conditions present lower maximum dispersal dis-
tance in our focal landscape. Recent studies report that water stress 
is more important than human disturbance in terms of biological or-
ganization in the Caatinga dry forest (Silva et al., 2019, Sfair et al. 
2018), but the synergistic effect caused by low water availability and 
high CAD is rather pervasive to plant assemblage organization at the 
landscape spatial scale (Rito et al., 2017a). In addition, increments 
in disturbance reduce the dispersal capacity of plant species sec-
ondarily dispersed by ants (Leal et al., 2014) and disrupt plant–insect 
networks (Câmara et al., 2018; Câmara et al., 2019).

Moving to an applied context, our results suggest that species 
with small seeds and/or with high wood density will be more vul-
nerable to population decline as the Caatinga experiences a de-
crease rainfall associated with climate change (Torres et al., 2017). 
However, some species with the opposite trait profile might be 
favoured (e.g. Poincianella microphylla, Croton nepetifolius, Jatropha 
mutabilis). Most of these species are already considered proliferating 
disturbance-adapted species in the Caatinga dry forest, with com-
munity- and ecosystem-level impacts such as biotic homogenization 
and the control of forest aboveground biomass (Ribeiro-Neto et al., 
2016; Rito et al., 2017b; Souza et al., 2019). In addition, it has been 
proposed that endemic species with biotic dispersal will be the most 
affected by climate change in the Caatinga biota (Silva et al., 2019). 
Therefore, detecting and facilitating the colonization and establish-
ment of rare species bearing low seed mass and high wood density 
(e.g. Gochnatia oligocephala and Lippia gracilis) is important to pre-
vent local extinctions and to improve the regeneration or restoration 
of the Caatinga dry forest.

5  | CONCLUSIONS

The Caatinga dry forest regeneration is a process organized across 
several dimensions, including community-level functional profile 
along environmental gradients and changes across ontogenetic 
stages. However, plant assemblages are not functionally structured 
as the regeneration proceeds. Water-mediated environmental filter-
ing appears to be the key assembly force operating in the Caatinga 
dry forest across all ontogenetic stages, with chronic anthropo-
genic disturbance playing minor roles. This combination/synergism 
highlights the complexity of species assembly (including forest re-
generation) in human modified landscapes, imposing important 
consequences considering global change scenarios, such as the in-
creasing aridity in the Caatinga dry forest.
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