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Article 
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Abstract: The structure and diversity of tropical vegetation are shaped by biotic and abiotic factors, which 

function as environmental filters affecting plant performance in different spatial and temporal scales. We 

compared soil traits, vegetation structure and leaf traits (i.e., specific leaf area, polyphenols and chlorophyll 

content a/b and total) in early, intermediate and late successional stages of a tropical dry forests in southeastern 

Brazil. For this purpose, we measured leaf traits of the most abundant species in the same 18 plots (50 × 20m/six 

per successional stage) in 2009 and 2018.  We tested whether tree species growing in early forests have a 

greater investment in conservative traits related to chemical defenses and tolerance to desiccation compared to 

late-stage tree species. We observed contrasting results when comparing the chronosequence differences in leaf 

traits both in 2009 and 2018 and the temporal changes along this period. Specific leaf area was lower than 

expected for all successional stages while polyphenol content increased along time, contrary to other studies 

in tropical dry forests. These results suggest that contrasting environmental conditions such as soil water 

holding capacity and light availability are responsible of the observed pattern. Total chlorophyll content 

increase lightly, while the a/b chlorophyll ratio doubled in all successional stages, contrary to our hypothesis. 

Therefore, we suggest that the conservative-acquisitive spectrum in successional gradients of TDFs should be 

further investigated for a better understanding of plant community assemblages. 

Keywords: conservative-acquisitive continuum; deciduous forest; environmental filters; functional 

strategies; sclerophylly; secondary succession 

 

1. Introduction 

Vegetation structure and diversity are affected by both biotic and abiotic factors, which operate 

as environmental filters at different spatial and temporal scales (Peña-Claros et al. 2012; Arruda et al. 

2015; Silva et al. 2021). Therefore, it is expected that morpho-physiological plant traits associated to 

establishment, growth, survival and reproduction in different environments are strongly related to 

abiotic variables (Aguilar-Peralta et al. 2022; Vaca-Sánchez et al. 2022), constraining the occurrence 

and abundance of plant species across different communities (Alvarez-Añorve et al. 2012; Alves et 

al. 2021; Faccion et al. 2021). For example, in harsher stressful environmental conditions, stronger 

selective pressures can result in a lower variability of functional traits within the plant community 

(Violle et al. 2012; Fonseca et al. 2018; Alves et al. 2021). Thus, environmental filters may shape 

assemblages consisting of plant species with similar functional traits (Lebrija-Trejos et al. 2010a; 

Fonseca et al. 2018; Aguilar-Peralta et al. 2022). Indeed, several studies quantifying the morphological 
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or physiological traits associated with plant performance have shown the importance of the 

environmental filters driving plant diversity patterns at a local scale (Alvarez-Añorve et al. 2012; 

Rodrigues et al. 2018; Silva et al. 2021).  

Due to the dynamics of land use and cover in tropical regions, agricultural areas are frequently 

abandoned, generating a landscape dominated by secondary forests at different successional stages 

(Sanaphre et al. 2017, Mantero et al. 2020, Jakovac et al. 2021). This natural regeneration involves the 

gradual recolonization of disturbed areas by different species, modulated by changes in abiotic 

conditions such as increases in soil nutrient levels (Espírito-Santo et al. 2014, Ayala-Orozco et al. 2018, 

Van der Sande et al. 2023) and in forest structural complexity (i.e., greater plant height, basal area 

and canopy cover (Fonseca et al. 2018, Poorter et al. 2023). Understanding such process is 

fundamental to establish reliable indicators to distinguish successional stages of a given forest type, 

which is important for the enforcement of environmental policies on land use regulation (Espírito-

Santo et al. 2020, Rosenfield et al. 2022) and to determine the adequacy of natural regeneration as an 

option in restoration programs (Chazdon et al. 2020, Crouzeilles et al. 2020). 

Theories related to ecological succession in tropical regions were developed predominantly for 

tropical rain forests (Chazdon 2008; Lebrija-Trejos et al. 2010b, Poorter et al. 2023), but important 

differences in mechanisms driving natural regeneration have been documented in tropical dry forests 

(TDFs) (Lohbeck et al. 2013, 2015, Poorter et al. 2019, 2021). For example, in tropical rain forests, light 

availability is the main environmental filter determining the changes in the successional processes 

and species coexistence (Lebrija-Trejos et al. 2010b; Aguilar-Peralta et al. 2022). In contrast, water 

availability and temperature are most important in TDFs (Lebrija-Trejos et al. 2008; Aguilar-Peralta 

et al. 2022). Based on that, Lebrija-Trejos et al. (2010b) proposed different patterns for the variation in 

plant functional traits during succession in tropical rain and dry forests based on the leaf economy 

spectrum (LES) (Wright 2002). They hypothesized that, in rain forests, pioneer species have 

acquisitive leaf traits and late successional plants have conservative leaf traits associated to greater 

capacity of light uptake. On the other hand, TDF species would vary from conservative to acquisitive 

leaf traits in relation to water use (Poorter et al. 2019; Alves et al. 2021; Faccion et al. 2021). However, 

studies testing this hypothesis used mostly chronosequences (i.e., space-for-time substitution) and 

reported mixed results (Lohbeck et al. 2013, Poorter et al. 2019, Faccion et al. 2021, Aguilar-Peralta et 

al. 2022). Thus, long-term temporal data are necessary to more accurately determining successional 

trends on leaf traits and ecosystem functioning in tropical forests.  

In this study, we determined the changes in physicochemical soil parameters, vegetation 

structure and leaf functional traits in a Brazilian TDF using two complementary approaches: (i) a 

chronosequence consisting of plots from early, intermediate and late successional stages; and (ii) the 

temporal comparison of functional trait changes after nine years of succession (2009-2018) in the same 

plots. Specifically, the following hypotheses were tested: (i) regardless of the sampling period (2009 

or 2018), soil resource availability and structural vegetation traits (i.e. height, basal area, density and 

the Holdridge complexity index-HCI) increase along the chronosequence; (ii) in the chronosequence, 

pioneer species in early successional forests have greater investment in conservative traits, related to 

chemical defense and tolerance to desiccation (i.e. phenolic compounds and sclerophylly), whereas 

tree species in the intermediate and late stages will have greater investment in acquisitive traits, 

exhibiting a greater specific leaf area (SLA) and chlorophyll content; (iii) after nine years of 

succession, we expect that soil resource availability and vegetation structure increase for all 

successional stages; finally, (iv) leaf traits of tree species in all three successional stages will be 

different due to temporal changes in species composition or phenotypic plasticity. These changes will 

be more evident for the early stage, since the abiotic and biotic changes in this environment are 

usually faster. Thus, after nine years of succession, we expect that trees would change from an 

investment in conservative strategies, expressed in lower SLA and higher levels of polyphenols (i.e 

defense), to an investment in acquisitive strategies, exhinting higher SLA and chlorophyll content (a, 

b, ratio a/b, and total). 

2. Materials and Methods 
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2.1. Study Area 

This study was conducted at the Mata Seca State Park (MSSP), located in northern Minas Gerais 

state, Brazil. The MSSP was created in 2000 after the expropriation of farms where extensive livestock 

and irrigated agriculture were the main economic activities. This park covers 15,466 ha and is located 

in the Valley of the São Francisco River, between 14°97’02” – 14°53’08” S and 43°97’02” – 44°00’05” 

W. The original and currently predominant vegetation is the TDF, characterized by the presence of 

flat and fertile soils (IEF 2000). Approximately 1,525 ha of the MSSP are covered by abandoned 

pastures which are regenerating to early succesional forests, and the remaining area area is 

characterized by a mosaic of TDF in both secondary and old-growth forests (IEF 2000). This 

vegetation is dominated by dry-deciduous plant species (Pezzini et al. 2014). The region’s climate is 

Aw (according to Köppen, Alvares et al. 2013), characterized by the severe dry season from May to 

October. The average temperature in the region is 24ºC (Antunes 1994) and the average precipitation 

is 818 ± 242 mm (data from the Manga weather station, approximately 10 km from the MSSP). 

Sampling was carried out in nine plots of 50 x 20 m (three per each successional stage) 

established in 2006, for which trees with diameter at breast height (DBH) ≥ 5 cm were censused 

annually until 2017. These plots are located along a 5 km transect that crosses forest areas in the three 

successional stages between the coordinates 14 ° 50’-14 ° 51 ‘S and 43 ° 57’-44 ° 00 W (Madeira et al. 

2009; Nunes et al. 2014). Plot chronosequence were determined considering both the vertical (i.e. 

number of vegetation strata) and horizontal (i.e. tree density) structure of the vegetation, as well as 

the time elapsed since the disturbance and the type of previous land use Madeira et al. (2009). Thus, 

in 2009 the early succesional stage was composed mainly of sparse patches of woody vegetation, 

shrubs and herbs, with a single vertical layer formed by a discontinuous canopy of approximately 4 

m in height. In 2018, these early-stage plots developed a taller forest, with approximately 7 m in 

height with a less representative shrub-herb layer. This area was used as pasture for at least 20 years 

and abandoned in 2000, with the creation of MSSP. The intermediate succesional stage was 

characterized by two vertical strata: (i) the first composed by fast-growing trees growing to 10-12 m 

high, forming a closed canopy, with some emerging trees up to 15 m; (ii) the second stratum was 

composed of a dense understory, with the dominance of lianas and juvenile trees. This area was used 

as pasture by an undefined period and abandoned in the late 1960s (40-45 years regenerating in 2009). 

Finally, the late succesional stage had three strata. The first stratum consisted by tall trees forming a 

closed canopy up to 20 m high. The second stratum was formed by a sparse understory with reduced 

light penetration and low density of juvenile trees and lianas. The third stratum possessed typical 

understory shrub and herbaceous species. There are no clear-cut records in this area for at least 50 

years (Madeira et al. 2009). No changes were observed in the stratification of intermediate and late 

stages from 2009 to 2018. 

2.2. Sampling Design 

2.2.1. Characterization of Biotic and Abiotic Changes 

For each plot, we calculated the average tree height and basal area, species richness and density 

of individuals in 2009 and 2017 (the last plot recensus; for methodological details see Madeira et al. 

2009; Nunes et al. 2014). In addition, we calculated the Holdridge complexity index (HCI) for each 

plot, using the following formula: HCI = (Height x stem density x basal area x number of 

species)/1,000 (Holdridge et al. 1971). The HCI considers only arboreal individuals with DBH > 10 

cm, but we use a modified version of the index because we sampled individuals with DBH ≥ 5 cm. 

Chemical and physical analyses of the soil were also carried out on three samples 0-20 cm deep 

for each plot, in 2009 and 2018. Analyses of the soil samples from 2009 were carried out at EMBRAPA 

Solos (see Espírito-Santo et al. 2014) whereas the samples from 2018 were conducted at the soil 

analysis laboratory of the Institute of Agricultural Sciences (ICA) at the Federal University of Minas 

Gerais (UFMG), following the same EMBRAPA protocols used for the samples from 2009. Here, we 

also used soil texture (sand, silt and clay) to indicate soil water holding capacity (i.e., soils with higher 

clay content have higher water holding capacity). The environmental change associated with 
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successional development was evaluated by measuring photosynthetically active radiation (PAR) in 

April 2009 and 2018, using a sensor (Smart Sensor S-LIA-M003) connected to an understory 

microclimate station installed in a plot of each successional stage.  

2.2.2. Tree Species and Leaf Sampling  

Based on plot structure and composition data, five tree species with the highest Importance 

Value (IV) in each plot were selected (see Alvarez-Añorve et al. 2012, Faccion et al. 2021). The IV 

expresses, numerically, the importance of a given species in the community (in this case, the 

successional stage), being determined through the sum of its values of relative density, frequency 

and dominance, expressed as a percentage (Müeller -Dombois & Ellenberg 1974). Thus, the species 

sampled were not necessarily the same per plot. In total, 13 tree species from 7 families were sampled 

in 2009 and 24 species from 16 families in 2018 (see Table 1). For all species, three individuals were 

marked in each plot (i.e. 15 individuals per plot) and leaf functional traits were evaluated. All 

measurements were performed in the middle of the rainy season (January 2009 and 2018).  

Table 1. Tree species with the highest importance value (IV) at each successional stage in 2009 and 

2018 in the Mata Seca State Park, Brazil. 

Tree species Family Successional stage 

  IV Early Intermediate Late 

2009      

Astronium urundeuva Anacardiaceae 32.54 X   

Handroanthus chrysotrichus Bignoniaceae 26.63   X 

Tabebuia reticulata Bignoniaceae 22.13  X X 

Combretum duarteanum Combretaceae 20.92  X X 

Commiphora leptophloeos Burseraceae 11.97  X X 

Senna spectabilis Fabaceae  9.49 X   

Cenostigma pluviosum Fabaceae  9.43 X X X 

Terminalia fagifolia Combretaceae 9.31  X X 

Handroanthus ochraceus Bignoniaceae 8.60 X   

Machaerium acutifolium Fabaceae  5.59 X   

Mimosa tenuiflora Fabaceae  4.47 X   

Senegalia polyphylla Fabaceae 3.87 X   

Spondias tuberosa Anacardiaceae 3.77  X  

      

2018      

Astronium urundeuva Anacardiaceae 31.44 X  X 

Handroanthus chrysotrichus Bignoniaceae 24.45   X 

Tabebuia reticulata Bignoniaceae 21.32  X X 

Combretum duarteanum Combretaceae 19.12  X X 

Commiphora leptophloeus Burseraceae 10.77  X X 

Terminalia fagifolia Combretaceae 8.87  X X 

Handroanthus ochraceus Bignoniaceae 7.99 X   

Handroanthus spongiosus Bignoniaceae 7.69  X  

Cenostigma pluviosum Fabaceae 7.47 X  X 

Enterolobium contortisiliquum Fabaceae 7.21 X   

Aspidosperma parvifolium Apocynaceae 6.78 X   

Cochlospermum vitifolium Bixaceae 5.71  X  

Coccoloba schwackeana Polygonaceae 5.29   X 

Machaerium acutifolium Fabaceae 4.99 X   

Leutzelburgia andradelimae Fabaceae 4.83   X 

Manihot anomala Euphorbiaceae 4.32  X  

Randia armata Rubiaceae 4.21 X   
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Acosmium lentiscifolium     Fabaceae 3.98 X   

Aralia warmegiana Araliaceae  3.91  X  

Cordia incognita Cordiaceae 3.87   X 

Pereskia bahiensis Cactaceae 3.76  X  

Platymiscium floribundum Fabaceae 3.45 X   

Sapium glandulosum Euphorbiaceae 3.32   X 

Schinopsis brasiliensis Anacardiaceae 3.12 X   

The protocols used to obtain the leaf functional traits were defined by Faccion et al. (2021). To 

determine the leaf functional traits, 10 expanded leaves without visible damaged by herbivores and 

pathogens were collected from each of the 15 individuals previously marked per plot. Of the total 

number of leaves collected (N= 10) per individual, five were used to calculate the specific leaf area 

(SLA) dividing the total leaf area by dry weight. The leaf area was calculated using the ImageJ 

software (Rasband 2006). Afterwards leaves were oven-dried for 48 h at 70 ° C (Cornelissen et al. 

2003) and weighed using an analytical balance. The other five leaves were used to determine the 

polyphenol content (μmol/cm2) (Dualex® Dual Excitation, prototype CNRS-LURE, France), and also 

used for chlorophyll extraction (see below). For statistical analysis, each variable was average per 

individual for all sampled species. 

2.2.3. Polyphenol Content 

Five leaves were used for non-destructive evaluation of polyphenols present in the leaf 

epidermis. The measurements were made in the field, with the aid of a double excitation fluorimeter 

(Dualex® Dual Excitation, prototype CNRS-LURE, France), which is based on the molar extinction 

coefficient of quercetin (ε) at 375nm (Cartelat et al. 2005). For each leaf, three readings were made on 

each surface (abaxial and adaxial), avoiding the central ribs. The sum of the abaxial and adaxial 

readings was divided by ε (since the derivatives of quercetin constitute the main family of flavonoids 

and, therefore, the ε of flavonoids is very similar), being then transformed into polyphenol content 

(µmol−1cm2) (Goulas et al. 2004). Since most polyphenols are concentrated in the epidermis of the 

leaves, this measure can be used to estimate the total content of leaf polyphenols (Goulas et al. 2004; 

Faccion et al. 2021). 

2.2.4. Chlorophyll Content 

From the sample used to quantify polyphenols, five leaves per individual of each species were 

used to determine the chlorophyll content. The leaf samples were wrapped in foil and then stored in 

a polystyrene box with ice and taken to the laboratory, where they were frozen at -18º C for analysis, 

following a method adapted from Hiscox and Israelstam (1979). Each 0.1g sample of leaf tissue in 

fractions was placed in a tube with dimethyl sulfoxide (DMSO, 99.9%) and put in water bath at 65ºC. 

The extraction process was considered complete when the leaf samples became visually transparent. 

Subsequently, the extracts were subjected to absorption analysis using a spectrophotometer (Femto 

700 Plµs). The absorbance was measured at 645 and 663nm for chlorophylls b and a, respectively 

(Mackinney 1941). Hiscox and Israelstam (1979) found the same absorption patterns for chlorophyll 

extracts with DMSO and acetone, therefore, we used the Arnon’s equations (1949) to quantify the 

contents of chlorophylls a, b and total. The chlorophyll content was calculated from these equations 

and then converted in terms of concentration and expressed in milligrams of chlorophyll per gram of 

leaf tissue (mg/g)  

2.3. Statistical Analyses 

2.3.1. Characterization of Biotic and Abiotic Changes 

The vegetation structural parameters (i.e., HCI, species richness, density of individuals, average 

tree height and basal area) (response variables) were compared between years (2009 and 2018) and 

between successional stages (explanatory variables) using generalized linear models (GLMs; one for 
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each response variable), with pos-hoc comparison of means by contrast analyses (Reis-Jr et al. 2015). 

The residuals of the adjusted models were analyzed to assess the adequacy of the error distribution 

(Crawley 2007). These analyses were performed using R software (R Development Core Team 2018). 

To determine the differences in plant species composition among successional stages and years, 

non-metric multidimensional scaling analyses (NMDS; Hammer et al. 2001) were performed using 

the Bray-Curtis dissimilarity index. Complete floristic composition data per plot obtained in 2009 and 

2018 were included instead of only the species used for the analysis of leaf characteristics. To test the 

significance of the separation of the plots obtained through NMDS, we used a similarity analysis 

(ANOSIM). NMDS and ANOSIM analyses were performed using the Past software (Hammer et al. 

2001). 

The physicochemical parameters of the soil were also compared among succesional stages and 

years (2009 and 2018) using GLMs (one for each response variable). The same procedures applied in 

the analyses of vegetation structural parameters were used. The PAR values were not compared 

statistically, since there was data available only for one sensor per successional stage. Thus, only the 

PAR average was calculated for January 2009 and 2018 for each successional stage. 

2.3.2. Leaf Functional Traits 

Chlorophyll content, polyphenols and SLA (response variables) were compared among 

successional stages and years (explanatory variables) using GLMs (one model for each response 

variable), following the same procedures used for previous analyses. In addition, a Principal 

Component Analysis (PCA) was performed using the average values of all leaf traits. Due to the large 

discrepancies between the values of each variable, the logarithm of the average values per species in 

each plot was calculated to normalize data. To compare the three successional stages among years 

(explanatory variable) in functional terms, the scores for axis 1 generated by the PCA (response 

variable) were compared using a GLM. The PCA was conducted using the Past software (Hammer 

et al. 2001). 

3. Results 

3.1. Characterization of Biotic and Abiotic Changes 

In both 2009 and 2018, Fabaceae and Bignoniaceae were the most representative families. As a 

whole, the most common species sampled in 2009 and 2018 were Combretum duarteanum, 

Handroanthus chrysotrichus, H. ochraceus and Astronium urundeuva. However, the species with highest 

IV changed along the chronosequence: in the early succesional stage, H. ochraceus, Machaerium 

acutifolium and A. urundeuva were the dominant species sampled in both 2009 and 2018. On the other 

hand, Combretum duarteanum, Commiphora leptophloeos and Tabebuia reticulata dominated in the 

intermediate and late succesional stages (see Table 1). Average tree height and basal area, species 

richness and the Holdridge complexity index (HCI) increased along successional stages (Table 2). 

Tree density increased along the chronosequence in 2009 but not in 2018, when the intermediate stage 

exhibited the lowest density (Table 2). The structural parameters did not change between 2009 and 

2018, except for the HCI which decreased along the studied period in the intermediate and late stages 

(Table 2). The NMDS analysis based on the floristic composition indicated that there was no temporal 

difference for each successional stage (P > 0.05; Figure S1). 

Table 2. Forest structural parameters (mean ± standard error) in three successional stages in a 

Brazilian tropical dry forest in 2009 and 2018. HCI = Holdridge complexity index. 

Parameter Early  Intermediate  Late  

 Year  Year  Year  

 2009 2018 Change 2009 2018 Change 2009 2018 Change 

Basal Area (m2 

ha−1) 
0.50±0.09ª 0.68±0.16d +36% 1.73±0.16b 1.23±0.12e -28% 2.56±0.17c 2.15±0.17f -16% 
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Height (m) 6.07±0.39ª 7.34±0.77d +20% 8.92±0.22b 8.51±0.50d -4% 10.0±0.64c 9.49±0.29e -5% 

Density (ha−0.1) 47.6±0.77ª 57.5±10.5d +20% 50.4±0.58a 44.1±3.54e -12% 62.3±0.42b 56.9±3.01d -8% 

Species 

richness 
12.3±1.22ª 10.3±1.22d -16% 22.2±1.19b 19.0±1.21e -14% 21.8±1.40b 19.3±1.30e -15% 

HCI 2.42±0.88ª 3.94±1.38d +62% 17.9±3.53b 8.64±1.08e -51%* 35.3±5.02c 22.5±2.58f -36%* 

Letters a, b, c = statistically significant differences among successional stages in 2009; letters d, e, f = statistically 

significant differences among stages in 2018. * = statistically significant differences between years for each stage. 

The mean values of PAR in the understory for 2009 were higher in the early and intermediate 

stages than in the late succesional stage. The PAR decreased 44% in the early stage from 2009 to 2018, 

indicating a relatively rapid canopy closure compared to the intermediate (13.6%) and late stage, 

where PAR values remained practically constant along the study period (Figure S2). 

We detected significant differences in several physicochemical soil parameters along the 

chronosequences in both 2009 and 2018 (P < 0.05), mostly between the intermediate and the early/late 

stages (Table 3). Soils from the intermediate stage were more acidic and had lower values of K, Ca 

and Mg. Differences in soil physical parameters were also observed among the intermediate and the 

early/late stages, with the former exhibiting significant lower silt and higher clay content (i.e., water 

holding capacity) (Table 3). Significant temporal changes in soil chemistry were observed for P levels 

and the contents of organic matter and organic carbon. For physical traits, only clay content decreased 

significantly from 2009 to 2018 (Table 3). 

Table 3. Physicochemical soil parameters (mean ± standard error) of three successional stages in a 

Brazilian tropical dry forest, in 2009 and 2018. 

Parameters Early  Intermediate  Late  

 Year  Year  Year  

 2009 2018  2009 2018  2009 2018  

Chemical   Change   Change   Change 

pH 6.8±0.11ª 6.36±0.14d -6.0% 5.3±0.05b 5.16±0.0e -2.0% 6.63±0.16a 6.36±0.03d -4.0% 

P Meh 4.0±0.57ª 1.0±0.07d -75%* 3.0±0.00a 1.0±0.07d -66%* 3.0±0.44a 1.0±0.33d -200%* 

K 143.0±18.9ª 96.0±7.96d -32% 64.0±2.6b 53.0±1.6e -17% 126.0±12.8a 108.0±9.13d -14% 

Ca 8.0±0.18ª 8.0±0.78d 0% 3.0±0.58b 3.0±0.24e 0% 8.0±0.50a 8.0±0.37d 0% 

Mg 2.0±0.38ª 3.0±0.76d +50% 1.0±0.03b 1.0±0.08e 0% 2.0±0.15a 3.0±0.09d +50% 

Organic 

matter 
3.0±0.09ª 7.09±0.07d +133%* 3.0±0.02a 5.0±0.06d +66%* 3.0±0.05a 6.0±0.06d +100%* 

Organic C 2.0±0.05ª 4.0±0.04d +100%* 1.0±0.12a 3.0±0.03d +200%* 3.0±0.06a 4.0±0.39d +33% 

          

Physical          

Sand 53.0±2.8ª 55.0±4.8d +3.0% 48.0±1.2a 47.0±1.15d -2.0% 43.0±6.3a 55.0±8.3d +27% 

Silt 20.0±1.0a 30.0±3.6d +50% 14±0.72b 15.0±1.76e +7.0% 23.0±3.35a 29.0±7.85d +26% 

Clay 27.0±2.4a 15.0±1.76d -44%* 39.0±0.6b 38.0 ±1.1e -2.0% 34.0±3.05c 17±1.33d -50%* 

Letters a, b, c = statistically significant differences among successional stages in 2009; letters d, e, f = statistically 

signifi-cant differences among successional stages in 2018. * = statistically significant differences between years 

for each stage. 

3.2. Leaf Functional Traits 

The trends observed in the chronosequence for leaf functional traits were not consistent in 2009 

and 2018, except for the total and a/b chlorophyll content (Figure 1). For the SLA, the highest values 

were observed in the late stage in 2009 and in the intermediate stage in 2018 (Figure 1A). We observed 

a gradual decrease in polyphenol content along the chronosequence in 2009, but in 2018 the highest 

levels of these secondary compounds were detected in the intermediate stage (Figure 1B). The ratio 

between chlorophylls a/b did not differ between successional stages neither in 2009 or 2018, but the 
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total chlorophyll content was lower in the intermediate stage in both years, although this difference 

was not statistically significant in 2018 (Figure 1CD). 

 

Figure 1. Leaf functional traits of tree species along a chronosequence in a tropical dry forest in Brazil. 

Letters a, b, c on the bars = statistically significant differences among successional stages in 2009; 

letters d, e, f = differences among stages in 2018. * = statistically significant differences between years 

for each stage. Mean ± SE. 

On the other hand, consistent temporal changes in leaf functional traits were detected from 2009 

to 2018, with the exception of polyphenol content. The SLA decreased in all succesional stages, 

although the temporal difference was not statistically significant for the intermediate stage (Figure 

1A). The ratio between chlorophylls a/b almost doubled during the study period for all stages, 

although the total chlorophyll content did not change significantly (but tended to increase in all 

stages; Figure 1CD). Polyphenol content increased from 2009 to 2018 in the late stage and decreased 

in the early stage, with no statistically significant difference in the intermediate stage (Figure 1B). 

The principal component analysis of the leaf traits indicated a clear separation between years 

(2009 and 2018), regardless of the successional stage (Figure 2). The first PCA axis explained 67.9% of 

the variation, while the second PCA axis explained 23.2%. The first axis was positively correlated 

with the ratio between chlorophylls a/b and polyphenol content, and negatively correlated with the 

SLA (Figure 2). The second axis correlated positively with the ratio between chlorophylls a/b and 

SLA, and negatively with polyphenol content (Table S1). For 2009, it was also possible to notice a 

separation between late-stage plots and early/intermediate stage plots (Figure 2). There was a 

statistically significant difference in the scores of the first axis of the PCA between 2009 and 2018 

(GLM, P < 0.05). 
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Figure 2. Ordering of leaf functional traits of tree species in early, intermediate and late successional 

stages in 2009 and 2018 (n = three plots per stage) through principal component analysis (PCA). The 

variables that explained most of the variation in each axis are indicated. 

4. Discussion 

We observed contrasting successional patterns for leaf functional traits when using three 

different comparisons: a chronosequence in 2009 and 2018 and the actual temporal changes occurred 

in the forest along this nine-year period. As a whole, the predicted successional pattern was only 

observed for SLA (increased) and polyphenols (decreased) for the chronosequence in 2009 (see Table 

4), and for chlorophyll a/b (increase) from 2009 to 2018. This lack of consistent is likely related to the 

fact that temporal changes in forest structure and abiotic conditions (light and soil parameters) 

followed an unexpected successional pathway due to stochastic events causing high tree mortality in 

intermediate and late stages. These results reveal the limitations of the space-for-time substitution 

approach to assess the regeneration of ecosystem functioning. 

Table 4. Expected and observed patterns for vegetation structure, light and soil conditions and in leaf 

functional traits using a chronosequence (early, intermediate and late stages) approach in 2009 and 

2018, and temporal data from 2009 to 2018 in a Brazilian tropical dry forest. HCI = Holdridge 

complexity index; PAR = photosynthetically active radiation; WHC = water holding capacity. Green 

shades indicate that the proposed pattern was corroborated. 

Parameter Prediction Observed trend 

  
Chronosequence 

2009 

Chronosequence 

2018 
Temporal (2009-2018) 

Biotic and abiotic 

changes 
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HCI Increase Increase Increase 
Decrease in the intermediate 

and late 

PAR Decrease Decrease 
Higher in the 

intermediate 
Decrease 

Soil nutrients Increase 
Lower in the 

intermediate 

Lower in the 

intermediate 

Decrease in P and increase in 

organic matter 

Soil WHC Increase 
Higher in the 

intermediate 

Higher in the 

intermediate 
Decrease in the early and late 

Leaf functional 

traits 
    

SLA Increase Increase 
Higher in the 

intermediate 
Decrease 

Polyphenols Decrease Decrease 
Higher in the 

intermediate 

Decrease in early, increase in 

intermediate and late 

Total chlorophyll Increase 
Lower in the 

intermediate 

No significant 

differences 
No significant differences 

Chlorophyll a/b Increase 
No significant 

differences 

No significant 

differences 
Increase 

4.1. Temporal Changes Biotic and Abiotic Conditions 

The environmental conditions of the three successional stages changed along nine years of 

natural regeneration, as demonstrated by the physical and chemical soil parameters, as well as by the 

PAR. Although there were no differences in the general composition of plant species in the 

successional stages between 2009 and 2018, the number of species sampled in each year was quite 

different (13 vs. 24). While the five plant species with the highest IV were the same (see Table 1), the 

IV values decreased over time, indicating a decrease in species dominance. In addition, these results 

suggest an increase in beta diversity in all successional stages. In 2009, the 15 individuals sampled in 

the three plots of the early stage belonged to seven species, increasing to ten species in 2018. A similar 

pattern was found for the intermediate (six to nine) and late (six to eleven) stages. However, the most 

striking results were recorded for the structure of the successional stages. 

Contrary to our expectations, the average tree species richness decreased in all successional 

stages. The basal area, height and Holdridge Complexity Index (HCI) increased in the early 

succesional stage, but decreased in the more advanced succesional stages. According to several 

studies, structural complexity generally increases along forest natural regeneration (Lebrija-Trejos et 

al. 2010ab; Espírito-Santo et al. 2014; Becknell & Powers 2014). This unexpected result is probably 

related to the long period of drought that occurred between 2011 and 2016, aggravated by the 

occurrence of the El Niño Southern Oscillation (ENSO, 2015-2016) (Bretfeld et al. 2018). In fact, recent 

studies on tropical forests in Brazil (Rowland et al. 2015) and Panama (Meakem et al. 2017) have 

shown the negative impacts of the ENSO from 2015-2016, considered the most intense in the last 50 

years (Bennett et al. 2023). These studies showed that drought-induced mortality is more common in 

the seedling stage and in large trees (Rowland et al. 2015, Meakem et al. 2017). In addition, in 

February 2011, a strong wind storm was recorded in the studied plots, causing tree fall and extensive 

canopy opening (MM Espírito-Santo, pers. obs.). Despite these unexpected structural changes, the 

PAR values decreased in the early and intermediate stages and remained stable in the late (see Figure 

S2), indicating canopy closure from 2009 to 2018. However, the results of the PAR must be interpreted 

with caution, since they represent a measurement of a single area of one plot per successional stage, 

not expressing all the variability of light distribution in the forest canopy. 

In general, the temporal increase in organic matter and organic carbon suggests that soils have 

become more fertile, despite the observed decrease in K and P. In addition, there were significant 

changes in the physical structure of the soil in the early and late succesional stages, with a decrease 

in clay content and an increase in silt and sand. Studies performed in dry and tropical rain forests 

have shown that sites with low clay content also present high light incidence, directly influencing the 
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vegetation composition and structure (Peña-Claros et al. 2012; Rodrigues et al. 2018). According to 

Espírito-Santo et al. (2014), in a study performed in the same plots, the marked difference in soils 

among successional stages may be a consequence of a more intense previous land use in the 

intermediate successional stage before 1972. Moreover, is likely that the lower soil fertility and higher 

water holding capacity observed in the intermediate succesional stage is a natural characteristic of 

the soil type where the forest developed (Van der Sande et al. 2023). 

4.2. Leaf Traits and Successional Gradient 

The variations in leaf traits among successional stages were not consistent between 2009 and 

2018. Our hypothesis was partially corroborated for the chronosequence in 2009, for SLA and 

polyphenols, according to the conservative-acquisitive spectrum (see Table 4). Similar to our results, 

Faccion et al. (2021) found the lowest total chlorophyll values in the intermediate succesional stage, 

related to the intense exposure to solar radiation. However, the same pattern was not observed for 

the chronosequence in 2018, when none of the leaf traits varied as predicted by our proposed 

hypothesis. 

The higher SLA and polyphenol content observed in the intermediate succesional stage in 2018 

are due to the decrease in the average values of these traits in the early and late succesional stages 

(i.e. these variables did not exhibited significant temporal changes in the intermediate succesional 

stage). The soils of the early and late succesional stages became sandier in 2018, while the soil texture 

in the intermediate stage did not change, continuing with a high clay content. More clayey soils have 

greater water retention capacity (Rodrigues et al. 2018, 2019), acting as an environmental filter for 

plants with more acquisitive characteristics, such as greater SLA (Cardoso et al. 2011; Fonseca et al. 

2018; Silva et al. 2021). However, high values of polyphenols would not be expected under these 

conditions. In 2018, the intermediate stage started to have a larger canopy opening, increasing the 

PAR due to changes in the forest structure (see Table 2).  

The spatial patterns for the year 2009 and 2018 were practically similar in relation to chlorophyll 

a/b and total. The absence of differences in chlorophyll content are in line with the hypothesis that 

the variation in light incidence along TDF chronosequences are not so striking (Lebrija-Trejos et al. 

2010a, 2011; Lohbeck et al. 2015). However, our results indicate expressive successional differences 

in the PAR in 2009, at least for the late stage.  

4.3. Temporal Differences in Leaf Characteristics 

In general, the temporal changes in leaf traits between 2009 and 2018 were more striking than 

the changes observed along the chronosequences in each year. However, many of these changes did 

not corroborate the hypothesis proposed according to the conservative-acquisitive spectrum of leaf 

economy during succession in TDFs (Lohbeck et al. 2015). The decrease in SLA in all successional 

stages (although the difference was not statistically significant for the intermediate stage) over time 

is the opposite of our expectation. The small increase observed in total chlorophyll, although not 

statistically significant, indicates a trend contrary to that predicted by the hypothesis, but it is 

reasonably consistent with that observed in the chronosequence (i.e. no difference in 2018). The most 

striking change was observed in the ratio between chlorophylls a/b, which doubled in all stages, also 

contradicting the predicted hypothesis. In TDFs, naturally thinner canopy than tropical rain forests, 

such drastic changes in the amount of light that passes through the canopy (Lebrija-Trejos et al. 2010a, 

2011). Despite the rapid increase in total chlorophyll, the increase in the ratio between chlorophylls 

a/b suggests an increase in light incidence in all succesional stages, since lower levels of chlorophyll 

b are more commonly found in environments with a higher incidence of light (Li et al. 2018).  

It is important to highlight the lack of consistency between the changes in leaf traits observed 

along the chronosequence (whose pattern was different in each year) and over the nine years of the 

present study. The only reasonably consistent pattern between the two approaches was observed for 

total chlorophyll (i.e. no difference). Despite being an extremely useful approach in studies on 

ecological succession, chronosequence is based on specific measurements of parameters and 

processes and its premises are often not confirmed in temporal follow-ups (Johnson & Miyanishi 
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2008). In the case of the present study, the temporal changes observed during the nine years of 

succession were contrary to our expectations (i.e. decrease in complexity) for the more advanced 

successional stages, due to stochastic events whose effects had a different intensity between stages. 

These results reinforce the need for long-term studies for a better understanding of the natural 

regeneration of ecosystem functioning in tropical forests. 

The functional separation over time was mainly characterized by the change from acquisitive to 

conservative characteristics (i.e. general decrease in SLA and the ratio between chlorophylls a/b and 

increase in polyphenols in advanced stages), due to a decrease in the structural complexity of the 

forest in more advanced stages, probably caused by stochastic factors (i.e. windstorm in 2011 and 

long sequence of dry years), as discussed above. In our study, although different tree species were 

evaluated in each year, we compared only interspecific trait variations because previous studies 

indicated a very small variance in leaf traits at intraspecific level due to phenotypic plasticity (Faccion 

et al. 2021). 

5. Conclusions 

Few studies have accompanied successional changes in functional plant traits over time, in order 

to corroborate results obtained from chronosequences. The present study showed an inconsistency 

between the two approaches, which may be related to stochastic events that occurred over the nine-

year interval between the samples. In 2009, the chronosequence partially corroborated the hypothesis 

of conservative-acquisitive changes in the spectrum of leaf economy throughout the succession in 

TDFs. However, the unexpected decrease in structural complexity and soil characteristics (nutrients 

and water holding capacity) in advanced successional stages over time “blurred” these differences in 

2018. Over time, the intermediate and late succesional stages apparently became environments that 

supported plant with more conservative characteristics in 2018 than in 2009. Therefore, the 

conservative-acquisitive spectrum in regenerating TDFs should be further investigated preferentially 

with temporal data, as the intensity and direction of environmental filters are likely to change over 

time, especially with the possibility of increasing frequency of extreme events due to climate change. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Figure S1: title; Figure S2: title; Table S1: title. 
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