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Leaf traits are good indicators of ecosystem functioning and can affect herbivory and leaf reflectance patterns, allowing a better understanding of changes in environmental conditions, such those observed during forest natural regeneration. The aim of this study was to evaluate the intraspecific variation in leaf traits and their influence on the pattern of herbivory and leaf reflectance in three species distributed along a successional gradient (early, intermediate and late stages) in a tropical dry forest (TDF) in northern Minas Gerais, Brazil. We sampled individuals of the following abundant tree species that occurred in multiple successional stages: Cenostigma pluviosum, Handroanthus ochraceus, and Tabebuia reticulata. We collected 10 leaves from each tree to determine the contents of chlorophyll a, b, and total, carotenoids and water, as well as the percentage of leaf area removed by herbivores and leaf specific mass (LSM). We also measured five spectral reflectance indices (Normalized Difference Vegetation Index-NDVI, Simple Ratio-SR, modified Normalized Difference-nND, modified SR-mSR and Water Index-WI) using a portable spectrometer. Our results showed intraspecific differences in most leaf traits along the successional gradient, suggesting that local adaptation may play an important role in plant community assembly. However, herbivory only differed for H. ochraceus in early and intermediate stages, but it was not affected by the leaf traits considered here. Spectral reflectance indices also differed among successional stage for all species together and for each species separately, except for T. reticulata in intermediate and late stages. Thus, leaf spectral signatures may be an important tool to the remote detection of different successional stages in TDFs, with implications for forest management.

Keywords: leaf reflectance, leaf pigments, ecological succession, herbivory, tropical dry forests, intraspecific variation


INTRODUCTION

Leaf traits are often considered proxies of the relationships among efficiency in plant resource-use, investment in biomass and ecosystem functioning (Poorter et al., 2004; Lebrija-Trejos et al., 2010; Silva et al., 2015, 2021), because they can be easily quantified and are closely related with plant physiology (Cornelissen et al., 2003; Chaturvedi et al., 2011a,2021; Lohbeck et al., 2015). The occurrence of natural and anthropogenic disturbances has profound impacts on biodiversity loss and ecosystem self-regulation, which can thus be detected through variations in plant functional traits (Quesada et al., 2009; Alvarez-Añorve et al., 2012). Recovery from disturbance can occur naturally through ecological succession, a process marked by changes in plant community attributes over time (Chazdon, 2008; Faccion et al., 2021). Alterations in habitat conditions during succession result in a range of selective pressures, creating different environmental filters (Cornwell and Ackerly, 2009) that drive community assembly (Ronce et al., 2005; Lohbeck et al., 2015).

Indeed, environmental filtering is one of the processes that affect the composition and diversity of species at different successional stages (Baraloto et al., 2012; Becknell and Powers, 2014; Faccion et al., 2021). In this case, the regional species pool is represented at the local communities by a sub-group of species that converge in functional traits needed to colonization of habitats that change in conditions as the succession progresses (Cornwell and Ackerly, 2009; Lebrija-Trejos et al., 2010). However, variation in physiological traits can be found at local scale, and may be related to differences in the availability of light and nutrients in the soil, affecting plant growth rate and palatability to herbivores (Becknell and Powers, 2014; Silva et al., 2021). Plant species occurring in different successional stages may respond to long-term contrasting selective pressures and physiologically and morphologically adapt to local environmental conditions (i.e., ecotypic differentiation; Ramírez-Valiente et al., 2010). Such adaptation can also occur through phenotypic plasticity (Messier et al., 2010; Falcão et al., 2015), i.e., the range of phenotypes that a genotype can express as a function of changes in the environmental conditions (Nicotra et al., 2010). Thus, intraspecific differences in plant traits are expected along successional gradients (Alvarez-Añorve et al., 2008, 2012; Falcão et al., 2015).

Differential plant adaptation along secondary succession can be reflected in the leaf structure and production of pigments (Faccion et al., 2021). The morphophysiological plants traits associated to light availability (e.g., acquisitive or conservative traits) confer them specific spectral characteristics (Lebrija-Trejos et al., 2010; Alvarez-Añorve et al., 2012; Lohbeck et al., 2015). Leaves are the main photosynthetic organs and have great importance in the interaction of radiant energy with vegetation (Morisette et al., 2006). The use of technologies that detect spectral changes related to functional plant traits can allow the development of diagnostic tools to infer the successional and functional status of different plant communities (Alvarez-Añorve et al., 2012), permitting a better understanding of forest dynamics at the regional level (Sánchez-Azofeifa et al., 2005; Kalácska et al., 2007; Gu et al., 2018).

In general, tropical dry forests (TDFs) are still poorly studied in relation to humid tropical environments (Sánchez-Azofeifa et al., 2005; Quesada et al., 2009). Also, little is known about the optical properties of tropical plant species or about the potential for their identification using remote sensing (Castro-Esau et al., 2006; Gu et al., 2018). The spectral reflectance pattern of leaves is usually the dominant contribution to canopy reflectance (Castro-Esau et al., 2006; Kalácska et al., 2007; Gu et al., 2018). Leaf spectral reflectance is affected (1) by the biochemical properties of the leaf (water content, photosynthetic pigments and structural carbohydrates), which create specific absorption peaks of certain wavelengths; and (2) by leaf morphology (cell wall thickness, air spaces, epicuticular waxes), which affects photon dispersion (Grant, 1987; Asner, 1998; Roberts et al., 2004). Whereas pigment content plays an important role in visible light reflectance, leaf thickness and internal morphology apparently control reflectance closer to infrared (Castro-Esau et al., 2004, 2006). In this sense, leaf traits provide important indication of the differences in floristic composition and/or plant functionality at different successional stages, through spectral “signatures”—the relative intensity with which each tree reflects or emits electromagnetic radiation at different wavelengths (Castro-Esau et al., 2006).

Most studies on leaf reflectance patterns used healthy leaves (i.e., without damage by pathogens or herbivores) to measure leaf characteristics (Castro-Esau et al., 2004, 2006; Alvarez-Añorve et al., 2008, 2012). However, leaf traits are affected by damage caused by herbivores and vice versa (Carter and Knapp, 2001; Sanson et al., 2001; Peeters, 2002; Poorter et al., 2004). In a review using published and original data for different climate zones, Kozlov et al. (2015a) recorded that, in average, 7.55% of the area of woody plant foliage was eaten away or otherwise affected (mined, galled) by herbivores. In the case of TDFs, about 14% of plant biomass is removed annually by herbivory (Coley and Barone, 1996; Silva et al., 2021) and a much larger proportion of leaves, up to 75%, have some type of leaf damage (Dirzo and Domínguez, 1995). Although a leaf area loss of 14% per year does not seem to be of ecological importance, it is sufficient to reduce plant fitness, causing flowering delay and decreasing seed production and viability (Coley and Barone, 1996). Leaf herbivory rates, in turn, are strongly related to changes in morphophysiological traits along successional gradients (Poorter et al., 2004; Fonseca et al., 2018; Silva et al., 2021).

This study aimed to evaluate the intraspecific variation in leaf traits and its influence on herbivory and reflectance patterns in three species distributed along a successional gradient in a Brazilian TDF. Specifically, we addressed at following questions: i) Do leaf morphophysiological traits, herbivory and spectral reflectance differ at the intraspecific level for species that occur at different successional stages? ii) Do leaf traits affect leaf reflectance indices and leaf herbivory?



MATERIALS AND METHODS


Study Area

The study was carried out in the Mata Seca State Park (hereafter MSSP), created in 2000 from the expropriation of four farms, in which the main land uses were extensive cattle raising and plantations of bean, corn and tomato. Approximately 1,525 ha of the MSSP are covered by abandoned pastures in earlier regeneration stage, whereas the remaining area is a mosaic of secondary and old-growth TDFs (intermediate and late successional stages), in addition to riparian forests (Instituto Estadual de Florestas [IEF], 2000).

The MSSP has an area of 15,466.44 ha and is located near to São Francisco River, in the municipality of Manga, Minas Gerais state, Brazil, between the coordinates 14°48′36″—14°56′59″ S and 43°55′12″—44°04′12″ W (Figure 1). The predominant original vegetation in the MSSP is the TDFs, occurring in flat and fertile soils (Instituto Estadual de Florestas [IEF], 2000). These formations are typically deciduous, with 90–95% of leaf loss during the dry season (May to October) (Pezzini et al., 2014). The climate of the region is Aw according to Köppen’s classification (updated by Peel et al., 2007), characterized by the existence of a severe dry season during the winter. The average temperature in the region is 24°C (Antunes, 1994) and the average annual rainfall is 818 ± 242 mm (data from the Manga meteorological station, approximately 10 km from the MSSP), which is concentrated from November to March.
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FIGURE 1. Location of the study site, in the Mata Seca State Park, north of Minas Gerais state in Brazil. The spatial distribution of the 18 plots in early, intermediate and late successional stages is also shown.


We studied TDFs in three different successional stages, determined according to the vertical (number of strata) and horizontal (density of trees and area basal) structural characteristics of the forest, as well as the time since the last anthropogenic disturbance and the type of previous land use (Madeira et al., 2009; Nunes et al., 2014). The early successional stage is mainly composed of sparse patches of woody vegetation, shrubs and herbaceous plants, with a single vertical stratum formed by a discontinuous canopy approximately four meters tall. This area was used as pasture for at least 20 years and abandoned in 2000, with the creation of the MSSP. The intermediate successional stage has two vertical strata. The first is composed of fast-growing trees, 10–12 m tall, forming a closed canopy with some emerging trees up to 15 m. The second stratum is composed of a dense understory, with many lianas and juvenile trees. This area was used as pasture for an indefinite period and abandoned in the late 1960s. The late successional stage also has two strata: the first is composed by tall trees, forming a closed canopy 18–20 m high, and the second is formed by a sparse understory with reduced light penetration and low density of juvenile trees and lianas. There are no records of clear-cut in this area for at least 50 years. Until the park creation in 2000, the intermediate and late stages suffered eventual, low-intensity impact from free-ranging cattle and selective logging. For more details on differences in species composition and forest structure between stages (see Madeira et al., 2009; Nunes et al., 2014).



Sampling Design

Sampling was carried out in 18 plots (50 × 20 m) delimited in 2006 and distributed equally in the three successional stages, for which phytosociological data were sampled annually until 2017 (Calvo-Rodriguez et al., 2021). Clusters of plots from different successional stages were located at 0.8–7.0 km apart from each other. In each cluster, plots from the same successional stage were positioned 0.2–1.0 km from each other (Figure 1; see Madeira et al., 2009). We recognize that this spatial distribution configures a “crumpled segregation” (sensu Hurlbert, 1984), but previous analyses by Madeira et al. (2009) indicated that similarities in species composition did not vary with plot distance within the same successional stage but decreased with distance for plots at different successional stages. Thus, we considered that plot distribution did not affect the variation on the parameters evaluated in the present study. Based on the data from 2009, three tree species (diameter at breast height ≥ 5 cm) with high IVI (especially with high abundance) and occurring in at least two successional stages (see Supplementary Table 1) were selected. Accessibility to sun-exposed leaves at the canopy was also considered for species selection. Thus, Cenostigma pluviosum (DC.) Gagnon & G.P. Lewis (Fabaceae Caesalpinoideae) was sampled in the three stages, Handroanthus ochraceus (Cham.) Mattos (Bignoniaceae) was sampled in the early and intermediate stages, and Tabebuia reticulata A.H. Gentry (Bignoniaceae) was sampled in the intermediate and late stages. For these species, nine individuals were sampled per stage and morphological and physiological traits that affect spectral reflectance and leaf herbivory were evaluated. All measurements were carried out during 9 days at the middle of the rainy season, in January 2012, when the plants had fully expanded leaves. A 5-year phenological study at the community level conducted in the same plots did not record differences in leaf flushing among successional stages (Santos, 2016), thus we considered all sampled leaves as belonging to same cohort.

To quantify the morphological and physiological characteristics, 10 fully expanded and sun-exposed leaves were randomly collected from each of the nine individuals previously marked at each stage (630 leaves in total). Cenostigma pluviosum has bipinnate leaves, with 2–11 pairs of pinna and 9–31 leaflets per pinna (Flora do Brasil, 2020). The leaves of H. ochraceus are 5-foliolate and leaflets are chartaceous, obovate to elliptic, with size ranging 4.2–10.1 × 3.1–7.3 cm and margins entire, rarely serrated (Costa et al., 2019). The leaves of T. reticulata are simple, obovate to obovate-oblong, with size ranging 2.6–5.6 × 1.9–3.1 cm and margins entire (Espírito-Santo et al., 2013). For C. pluviosa, all measurements considered the whole leaf (including all leaflets). For H. ochraceus, leaflets are large and each leaflet was considered as a separate leaf. All sampled leaves were wrapped in foil with a moistened paper to prevent leaf water loss. These samples were stored in a cooler with ice until processing. From 10 leaves collected per individual, five were used to leaf traits analyses (water content, thickness and sclerophylly), herbivory and reflectance, and the other five were used to pigment analyses (carotenoid and chlorophyll content).



Leaf Traits, Herbivory, and Reflectance

The five leaves used in the leaf analysis were numbered, photographed and readily weighted on a digital balance (accuracy of 0.0001) in the field to determine fresh weight, and leaf thickness and reflectance were immediately measured (up to 3 h after sampling). Thickness was obtained with three measurements on the leaf blade, avoiding leaf vein, with the aid of a caliper (mm). At each point in which leaf thickness was measured, the leaf reflectance was also measured. Reflectance measurements were taken with a portable spectrometer (Unispec, PP Systems, Haverhill, MA) which provides a spectral range from 350 to 1,100 nm. The reflectance indices chosen for correlation with pigment content were the Normalized Difference Vegetation Index (NDVI), Simple Ratio (SR) (Gitelson and Merzlyak, 1994), modified Normalized Difference (nND) and modified SR (mSR) (Sims and Gamon, 2002), the latter two based on the wavelength of 705 nm. We also used the Water Index (WI) of Peñuelas et al. (1997), which is a direct indicator of the amount of water in the leaf.

All 10 leaves sampled from each individual were taken to the laboratory, and five leaves were dried at 70° for 48 h (Poorter et al., 2004) and weighted to obtain the dry weight, the water content (%) and to calculate the specific leaf mass (SLM, g/m2). Leaf photographs were processed individually by binary conversion (black and white) using the software ImageJ (Rasband, 2006) to obtain total leaf area and area removed by herbivores, and the percentage of leaf area loss was calculated [(lost area/total area) * 100]. For the compound leaves of H. ochraceus, we calculated these parameters for each leaflet. For the bipinnate leaves of C. pluviosum, all leaflets of the entire leaf were considered for calculations.



Pigment Quantification

Five leaves were frozen at −18°C to pigment quantification in laboratory. We used the method adapted from Hiscox and Israelstam (1979), in which 0.1 g of powdered leaf tissue was placed in a tube with dimethylsulfoxide (DMSO, 99.9%), and submitted to a water bath at 65°C. The incubation time required for pigment extraction was determined for each species in preliminary tests, which was considered complete when leaf samples became visually transparent. Afterward, the absorbance from extracts was measured between 645 and 663 nm for chlorophylls b and a, respectively, and at 470 nm for the carotenoid content. Absorbance values were obtained using a spectrophotometer Femto 700 Plμs. We used equations proposed by Arnon (1949) to quantify the contents of chlorophylls a and b (and total). The quantification of total carotenoid content was obtained using the equation of Lichtenthaler and Wellburn (1983). The contents of chlorophyll and carotenoids were expressed in milligrams (mg) per gram (g) of leaf tissue.



Statistical Analyses

All variables obtained at the leaf level were averaged per tree for statistical analyses. To test the effect of the successional stage on leaf traits, herbivory and spectral reflectance indices at intraspecific level for the three species studied, we used generalized linear models (GLMs). The leaf thickness, water content, SLM, herbivory, spectral reflectance indices (mND705, mSR705, and WI), contents of a, b, and total chlorophyll and carotenoids were used as response variables, and the successional stage was used as explanatory variable. Post hoc tests and detection of the non-significant categorical groups (amalgamation) were performed by contrast analyses (Crawley, 2007) using “coms” function from “RT4Bio” package of R (Reis et al., 2015). The models were subjected to residual analysis to assess the adequacy of the error distribution model (Crawley, 2007) using the “rdiagnostic” function from the “RT4Bio” R package (Reis et al., 2015).

We used multiple linear regressions through generalized linear mixed-effect models (GLMMs) to verify if the spectral reflectance indices were influenced by leaf traits (pigments and water), without differentiation of species and stages. In each model, the species identity was used as a random effect variable in order to control for possible interspecific differences that may affect the spectral reflectance indices. We built the complete GLMM models with Gaussian error distribution in which the indices were used as response variables and the contents of chlorophyll a, b, and total, and carotenoids and water were used as explanatory variables. The variance inflation factor (VIF) was calculated as a measure of multicollinearity. We detected collinearity between the predictor variables chlorophyll a, b, and total (VIF values > 5 indicates strong collinearity; Logan, 2010), then only total chlorophyll was maintained in the models, which were then submitted to a residual analysis for the adequacy of the error distribution (Crawley, 2007). These analyses were performed using “lmer” function from the “lme4” R package (Bates et al., 2015).

To verify if leaf herbivory was influenced by SLM, chlorophyll a, b and total, and water content, we also performed GLMMs as previously described. Herbivory was used as the response variable and aforementioned leaf traits were used as explanatory variables. We verified that there was no collinearity between the predictor variables. The models were submitted to residual analyses for the adequacy of the error distribution (Crawley, 2007). The final models obtained were compared with a null model in order to test their significance. All analyses were performed using the R software (R Development Core Team, 2015).




RESULTS

All leaf traits and herbivory differed among successional stages for at least one of the species considered (Table 1 and Supplementary Table 2). The mean reflectance values were higher for all the species in the early stage (Figures 2A–D). This variation was more evident for H. ochraceus, which presented higher reflectance values in the early compared to the intermediate stage for both the visible and for the infrared and near infrared regions (Figure 2C).


TABLE 1. Mean values (± standard deviation) for morphological (specific leaf mass-SLM) and physiological traits (water content, chlorophyll a, b, and total, and carotenoids), and spectral reflectance indices for C. pluviosum, H. ochraceus, and T. reticulata in different successional stages.
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FIGURE 2. (A) Mean leaf reflectance spectra for (A) all three species together, and for each species separately (B–D) in different successional stages in a tropical dry forest.


For C. pluviosum, the percentage of leaf herbivory, LSM and water content did not differ between successional stages (Table 1 and Figure 3). On the other hand, chlorophyll a, b, total and carotenoid contents in this species varied among successional stages. The chlorophyll a, b, and total contents had lowest concentration in the early stage but carotenoid content was significantly lower in the intermediate stage (Table 1). For C. pluviosum, mND705 and mSR705 were lower in the late stage and the WI was lower in the intermediate stage.
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FIGURE 3. Mean (± standard deviation) percentage of leaf damage for three plant species at different successional stages in a tropical dry forest. The asterisk indicates differences on mean herbivory at the intraspecific level among successional stages (P < 0.05). ns = P > 0.05.


For H. ochraceus, SLM, chlorophyll b and total contents and carotenoids did not differ between successional stages. However, the water and chlorophyll a contents were higher (5.3 and 9.4%, respectively) for the early compared to the intermediate stage (Table 1), and the percentage of leaf herbivory was higher in the intermediate (76.9%) than in the early stage (Figure 3). For this species, the mND705 and mSR705 indices were significantly higher in the early stage compared to the intermediate stage (7 and 54.4%, respectively), and the WI was higher in the intermediate stage (4.4%).

For T. reticulata, all variables varied among successional stages except for herbivory (Figure 3). SLM was greater in the intermediate stage (25.7%) and the contents of chlorophyll a (13%), b (33.2%), total (19.8%), carotenoids (156%), and water (4%) were higher in the late stage. None of the spectral indices exhibited significant differences among stages for this species (Table 1 and Supplementary Table 2).

The spectral indices correlated differently with the physiological traits (pigment and water contents) considered here (Table 2). Only the NDVI and mND705 indices were positively influenced by the total chlorophyll content (Supplementary Figure 1 and Table 2). Carotenoid content was not related to any spectral index (Table 2). The water content also did not correlate the WI (Table 2). The herbivory levels (percentage of leaf area removed) were not influenced by any of the leaf characteristics evaluated in the present study (P ≥ 0.05 for all; see Table 3).


TABLE 2. Results of the generalized mixed effect linear models (GLMMs) evaluating the effects of total chlorophyll and carotenoids on spectral reflectance indices (NDVI705, mND705, SR705, and mSR705), and the effects of water content effect on Water Index (WI).
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TABLE 3. Results of the generalized mixed effect linear models (GLMMs) evaluating the effects of specific leaf mass (SLM), total chlorophyll and water content on herbivory (percentage of leaf area removed).
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DISCUSSION


Leaf Traits

The leaf traits analyzed here showed intraspecific variation along the successional gradient for the three studied species, with different intensities and patterns for each of them. In the case of T. reticulata, all six morphophysiological variables (excluding the percentage of leaf area removed and spectral indices) varied significantly between stages. In H. ochraceus, this variation was detected only for two of these variables. For C. pluviosum, differences were observed for four of the morphophysiological variables, as well as for the spectral indices. Intraspecific variation in plant traits at contrasting successional habitats has been observed in other studies, and may be a consequence of local adaptation, phenotypic plasticity or genetic differences among individuals (Kawecki and Ebert, 2004; Ramírez-Valiente et al., 2010; Garzón et al., 2019). However, such idiosyncratic responses were not expected if environmental filtering in acting during community assembly in the studied TDF. This lack of consistent pattern may be related to the fact that each species is considered to belong to a different functional group (Nunes et al., 2014): H. ochraceus is a light-demanding climax species, whereas T. reticulata is shade-tolerant climax species and C. pluviosum is a pioneer species. It is likely that adaptation to environmental gradients, such as the observed for naturally regenerating forests, is mediated by the strength of the trade-offs that operate among traits, and no single trait values are optimal solutions for a particular habitat conditions (Umaña and Swenson, 2019).

SLM did not vary among successional stages for C. pluviosum and H. ochraceus, suggesting that this trait has a low intraspecific variation in response to different habitat conditions in the studied TDF chronosequence. Usually, plants from humid and temperate tropical forests have low SLM as a peculiar characteristic of pioneer species (Coley et al., 1985). This is because these species would not invest in chemical defenses, such as fibers, lignins, and phenolic compounds in short-lived leaves with a low initial construction cost (Coley et al., 1985; Reich et al., 1992; Poorter et al., 2004). The inverse pattern would be observed for late species. Since almost all species in TDFs have short-lived leaves as a result of a well-defined dry season (Chaturvedi et al., 2011b), it is likely that this classic successional pattern, typical of tropical rainforests, does not apply to TDFs (Lohbeck et al., 2015; Faccion et al., 2021). However, for T. reticulata SLM was greater in the intermediate stage compared to the late stage, which may be related to the lower amount of nutrients in this environment (Espírito-Santo et al., 2014; Silva et al., 2021). In habitats with nutrient-poor soils but high light availability, plants have low growth rates and accumulate the excess carbon from photosynthesis, causing cell wall thickening and, consequently, more sclerophyllous leaves with high SLM (Gonçalves-Alvim et al., 2006).

The water content did not vary along the successional stages for C. pluviosum. For individuals of H. ochraceus and T. reticulata, the water content was lower in the intermediate stage, where soil moisture is also lower than in the early and late stages (Rankine et al., 2017). It is known that the amount of water stored in leaves is strongly influenced by the availability of water in the soil and by plant’s water retention capacity (Rennó and Soares, 2007). Several factors can affect the soil’s water holding capacity, such as particle size and relief characteristics (Santos et al., 2013). In fact, the early and late stage plots used in the present study are located in areas of lower relief (closer to the water table) than the intermediate stage area (Coelho et al., 2013). Furthermore, rainfall interception by the forest canopy at the intermediate stage is higher (Calvo-Alvarado et al., 2018), and the amount of water reaching the ground at this stage is also lower. Thus, leaf water content seems to respond more directly to soil water conditions for H. ochraceus and T. reticulata in this TDF.

Chlorophyll levels showed inconsistent patterns among the studied species. The content of chlorophyll a, b and total in individuals of C. pluviosum was higher for the intermediate stage, while the opposite was observed for H. ochraceus and T. reticulata. Leaf chlorophyll content is indirectly related to soil nitrogen levels, as this nutrient participates in the constitution of amino acids, proteins, enzymes, and chlorophyll (Bojović and Marković, 2009; Nogueira et al., 2010). In fact, in our site soils from early and late stages have higher nitrogen concentration (2.0 and 2.2 g/kg, respectively) compared to the intermediate stage (1.7 g/kg, P < 0.01) (Espírito-Santo et al., 2014; Silva et al., 2021). Gruner et al. (2003) also found higher levels of leaf nitrogen in intermediate-stage forests using a chronosequence design in humid tropical forests. Thus, further studies are still needed to understand whether the differentiation in chlorophyll content between species and stages would be a characteristic physiological behavior of plant families or a phenotypic adaptation to nitrogen availability in TDF soils.

The content of carotenoids was lower in the intermediate stage for the three species studied, although there was no statistically significant difference for H. ochraceus. Carotenoids are accessory pigments that help to capture light and protect plants against reactive oxygen species (Demmig-Adams et al., 1990; Demmig-Adams and Adams, 1996). Gitelson and Merzlyak (1994) related the content of carotenoids, specifically its proportionality with chlorophyll, to leaf senescence, that is, plants with senescent leaves or under stress would tend to increase their proportion of carotenoids in relation to chlorophyll. However, this information should be interpreted with caution to TDFs, due to its high deciduousness in the dry season. Particularly for C. pluviosum, another study conducted in the same site by Faccion et al. (2021) recorded the lowest average leaf life span in the intermediate stage, followed by the late and early stages, which is consistent with the levels of carotenoids observed here.



Herbivory

The variation in herbivory levels along succession has showed inconsistent patterns in previous studies in TDFs (Neves et al., 2014; Silva et al., 2021). We observed that the percentage of leaf area removed did not differ between stages for C. pluviosum and T. reticulata. Previous studies in the same plots, conducted at the plant community level, have shown that herbivory varies significantly among stages over years, in addition to idiosyncratic variations at the plant species level (Neves et al., 2014; Silva et al., 2021). However, for H. ochraceus, greater leaf damage was observed in individuals of the intermediate stage, the same result found by Silva et al. (2012) in the same plots. It is possible that the increase in the canopy connectivity facilitates the dispersal of different species of generalist insects. A continuous and heterogeneous canopy would facilitate foraging, mainly by herbivores of the Crysomelidade family, which effectively respond to a greater availability of new leaves (Silva et al., 2012; Neves et al., 2014). This could explain the slightly higher herbivory levels in the intermediate stage, where the great abundance of lianas increases the canopy connectivity (Madeira et al., 2009; Sánchez-Azofeifa et al., 2009).

The percentage of leaf damage did not correlate with SLM, chlorophyll and water contents for any of the three species. In general, studies in TDFs at the same region showed that the plant traits affecting herbivory levels varied in a case-to-case basis. Silva et al. (2012, 2015) found that leaf nitrogen content and the concentration of phenolic compounds had a positive effect on leaf damage on H. ochraceus and six other deciduous and evergreen TDF species, which was also observed for phenolic compounds by Silva et al. (2020). For H. spongiosus, Oliveira et al. (2012) have reported no significant effects of total phenolic content and leaf toughness on herbivory levels. Fonseca et al. (2018), on the other hand, detected a negative effect of tannin concentration and SLM on leaf damage at the plant community level. Generally, leaves with higher chlorophyll content also have more nitrogen (Smeal and Zhang, 1994; Booij et al., 2000), a limiting nutrient in the diet of herbivorous insects, as well as water content (Filip et al., 1995; Silva et al., 2015). However, herbivory intensity is affected by several top-down and bottom-up forces acting in opposing directions (Scherber et al., 2010; Silva et al., 2012; Kozlov et al., 2015b; Vidal and Murphy, 2018). These complex interactions can be mediated by the focal plant’s neighbors (an associational effect; Castagneyrol et al., 2017) and are difficult to untangle without controlled experiments (Muehleisen et al., 2020).



Reflectance Indices

The observed correlations between spectral reflectance indices and leaf pigment content suggest that they can be useful for remote estimates of several ecological parameters (Kalácska et al., 2007; Gu et al., 2018). There was a positive relation between total chlorophyll content and the NDVI and mND indices. The adaptation of the normalized difference index (ND) was done by Sims and Gamon (2002) to remove the effect of the low absorption at 445 nm for chlorophylls and carotenoids. Leaves with low reflectance values present good correlations with SR705 and chlorophyll, whereas leaves with high reflectance values do not show a correlation between SR705 and chlorophyll (Sims and Gamon, 2002). The greater number of correlations between chlorophyll content and ND indices detected here corroborates other studies that used the same indices. Castro and Sanchez-Azofeifa (2008) found strong correlations between pigments and mND705 and mSR705 in both sun and shade leaves of two species of Populus. Values of mND 705 and pigment content were directly related for T. reticulata and H. ochraceus. Other studies have also observed a direct relation between modified indices and chlorophyll content, both under natural conditions and in laboratory experiments (Le Maire et al., 2004).

The WI (R900/R970), contrary to expected, was not influenced by the leaf water content. Peñuelas et al. (1997) found a strong relation between WI and plant water content in studies in species from Mediterranean climate with good water availability. In remote sensing, this index is used to identify water bodies but it is known that interactions of incident light energy with water are complex and depend on a series of factors such as specular reflection (surface roughness), type and concentration of compounds (chlorophyll and nutrients) and climatic variables that affect the spectral behavior (Roberts et al., 2004; Castro-Esau et al., 2006).




CONCLUSION

Our results contribute to the library of spectral signatures of the most representative species in the studied TDF (Kalácska et al., 2007; Gu et al., 2018), which can improve models to remote sensing monitoring of TDF regions that are highly threatened by anthropogenic and natural disturbances. The intraspecific variation in leaf traits along the successional stages suggest that different selective pressures may drive adaptation of the studied species to the local environmental conditions, either via ecotypic differentiation or phenotypic plasticity. Further studies should focus on other plant traits, and common garden and reciprocal transplant experiments with a larger number of species are needed to determine the causal effects of local adaptation and phenotypic plasticity on plant physiology and herbivory during community assembly in TDFs. Such knowledge is fundamental for a better understanding of successional patterns and for developing successful forest restoration programs.
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