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Abstract:



Functional Diversity is considered an important driver of community assembly in environmental and successional gradients. To understand tree assembly processes in a semideciduous tropical forest, we analyzed the variation of Functional Richness (FRic), Functional Divergence (FDiv), and Functional Evenness (FEve) of small vs. large trees in relation to fallow age after slash-and-burn agriculture and topographical position (flat sites vs. hills). FRic of small trees was lower than null model predicted values across the successional gradient, and decreased unexpectedly in older successional ages. FRic of large trees was higher than null model predictions early in succession and lower in late-successional stands on hills. Dominant species were more similar (low FDiv) in early and intermediate successional stands for small trees, and on hills for large trees, suggesting that species that are best adapted to harsh conditions share similar traits. We also found evidence of competitive exclusion among similar species (high FEve) for small trees in early successional stands. Overall, our results indicate that community assembly of small trees is strongly affected by the changing biotic and abiotic conditions along the successional and topographical gradient. For large trees, hills may represent the most stressful conditions in this landscape.
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1. Introduction


Tropical dry forests (TDF), characterized by a dry period of several months, a mean annual rainfall between 400 and 1700 mm, and a ratio of rainfall to potential evapotranspiration greater than unity, is one of the most extensive ecosystems in the tropics [1,2]. However, because the severe dry season facilitates vegetation removal with fire and the suppression of pests and weeds [2,3,4] it is also one of the ecosystems most threatened by land conversion. This land use change has produced a mosaic of tropical dry forest patches of different successional ages, which may offer an opportunity to further our understanding of assembly patterns and processes during secondary succession in this human-modified system [5].



Young successional forest stands are dry, sunny, and hot, because early plant communities have small stature and offer little cover, have small basal area and a small leaf area index [6,7,8,9,10]. The increase in plant density, height, above-ground biomass and leaf area index modifies the environment over time into one that is relatively cooler and moister at later successional stages [11,12]. Although an increasing number of studies have analyzed the recovery of species richness, and the change of structural and functional traits during secondary succession in TDF, only few have measured some of the environmental gradients involved [11,12,13]. In particular, soil water availability [11] and air temperature [14] have been described among the main filters limiting plant establishment and growth of species associated with young plots. Light may also play a role in community assembly [9,11], although to a lesser extent than in wet forests, because tropical dry forests are less stratified, possess short statured trees and have a patchy distribution of canopy that can allow higher light availability in the understory [2].



As a consequence of the harsh environmental conditions at the beginning of succession, a reduced number of species with functional traits associated with maximizing photo-protection and heat dissipation dominate (i.e., the TDF pioneer guild) [8,9,15]. These species are characterized by conservative traits associated with high water stress tolerance and slow growth [11,16]. As the environment changes, pioneers decline and other species with acquisitive traits associated with fast growth can establish and compete for resources (i.e., the TDF mature forest guild) [11,16]. These changes from conservative to acquisitive strategies suggest that abiotic filtering is an important process in community assembly early in TDF succession, whereas the relative importance of competitive exclusion appears to increase at later successional stages [17].



In addition to succession, another source of variation in forests is topography, which covaries with multiple environmental factors [18,19]. Several studies in TDF have shown that soil water availability is lower on slopes and hilltops compared to valleys [19,20]. Environmental variation associated with topographic position may result in shifts in TDF plant species composition that are analogous to those observed along secondary succession. Thus, environmental filtering can be expected to select species with conservative traits on slopes and hilltops, while some species having acquisitive traits may competitively exclude other species in valleys. Moreover, the effects of environmental filtering and competition along succession and across topographic positions may be size dependent, since plant function (e.g., water transport capacity or light harvest), plant responses to the environment, and plant-plant interactions (e.g., competition or facilitation) are also size dependent [21].



The distribution of functional traits in a community [22,23], and the magnitude of their differences among species, or functional diversity [24] can shed light on the relative influence of environmental filtering [25] and competition [26]. Assessment of functional organization of communities requires a multifaceted approach, and several functional diversity indices have been proposed as indicators of the processes that govern community assembly [27,28,29]. Here, we consider three functional diversity indices: (1) Functional Richness (FRic), which measures the functional trait space occupied by species based on their position on trait axes, independently of their abundance; (2) Functional Evenness (FEve), which reflects the regularity in the distribution of species abundances, or the regularity in their pairwise functional dissimilarities; and (3) Functional Divergence (FDiv), which measures functional distance among the most abundant species [28]. Since environmental filtering is expected to reduce the range of successful strategies among coexisting species [30,31], and FRic can be considered as a multivariate range of functional traits; low values of FRic can be interpreted as the result of environmental filtering [32]. FEve gauges how thoroughly the resources available are being exploited by the community [29], and increases when the strategies of co-occurring species are evenly distributed in relation to resource use, which can be interpreted as an indication of niche partitioning by competitive exclusion [33]. Finally, FDiv measures how species abundances are spread along functional axes, and is low when the most dominant species have low functional trait differentiation, which occurs when environmental filters favor a narrow range of functional traits [28]. Conversely, high FDiv may be an indication of an increase in competitive interactions [27,28], since competition may set a limit to the similarity of coexisting species [34].



The aim of this study was to use a trait-based approach to assess how environmental filtering and competition influence the assembly of large and small-sized tree communities during succession, and if this influence differs in flat areas and on hills of a tropical semideciduous forest. Specifically, we aimed to answer the following questions: (1) How do different functional diversity components (FRic, FDiv and FEve) vary along secondary succession after slash and burn agriculture, and between flat areas and hills? (2) Do functional diversity responses to successional age and topographic position differ between large- and small-sized trees? We hypothesize that abiotic conditions early in succession and on hills may represent strong filters allowing the establishment of mostly stress tolerant slow-growing species that conserve resources for longer periods of time [15]. Conversely, later in succession and in flat areas, where water availability is relatively less limiting, acquisitive faster-growing plants with low water use efficiencies and high photosynthetic rates may dominate, and competitively exclude other species [9]. Therefore, we predict (1) lower FRic in early successional ages and on hills, reflecting stronger environmental filtering under these conditions compared to later successional ages and flat areas. We also expect; (2) lower FRic values for small than for large trees, because the strongest filters to species establishment are known to occur at early life stages when plants are smaller [35]; (3) We predict that FEve and FDiv would be higher at intermediate- and late-successional ages, reflecting increasing competition, as the number of individuals and/or their size increase with successional age; Finally, (4) we predict that, compared to large trees, small trees will show higher FEve and FDiv values due to asymmetric competition for limiting resources, especially at intermediate and late-successional ages and in flat areas, where they can be suppressed by large canopy trees [21].




2. Materials and Methods


2.1. Study Site


The study area covers a 352-km2 landscape of semi-deciduous tropical forest (50%–75% of trees shed their leaves during the dry season) in the central part of the Yucatan Peninsula, Mexico (20°01′07″N to 20°09′36″N latitude, and 89°35′59″W to 89°23′31″W longitude). The region is characterized by a warm sub humid climate—AW1 according to the modified Köppen system [36]—with summer rains and a marked dry season from November to April. Mean annual temperature is 26 °C and mean annual precipitation ranges between 1000 and 1200 mm [37]. The landscape consists of valleys or flat areas with relatively deep (40–100 cm) clayey Luvisols and Cambisols and low limestone hills (elevations between 60 and 190 m asl) with shallow (5–20 cm) rocky Lithosols and Rendzines [38,39]. Soil depth is greater in flat areas than on slopes [39] whereas soil fertility shows the opposite pattern [40]. The predominant land use has been traditional slash and burn agriculture, in which all trees are cut to grow corn, squash and beans for one or two years, followed by a fallow period; this system has been practiced by the Mayan people throughout the studied landscape for over 2000 years [41]. Consequently the vegetation is a shifting mosaic of different successional ages.




2.2. Species Selection


As part of a study relating forest structure and diversity to landscape patterns of habitat types based on a supervised classification of satellite imagery [42], in the summer of 2008 and 2009 twenty three 1 km2 landscape units were selected that encompassed the range of landscape conditions of disturbance and fragmentation of the area. At each unit, 12 sampling sites were established spanning four vegetation classes that could be differentiated using remote sensing: (1) 3 to 8 years of secondary succession; (2) 9 to 15 years; (3) >15 years on flat areas and (4) >15 years on hills –three sites per vegetation class where possible, depending on the availability of stands of each class in each landscape unit. Stand age was determined from interviews with local residents who lived in the area for at least 40 years and owned or worked on the land. Mayan farmers have a keen empirical knowledge of forest succession, and their own detailed system of classifying and distinguishing several successional stages based on their knowledge of the local disturbance regime, and the presence and size of certain species, which makes their determination of forest stand age reliable [43]. In total, there were 276 plots consisting of two concentric circular areas, one of 200 m2 where all tress with a diameter at breast height (DBH; 1.3 m height) >5 cm were measured, and the other one of 50 m2 where all plants of tree species with DBH between 1 and 5 cm were measured (for a detailed description of sampling and vegetation characterization see Reference [44]). From this inventory, and considering only plants with DBH > 5 cm, we calculated for each vegetation class the importance value (I.V.) of each species as:


I.V. = (relative basal area + relative density + relative frequency)/3 × 100



(1)







For trait sampling we selected a total of 45 tree species (out of a total of 120) that constituted at least 80% of the cumulative I.V. in each vegetation class. However, for this study, we categorized sites into different successional-age classes, based on a previous study in the Yucatan Peninsula, which found that abandoned agricultural fields reached a tree species composition indistinguishable from that of mature forests after about 25 years of succession [45]: (1) 3 to 10 years old (early-successional); (2) 11 to 25 years old (intermediate); (3) 26 to 70 years old (late-successional). For the last two categories, we distinguished between plots on flat sites and on hills. No sites were sampled in early-successional forest stands on hills because such stands are rare in our study area, since local farmers generally prefer flat areas for slash and burn agriculture. Since the environment that plants experience and competitive interactions are influenced by plant size, and to maximize the detection of size-dependent signals of assembly processes, we restricted our analysis to data from individuals with 1 to 2.5 cm in DBH (hereafter called small trees), and individuals with DBH > 5 cm (hereafter called large trees). These groups differed significantly in height (Mann Whitney, p < 0.0001, Table S1). The group of small trees corresponds mostly to the sapling or juvenile ontogenetic phase, while the group of large trees comprises adult trees and some juveniles.



For large trees, the selected species represent 90.95% ± 9.48% (mean ± standard deviation) of the total richness per plot [46], whereas for small trees they represent 83.81% ± 11.87% (Table S2). To explore the potential effect of unrepresentative samples, we performed a second analysis for small trees including only those plots with at least 80% of species (159 plots), and obtained qualitatively similar results, so we present results from all plots (236 for small trees and 264 for large trees excluding all plots with less than 3 species, which is the minimum size required to calculate the functional indices).




2.3. Functional Traits


Regardless of vegetation class, during the rainy months (August–November) of 2011 and 2012 we obtained samples from at least 5 individuals per species (15 individuals per species on average, 664 individuals in total). We collected 3 to 5 young, healthy, and completely expanded leaves from sun-exposed branches of each individual. Fresh weight of each leaf was determined to 0.001 g using a digital scale (Mettler Toledo PB4002-S/FACT, OH, USA), and each leaf was digitized using a flatbed scanner, oven-dried at ~60 °C for three days, and weighed again. Petiole length and minimal photosynthetic unit (leaf or leaflet area as an average of ten leaflets) were measured with the software ImageJ 1.47b [47]. Specific leaf area (leaf area/dry matter) and leaf dry matter content (leaf dry mass/leaf fresh mass) were calculated using standard methods [48].



Wood specific gravity was obtained from 4 individuals per species regardless of vegetation class (average DBH was 16.4 cm). A sample was taken from cortex to pith at 1.3 m height using a 5 mm diameter core borer, and samples were cut every centimeter for a more accurate calculation [49]. Green volume was measured using the water displacement method. Samples were oven dried at 100 °C and weighed on an analytical scale (Ohaus Adventurer AP 2140, Parsippany, NJ, USA). Dry weight of each sample was divided over its green volume to obtain wood specific gravity. A weighted average per sampled tree was calculated weighing each core section by the cross-sectional area of the corresponding trunk [49,50].



In addition, we obtained the following traits from field specimens, from a parataxonomist and from the literature: Leaf compoundness (0 = simple, 1 = compound); leaf pulvination (0 = absent, 1 = present); leaf pubescence (0 = absent, 1 = present), dispersal syndrome (0 = abiotic, 1 = biotic); plant exudates (0 = absent, 1 = present), plant spininess (0 = absent, 1 = present) and leaf deciduousness (0 = evergreen, 1 = deciduous). The functional role of all traits is shown in Table 1.



Table 1. Functional traits employed in this study and their functional role.







	
Plant Trait

	
Functional Role






	
Minimal photosyntethic unit

	
Leaf cooling




	
Leaf petiole

	
Light capture efficiency




	
Leaf dry matter content

	
Leaf cost, leaf life span, herbivory defense




	
Specific leaf area

	
Growth rate, photosynthetic rate




	
Leaf compoundness

	
Leaf cooling




	
Leaf deciduousness

	
Drought avoidance




	
Leaf pulvination

	
Minimization of photo-damage and water loss by transpiration




	
Leaf pubescence

	
Herbivory defense




	
Wood specific gravity

	
Growth rate, hydraulic conductivity and safety, mechanical resistance




	
Plant exudates

	
Herbivory defense




	
Plant spininess

	
Herbivory defense




	
Dispersal syndrome

	
Biotic interactions, dispersal











2.4. Statistical Analyses


2.4.1. Functional Indices


Functional Richness (FRic) is the volume delimited by the smallest convex hull drawn around the species positioned on trait axes according to their trait values [32]. Functional Divergence (FDiv) is the functional distance among the most abundant species [20,21]. Functional Evenness (FEve) is the degree to which the biomass of a community is distributed in niche space [29] (see Table 2 for details).



Table 2. Functional diversity measures employed in this study and their ecological interpretation.







	
Functional Component

	
Formula

	
Ecological Interpretation




	
Positive Values 1

	
Negative Values 1






	
Richness (FRic) [28,32]

	
Quickhull algorithm. Volume of the minimal convex hull, which includes all the species considered in the community.

	
Favorable conditions that allow multiple combinations of traits and a more thorough use of the resources available [28,32].

	
Environmental filtering favoring a narrow range of functional traits [28,32].




	
Divergence (FDiv) (abundance-weighted) [28]

	
[image: there is no content]

where [image: there is no content] is the sum of abundance-weighted deviances from the center of gravity; [image: there is no content] is the absolute abundance-weighted deviances from the center of gravity, and [image: there is no content] is the mean distance of the S species to the center of gravity.

	
The most abundant species have extreme functional trait values, reflecting either niche partitioning by competitive exclusion, or local environmental heterogeneity favoring different ecological strategies [27].

	
Environmental filtering favoring a narrow range of functional traits, resulting in little functional differentiation among dominant species [28].




	
Evenness (FEve)(Abundance-weighted) [29]

	
The average community uniqueness U is the expected dissimilarity between one individual of species i chosen at random from a given community and all other j species in the community:

[image: there is no content]

where dij is the functional dissimilarity between species i and j; p is the relative abundance of species i or j, and U+ is the weighted dissimilarity between species i and all other species in the community.

Functional evenness is the regularity in the distribution of single species contributions to U. With the relative contribution of species i to U ([image: there is no content]), the regularity in the distributions of [image: there is no content] is calculated with the index of Bulla:

[image: there is no content]

	
An even dispersion of the strategies of co-occurring species in relation to resource use, it can be interpreted as an indication of niche partitioning by competitive exclusion [33].

	
Environmental filters favoring one or few strategies, so the species that survive are functionally more similar than expected by chance [24,51].








1 Compared to a null model of random assembly of species.








Before calculating functional indices, we applied a log10 transformation to those traits that departed from normality (minimal photosynthetic unit and petiole length) as recommended by Swenson [52]. Because all traits considered were numeric, we standardized trait values and obtained Euclidean distances among species from a species x traits matrix. FEve was calculated using this distance matrix. The calculation of the convex hull for FRic and FDiv requires more points (species) than dimensions (traits). Since this was not always the case for every plot, we used principal coordinate analysis (PCoA) with a correction for negative eigenvalues [53], and used PCoA axes as traits, to reduce their number [54]. The number of PCoA axes used as traits (T) was:


T = Smin − 1



(2)




where Smin is the number of species in the community with the fewest species. This entails a reduction in dimensionality, and a concomitant loss of information, which was quantified via the R2-like ratio in PCoA [54].



The three diversity measures were calculated separately for large trees (plants > 5 cm DBH) and small trees (DBH between 1 and 2.5 cm). All diversity indices were based on the number of selected species per plot, which was tightly correlated with the total number of species per plot (Pearson correlation 0.97, p < 0.0001). We calculated functional richness (FRic) [32] and functional divergence (FDiv) [28] with FD package [55], and FEve [29] with function FeveR in R software [56].



To evaluate how functional components vary as a function of secondary succession, we performed linear or logarithmic regressions with successional age. We selected as the best model the one with the highest R2. When the difference was less than 1%, we selected the linear model.




2.4.2. Null Models


To account for variation in species richness among plots and vegetation classes, and to assess if functional indices obtained per plot differed from random, we constructed null models (by shuffling species names on the trait data matrix) and re-calculated functional components 999 times. These null models maintained the observed patterns of trait co-variance, and changed only the trait matrix, keeping the number of species and their abundance in each plot. To assess if the observed FRic, FDiv and FEve differed significantly from random variation among plots of different successional age and topographical position, we used the two-tailed Wilcoxon signed-ranks test per vegetation class to test our empirical data against the expectation from the null model. To assess the direction of the deviation of observed values from those expected by chance, while accounting for variation in species richness among vegetation categories, we calculated for each plot (i) the standardized effect size (SES) as:


SESi = (observed value in plot i − mean of null model in plot i)/standard deviation of null model in plot i



(3)




where positive values indicate an observed value higher than the average expected value and negative values indicate an observed value lower than the average expected value [52]. We compared the average SES of each functional index among vegetation classes using ANOVA and Tukey’s post hoc test.






3. Results


3.1. Functional Indices


Principal Coordinates Analysis (PCoA) accounted for over half of the variation in functional traits of both small and large trees (54.3%). Successional age generally explained a low percentage of variation of functional indices for small trees (4%–28%) and of FRic for large trees (12%). Functional richness (FRic) of small trees decreased logarithmically with fallow time, while for large trees FRic increased logarithmically with successional age and saturated at older ages (Figure 1a,b). For small trees FDiv increased linearly, while FEve increased logarithmically with successional age, whereas for large trees neither index showed any association with successional age (Figure 1c–f).


Figure 1. Variation of functional diversity components in relation to successional age. (a) Functional Richness (FRic) of small trees; (b) Functional Richness of large trees; (c) Functional Divergence (FDiv) of small trees; (d) Functional Divergence of large trees; (e) Functional Evenness (FEve) of small trees; (f) Functional Evenness of large trees. Regression coefficients and significance values are shown.
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3.2. Null Models


For small trees, we found that FRic differed significantly from null model expected values in all successional ages and topographic positions, while FDiv differed from the null model only in successional ages 1 and 2 and FEve only in age 1 (Table 3). For small trees mean FRic and FDiv that differed from null model expected values (indicated by asterisks in Figure 2) were consistently lower than expected by chance (i.e., negative values), while mean FEve that differed from null model was higher than expected by chance (positive) (Figure 2a,c,e). Additionally, mean FRic SES of intermediate and late successional classes were significantly lower compared to the early successional class (ANOVA, F4,231 = 5.77, p = 0.0002) (Figure 2a). SES values of FDiv and FEve did not differ among successional age/topographic classes (F4,231 = 1.77, p = 0.135 and F4,231 = 1.31, p = 0.268 respectively).


Figure 2. Mean Standardized Effect Size (SES) of observed functional diversity components (and standard error) in relation to null model randomizations by successional age category. (a) FRic SES of small trees; (b) FRic SES of large trees; (c) FDiv SES of small trees; (d) FDiv SES of large trees; (e) FEve SES of small trees; (f) FEve SES of large trees. Means with different letters are significantly different (p < 0.05). Horizontal lines indicate mean Standardized Effect Size (SES) equal to zero (the mean of 999 randomizations). Successional age category and number of plots for small/large trees: 1 Flat (3 to 10 years) = 85/83; 2 Flat (11 to 25 years) = 52/66; 2 Hill (11 to 25 years) = 29/30; 3 Flat (26 to 70 years) = 39/52; 3 Hill (26 to 60 years) = 31/32. Asterisks denote mean FRic, FDiv or FEve (not SES) values that differ significantly from null models (see Table 3).
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Table 3. Wilcoxon signed-rank tests evaluating differences between mean null model and mean expected values (Z) of large and small trees for each functional index and successional age/topographic class.







	
Successional Age/Topographic Class

	
Functional Index

	
Z

	
p

	
Z

	
p




	
Large Trees

	
Small Trees






	
1 Flat

	
FRic

	
1.9659

	
0.049

	
−3.148

	
0.002




	
2 Flat

	

	
2.4179

	
0.016

	
−5.155

	
0.000




	
2 Hill

	

	
0.0514

	
ns 1

	
−4.054

	
0.000




	
3 Flat

	

	
−0.7012

	
ns

	
−4.577

	
0.000




	
3 Hill

	

	
−1.9821

	
0.046

	
−4.253

	
0.000




	
1 Flat

	
FDiv

	
−0.7991

	
ns

	
−4.800

	
0.000




	
2 Flat

	

	
−0.2076

	
ns

	
−2.914

	
0.004




	
2 Hill

	

	
0.0103

	
ns

	
−2.065

	
0.037




	
3 Flat

	

	
−0.4007

	
ns

	
−1.200

	
ns




	
3 Hill

	

	
−2.0756

	
0.037

	
−1.215

	
ns




	
1 Flat

	
FEve

	
0.5085

	
ns

	
2.776

	
0.006




	
2 Flat

	

	
−1.4597

	
ns

	
1.239

	
ns




	
2 Hill

	

	
−1.1210

	
ns

	
1.784

	
ns




	
3 Flat

	

	
−0.3916

	
ns

	
1.730

	
ns




	
3 Hill

	

	
−1.4959

	
ns

	
0.137

	
ns








1 ns = not significant (p > 0.05). Sample sizes (n) per age/topographic class: 1 Flat = 83, 2 Flat = 66, 2 Hill = 30, 3 Flat = 52, 3 Hill = 32.








For large trees, mean FRic differed significantly from null model values in early and intermediate successional classes on flat sites, and in the late successional class on hills (Table 3, Figure 2b). Mean FDiv only differed significantly from null model values in the late successional class on hills (Table 3, Figure 2d), while mean FEve did not differ from null model values in any successional/topographic class (Figure 2f). Mean FRic SES values that differed from null model (indicated by asterisks in Figure 2b) were higher than expected by chance at early and intermediate age classes, but lower than expected by chance in the late successional class on hills (and differed significantly among classes, ANOVA, F4,258 = 3.26, p = 0.013, Figure 2b). Mean FDiv SES values were significantly lower than expected by chance (Figure 2d) only in the late successional class on hills (Figure 2d).





4. Discussion


We found that variation in functional diversity of trees in the tropical dry forest studied was influenced by successional age and topographic position, and that patterns of functional variation differed between small (DBH 1–2.5 cm) and large trees (DBH > 5 cm), depending on the functional component considered. Examining SES values and their departure from null models (Figure 2), our results generally do not support our first prediction that FRic would be lower early in succession and on hills than in late successional forests and in flat areas. This prediction was based on previous findings in tropical dry forests showing that, (1) compared to late-successional forests, early successional stages experience higher irradiance, and warmer and drier conditions, [12,13]; and (2) hill tops and slopes have lower water availability than flat areas [18,19,20]. We found evidence of environmental filtering only for large trees in late-successional forests on hills (Figure 2b), probably due to the effect of lower soil water availability [18,19,20]. However, our results also suggest a thorough use of resources by large trees in early successional and intermediate forests (3 to 25 years old) on flat sites, reflecting maximum variation in ecological strategies and positive FRic values (Figure 2b), probably due to the coexistence of pioneers, generalists and (resprouts of) old-growth forest specialists. Moreover, small trees face unfavorable conditions (negative FRic SES values) in the complete successional/topographical gradient, and a stronger signal of environmental filtering at intermediate and late successional ages (Figure 2a). We believe that this successional trend may have resulted from two possibilities.




	(1)

	
Relatively higher FRic values early in succession may reflect the coexistence of acquisitive and conservative species that show different constellations of functional traits in young stands. Pioneers (which represent the conservative strategy in dry forests) may establish from seeds of nearby forests (since slash-and-burn agriculture may destroy the seed bank) [57], whereas more acquisitive shade-tolerant species may avoid unfavorable conditions for seed establishment by getting established mainly from resprouts [58]. The subsequent reduction in FRic over succession may result from environmental filtering associated with lower light and air evaporative demand, which would decrease the success of the conservative species [14].




	(2)

	
Alternatively, modern coexistence theory states that functional convergence results not only form environmental filtering, but also from competitive exclusion based on hierarchical competitive abilities among species [59,60]. The Functional Richness index may thus reflect the combined effect of both environmental filtering and competitive processes [60]. In line with this, early in succession negative FRic values of small trees may reflect the effect of environmental filters (high irradiance load, air temperature and evaporative demand), whereas at latter successional ages the lower FRic values may reflect the elimination of poor competitors [60]. Competitive hierarchy of species can be determined by multiple factors, but in a dry forests it may be defined mostly by water availability, which is the most limiting resource [2]. Previous studies of microenvironment in tropical dry forests have shown that soil water content increases with successional age, as radiation load and air evaporative demand decrease with canopy development [11,12,13]. However, other studies have found a steady and sometimes marked increase in fine root biomass along succession [61,62], but see [63], and a decrease in soil water potential [12]. Theoretically, the increasing importance of soil drying by transpiration as canopy closes and forests mature [64] could be a sign of stronger competitive processes, if plants pre-empt water supply from coming in contact with other species (which may be considered as a filter), or if they reduce soil water potential to low levels [65]. The effect of below-ground competition on soil water availability has been poorly quantified [65]. The relative importance of soil drying by evaporation vs. transpiration during dry forests succession, and its effects on tree community assembly need further investigation.









In agreement with our second prediction, FRic SES values were consistently lower for small trees than for large trees (see values of y axes in Figure 2a,b). The latter result also agrees with previous findings showing that the strongest filters to species establishment occur at early life stages when plants are smaller [35], although our small tree category corresponds to saplings and juveniles, which are not the most sensitive ontogenetic stage (i.e., seedlings). Differences in tree size may represent differences both in microenvironments and in competitive abilities, with smaller plants being most susceptible to both. Larger individuals are better equipped to cope with competitors and fluctuating unfavorable conditions, such as dry spells, through a more developed root system, enabling them to forage in larger areas and to store more water and nutrients, as well as a bigger trunk allowing them to store more water and to harvest more light [66]. Alternatively, differences in FRic between small and large trees can arise from temporal fluctuations in environmental conditions suitable for reproduction and recruitment of species (i.e., the storage effect [67]). Favorable conditions could produce a strong recruitment that results in a cohort of reproductive large trees [67]. Under unfavorable conditions, many small trees could be filtered out (reducing their FRic), whereas large trees may be able to survive for many years and reproduce when more favorable conditions occur. In other words, lower FRic for small trees than for large ones would be expected under the storage effect, because large trees may comprise a larger number of cohorts. Resprouting capacity, which is generalized among the species studied (LSV pers. obs.) likely also plays a role [58].



Contrary to our third prediction (that competitive processes would be more important at intermediate and latter successional ages), FDiv showed partial evidence of environmental filtering (negative values, see Table 2) instead of competition. Negative FDiv values suggest a scarce functional differentiation of dominant species. Small trees showed negative FDiv SES values in early and intermediate successional forests suggesting that the small-sized trees capable of establishing and becoming dominant at these successional stages may share similar traits, probably associated with avoiding water loss, such as pinnate, deciduous, leaves [15]. Large trees showed negative FDiv in late successional stages on hills, suggesting that environmental filtering may reduce the functional strategies present in this environment, which is also in line with the negative values of FRic found there.



In agreement with our fourth prediction, we found signs of competition only for small trees –in early successional ages. Positive FEve SES values in the youngest successional class (Figure 2e) suggest that species with functional strategies that survive the filters disperse evenly in relation to resource use, which can be interpreted as niche partitioning by competitive exclusion. Environmental filtering is usually conceived aside of competitive processes; nonetheless both factors interact dynamically to drive community patterns [59]. Moreover, although neither FEve nor FDiv departed from null model predictions in late successional ages (contrary to our third prediction), hierarchical competitive ability (reflected by low FRic values especially at late successional ages) cannot de discarded [60].



Finally, our results, especially those of FDiv and FEve, should be taken with caution, since competition in tropical dry forests is expected to be strongest for below-ground resources (water and nutrients), which are most limiting, yet we did not consider any below-ground functional traits in this study. Further studies are needed to assess the relative importance of above-ground (light availability, air temperature) vs. below-ground (water, nutrients) resources on assembly of tree communities in tropical dry forests.




5. Conclusions


Our results clearly show that assembly patterns differ between plants of different sizes. While small-sized trees showed evidence of environmental filtering and/or competition at all successional ages and topographical positions, large-sized trees showed evidence of these assembly processes only in late successional forests on hills, indicating that the former represent a more susceptible phase of development, and that small-sized tree communities are strongly affected by the changing biotic and abiotic conditions along the successional and topographical gradient. For larger plants, late successional forests on hills represent the most stressful conditions in this landscape. Moreover, small trees showed the strongest environmental filtering (lowest functional richness) in late successional forest stands, although the few studies in tropical dry forests that have analyzed microenvironmental differences during succession suggest that the most stressful conditions (hot and dry environment) occur during the early stages of succession. Our results suggest that the functional richness index may actually reflect the combined effect of both environmental filtering and hierarchical competitive ability. Future research should test this and the possibility that relatively high soil drying by transpiration in late successional forest stands may exert a stronger effect on tree community assembly than relatively low evaporative demand.
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