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Abstract

:

Oaks are a dominant woody plant genus in the northern hemisphere that occupy a wide range of habitats and are ecologically diverse. We implemented a functional trait approach that included nine functional traits related to leaves and stems in order to explain the species coexistence of 21 oak species along a water availability gradient in a temperate forest in Mexico. This particular forest is characterized as a biodiversity hotspot, with many oak species including some endemics. Our main aim was to investigate whether the different oak species had specific trait associations that allow them to coexist along an environmental gradient at regional scale. First, we explored trait covariation and determined the main functional dimensions in which oaks were segregated. Second, we explored how environmental variation has selected for restricted functional dimensions that shape oak distributions along the gradient, regardless of their leaf life span or phylogeny (section level). Third, we quantified the niche overlap between the oak functional spaces at different levels. The analyzed species showed three functional dimensions of trait variation: a primary axis related to the leaf economic spectrum, which corresponds to the segregation of the species according to leaf habit; a second axis that reflects the stem hydraulic properties and corresponds to species segregation followed by phylogenetic segregation, reflecting some degree of trait conservatism, and a third axis, represented mainly by leaf area and plant height, that corresponds to species segregation. Finally, our findings indicated that the functional space measured with leaf traits and stem traits such as hydraulic capacity was integrally linked to niche differentiation. This linkage suggests that the earliest mechanism of species segregation was related to habitat suitability and that the stem hydraulic trade-off reflects differences between phylogenetic sections; these traits may promote coexistence between distantly related oak species.
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1. Introduction


The habitat adaptation and distribution of plants are mainly conditioned by environmental filters, which determine successful plant establishment along resource gradients [1,2]. A functional trait-based approach is a key tool for delineating plant responses to environmental filters, since traits can be related to habitat suitability and resource availability gradients [3,4]. Plants species have leaf, stem and root functional traits that are directly involved in resource acquisition, use and conservation strategies (i.e., water, nutrients, light) [4]. Studies based on functional traits have demonstrated that niche partitioning can facilitate coexistence and segregation among plant species along resource gradients [5,6,7].



Water availability is one of the essential resources that determines the distribution of plant species [8,9]. Water availability determines whether the ecological strategies of plants are drought-tolerant or drought-avoidant, affecting the establishment and survival of species in a given community [10,11,12]. The capacity to act as a drought-tolerant or drought-avoidant species involves coordination among multiple organs and traits under different levels of water availability [9,13]. The stem plays a central role in mechanical support, water transport (movement) and nutrient supply [14,15,16]. Species with a drought-tolerant strategy have xylem traits, such as high wood density and narrow vessels, that allow them to operate under a water deficit; these traits create restrictions for water transport but provide greater hydraulic safety. In contrast, species with a drought-avoidant strategy have wide vessels that confer a greater capacity for water conduction and therefore provide a high water supply to the leaves but have low resistance to cavitation [17,18].



Drought resistance strategies may be aligned with the leaf economic spectrum (LES) [13,19], but some controversy still exists about LES among species [20,21]. The LES is defined by six leaf traits: leaf life span, leaf mass per area, photosynthesis and respiration rates and nitrogen and phosphorus concentrations [22,23]. Generally, the covariation of these leaf traits along the LES is interpreted to be driven by leaf physiological dependencies and trade-offs between resource acquisition and storage strategies in plants [22,23]. For instance, highly resource-acquisitive strategies have been inferred to require low investment and result in a high foliar concentration of nutrients but short leaf life spans (i.e., deciduous trees), while resource-conservative strategies with high investment have lower foliar nutrient concentrations but support leaves that last for much longer (i.e., evergreen trees) [24,25]. Central to LES theory are trade-offs between resource acquisition and storage strategies, which are often based on species that belong to phenotypically divergent clades for which the diversification process has taken place over hundreds of millions of years [26]; this is not necessarily the case for trait evolution among closely related species [26,27].



Oaks (Quercus L., Fagaceae) are a woody plant genus that occupy a wide range of habitats and are ecologically diverse [28,29]. Oaks possess high rates of speciation and high ecological diversification [30,31], and several factors, such as the emergence of deciduous leaf habits in the genus, seem to drive their successful spatial radiation [32]. The predominantly American oak lineages, comprising mostly species from the Lobatae (red oaks) and Quercus (white oaks) sections, represent a high proportion of the aboveground live biomass and biodiversity in forests [30,33].



In the mountainous areas of Mexico, oaks inhabit several ecosystems from deciduous to cloud forests [34,35,36]. More than 20 transitions have been identified in the evolution of deciduous to evergreen oak habits in the last 20 Myr [36]. Within Quercus, there are contrasting patterns of distribution between red and white oaks, and differentiation in their drought-tolerance capacity has been suggested; specifically, white oak species seem to be more drought-tolerant [8,37,38], but see Aguilar-Romero et al. [39] for contrasting results. Thus, habitat partitioning by oak species may be restricted by environmental adaptations and by phylogenetic relatedness given their conserved adaptations [39,40,41]. In this regard, the oak clade is considered a good model for analyzing functional and niche partitioning among species due to the wide range of habitats where they are present and their variation in key functional features in the community assembly process [30,40]. In this study, our main aim was to investigate whether the different oak species have specific trait associations that allow them to coexist along an environmental gradient at regional scale. For this, we implemented a functional trait approach, considering leaf and stem traits in 21 oak species distributed along a water availability gradient in a temperate forest in Mexico. We analyzed the leaf and stem trait variation that allows us to identify different ecological strategies. We hypothesized that environmental filters drive trait variation along the gradient, reflecting trade-offs between functional traits. We quantified the functional traits associated with the phylogenetic section and with leaf habits to determine whether oak species may be restricted by the environmental factors or by phylogenetic relatedness given their conserved traits. Additionally, we measured the variance in each functional dimension to explore whether the functional differentiation was related to the environmental gradient, the phylogenetic section, the leaf life span or the intraspecific variability. Finally, we calculated the functional space based on the leaf and stem traits for the phylogenetic section, the leaf habits and the species level to quantify the functional overlap, assuming that the differences in the functional space would reflect the different ecological strategies associated with coexistence and niche partitioning.




2. Materials and Methods


2.1. Study Site


This study was conducted in the floristic province of the Serranías Meridionales of Jalisco, in Western Mexico, which comprises the “El Tuito–El Cuale–Talpa de Allende” sierras (20°20.885′–20°9.008′ N, and 105°19.162′–104°40.106′ W). These mountain complexes are located within Cabo Corrientes and Talpa de Allende counties in Jalisco state, within the boundary limits of the biogeographic provinces of the Sierra Madre del Sur and the Trans Mexican Volcanic Belt, with an elevational gradient that ranges from 650 to 2738 m. The dominant groups of soil type are Cambisol and Regosol. The mean annual temperature ranges from 28.5 to 30.6 °C; the annual precipitation ranges from 1500 to 1800 mm, with 80% of the rainfall concentrated between June and October [42]. The main vegetation types are tropical deciduous forest at low elevations, passing through oak forest, pine-oak forest, montane cloud forest in glens and fir forest at high elevations [33,43]. The Serranías Meridionales of Jalisco is a biodiversity hotspot, with many tree species, including several endemic species of Quercus and Pinus, among others [44,45], and this could be one of the regions with the highest oak species richness in the world, reaching up to 30 oak species [33,46].




2.2. Leaf and Stem Trait Measurements


Based on previous woody tree plot surveys across the region (33 rectangular plots, 0.1 ha; [33]), we were able to locate 21 oak species along the study area and we proceeded to measure functional traits on them. In each plot, we quantified the leaf and stem traits associated with resource uptake and water-use strategy between five and 15 adult individuals of each oak species, sampling a total of 275 individuals belonging to the 21 oak species (Table 1). We selected trees with stem diameter >20 cm, and we measured the height (m), took a wood sample at 1.30 DBH, and ten mature sun-exposed leaves with no visible damage were collected per individual. The collection of material and the measurements of foliar functional traits were performed according to the protocol recommended by Pérez-Harguindeguy et al. [47]. The leaf features measured were leaf area (LA, total leaf area; cm2), specific leaf area (SLA; leaf area per unit of dry leaf weight; cm2 g−1), leaf dry matter content (LDMC; dry weight per unit of fresh water saturated weight; mg g−1), nitrogen concentration (N; mg g−1) and phosphorus concentration (P; mg g−1) (Table 2) (see Appendix A for leaf chemical analysis). To obtain the leaf area, the fully extended leaf with the petiole was scanned with an HP brand scanner at a resolution of 300 dpi and the leaf areas were estimated using ImageJ software (http://rsbweb.nih.gov/ij/ accessed on December 2017).



For stem traits, we sampled wood slides less than 5 cm in width at around 1.3 m trunk height. The wood density was determined by the water-displacement method in the laboratory [47], and other portions of the wood samples were fixed in glycerin–ethanol–water (1:1:1). In addition, transverse sections were cut 20 µm thick with a sliding microtome (Leica 2000 R, Westlar, Germany). The sections were double-stained with safranin-fast green and mounted with synthetic resin. For the vessel diameter (VD), a tangential vessel diameter of 50 vessels per individual was considered, using the image analyzer Image-Pro v.7.1 connected to an Olympus BX50 light microscope. The vessel frequency (VF) was calculated in one mm2, considering all the vessels within two of the widest rays in 25 optical microscopic fields. For VD and VF, the average for each of the 275 individuals was calculated for the analyses.




2.3. Leaf Life Span


We recorded the leaf life span of each species in the study area as an indicator of the water-use strategy in six to ten individual mature trees per species. We counted the number of leaves present in three sun-exposed terminal twigs, and we quantified the percentage of the total canopy cover every 30 days for one year (February 2017 to January 2018). We assigned the category of leaf habit based on the code proposed by Cavender-Bares et al. [8] for canopy foliation (see Appendix B).




2.4. Climatic Variables


Nineteen climatic variables were extracted for each plot. The climatic variables for the study site were obtained using the climatic surfaces reported by Cuervo-Robayo et al. [48] and interpolated using the thin plate smoothing splines algorithm implemented in ANUSPLIN 4.36 [49], using a digital elevation model at 60 m2 resolution. The aridity index proposed by the United Nations Environment Programme (UNEP) was calculated as a reflection of the water availability gradient in the region [50] (see Appendix C for the calculations) and ranged from subhumid (0.78 at low elevations) to humid (1.83 at high elevations).



To avoid multicollinearity among the environmental variables, we selected variables with biological significance and less correlation. The variables selected were (1) UNEP aridity index, (2) maximum temperature of the warmest month (mtwm), (3) minimum temperature of the coldest month (mtcm), (4) precipitation in the warmest quarter (pwq) and (5) precipitation in the coldest quarter (pcq).




2.5. Soil Characterization


Composite soil samples were collected during the rainy season (August and November 2016) in each plot. The samples were stored in hermetically sealed plastic bags and placed in darkness at 4 °C until laboratory analysis. A subsample of all the samples by plot was oven-dried at 70 °C for 72 h to a constant weight for moisture determination by the gravimetric method and water content adjustment to express the nutrient concentration on a dry soil mass basis. For the fresh soil samples, the pH was measured in deionized water (soil/solution ratio, 1:2 w/v and litter/solution ratio 1:5 w/v) with a pH meter equipped with a glass electrode (Corning). The total carbon (C) was determined with a total carbon analyzer UIC model CM5012 (Chicago, IL, USA) by combustion and coulometric detection [51]. The total nitrogen (TN) and total phosphorus (TP) were analyzed colorimetrically and were determined following acid digestion in a mixture of concentrated H2SO4 and K2SO4 plus CuSO4, the latter as a catalyst; TN was determined by the micro-Kjeldahl method [52], and TP was determined by the molybdate colorimetric method following ascorbic acid reduction [53]. The available inorganic nitrogen (NH4+ and NO3−) was extracted from 10 g fresh soil subsamples with 2 M KCl, followed by filtration through a Whatman No. 1 paper filter, and it was then determined colorimetrically by the phenol-hypochlorite method [54]. Later, the soil sample weight was corrected for moisture content.




2.6. Data Analysis


For the statistical analyses, the oak species were sorted into different groups according to section—Quercus or Lobatae—and leaf habit—evergreen, deciduous or brevi-deciduous. A principal component analysis (PCA) was performed with the whole set of leaf and stem traits for 275 oak individuals. To determine the sources of variation in the PCA, we partitioned the total variance of each PC according to the variance explained by differences among factors analyzed as phylogenetic sections, leaf habits, traits among and within species and habitat measured as the variation among plots. We followed the nested random effects model proposed by Michelaki et al. [55], using the following syntax: PC ~ (1|section/leaf habit/species/habitat) + (1|habitat). Then, to understand whether the variance explained by the main explicative factor (e.g., leaf habit) is due to the differences between levels of this factor (i.e., if the variation observed in the previous analysis is due to differences among deciduous, brevi-deciduous and evergreen habits) or to the intrinsic variation within each level of this factor (i.e., if the variation observed in the previous analysis is due to the differences within deciduous, within brevi-deciduous or within evergreen groups), we ran a test to assess whether the interspecific variability depends on the leaf habits and phylogenetic section by partitioning the total variance in each PC axis among levels (e.g., leaf habits and species within leaf habits; [56]). This analysis between levels of factors was performed for PC1 and PC2 by the main explicative factor in the nested random effects models.



To determine whether oak species may be restricted by the environmental factors, we used generalized linear mixed models (GLMM) (considering species as a random variable) to assess whether the PCA scores of the first three components differed among all possible combinations of the following fixed explanatory factors: climatic and soil variables. We first tested the models for each explanatory factor and function independently. Secondly, to avoid the overestimation of the models with spurious parameters that had very poor weights on the models [57], we only fitted two-factor models using those environmental factors that had an effect on the different functional parameters when evaluated independently. We tried alternative models in which the second environmental factor was added either additively or multiplicatively. Then, we made a comparison of the candidate model containing a term of interest to the corresponding “null” model lacking that term, which assumes no effect of any factor [58]. The best models were selected using their Akaike information criterion corrected for small sample sizes (AICc) between the null model and the candidate models [59]. Finally, we measured the proportion of explained variance in the best models by the Nakagawa and Schielzeth [60] method, which returns two complementary R2 values: the marginal R2 encompassing variance explained by only the fixed effects and the conditional R2 comprising variance explained by the whole model (fixed and random effects). To fulfil the assumptions of normality and homoscedasticity, climatic and soil variables were transformed with log10(x) or log10(x + 1) if the values were low or close to zero.



The functional space of the oaks was calculated through an n-dimensional hypervolume approach [61] based on Hutchinson’s multidimensional niche concept [62]. The hypervolumes constructed from the functional traits represent axes of plant strategy variation, characterized by the phenotypic space occupied by a set of species [63]. This approach allows us to quantify functional spaces by assessing the functional trait space occupied by a set of species from different phylogenetic sections or leaf habits [6,61].



We used the first three PC axes (previously calculated) to reduce the number of dimensions in order to calculate the hypervolume for each section, leaf habit category and oak species level using a multidimensional kernel density estimation procedure [61]. We calculated the overlap between the hypervolume of each section, for each leaf habit and for each oak species, with a correlation analysis of the “hypervolume” package, which compares the similarity between different hypervolumes using the Sørensen functional similarity index. The Sørensen similarity index estimates the intersection between two hypervolumes (given two hypervolumes A and B, S(A,B) = 2*|A ∩ B|/(|A| + |B|) ranging from 0 (both input hypervolumes are fully disjunct) to 1 (both input hypervolumes are identical) [61,64]. We compared the environmental characteristics of each pair of oak species to distinguish between zero functional space overlap due to functional space segregation of the same environmental characteristics or due to a significantly different environmental characteristic. We first performed a PCA with the five environmental variables by plot. Then, we subjected the first two component scores to a one-way multiple analysis of variance (MANOVA) for each pair of oak species in their respective plots in search of environmental differences. The MANOVA values for environmental characteristics for species pairs were considered significant at (p < 0.05). Finally, a canonical correspondence analysis (CCA) was conducted to relate the oak community composition to the environmental variables. We performed 999 permutations to evaluate the significance of the CCA model.



Analyses were calculated with the packages “vegan” ver. 2.5 [65], “ade4” ver. 1.7 [66], “nlme” ver. 3.1 [67], “lme4” ver. 1.1 [68], “MuMIn” ver 1.43.6 [69] and “hypervolume” ver. 3.4.3 [61,70] in R software ver. 3.5 [71].





3. Results


The first three components of the PCA performed on the whole set of leaf and stem traits explained 56.1% of the total variance (Figure 1). The first axis (PC1, which explained 27.6% of the variance) was related to the trade-off between specific leaf area (SLA) and leaf dry matter content (LDMC). This reflects the leaf economic spectrum (LES), which refers to the trade-off (negative relationship) between resource acquisition and storage strategies in plants. The second axis (PC2, which explained 16.3 % of the total variance) was mainly explained by the stem hydraulic properties with the vessel diameter and vessel frequency; this stem hydraulic trade-off means that mechanical support will be negatively related to storage or conduction. Finally, the third axis (PC3, which explained 12.7% of the total variance) was represented mainly by variations in leaf area (LA) and plant height (see variable scores in Appendix D).



3.1. Variance Partitioning of Functional Traits


The results for the functional trait space variation based on the variance explained by the differences between factors (phylogenetic sections, leaf habits, among and within species and habitat) showed that each PC had different sources of variation. Most of the variance explained in PC1 was attributed to differences among leaf habits (58% of the total variation), followed by interspecific variability (32%). For PC2, most of the variation depended on differences among species (40%), followed by differences between sections (28%). For the PC3, most of the variation was due to the higher effect of the differences among species (50%) than of differences between sections (14%). The percentage of the variance explained by the intraspecific variability and the habitat was low (Table 3). In addition, the variance within factors showed contrasting patterns among the PC1 and PC2 (Figure 2); the variation in PC1 was mostly attributable to the differences among deciduous, brevi-deciduous and evergreen trees (76%), while the differences in PC2 were mostly related to the variation within each level of the factor. Thus, most of the variation was related to species variations within the Lobatae (51%) and Quercus (33%) sections.




3.2. Oak Functional Strategies


The GLMMs showed that the functional trait structure of the oak species studied was mostly determined by the UNEP aridity index, and a secondary influence was exerted by the seasonal conditions of precipitation and temperature (Table 4). The PC1 (LES) showed a positive relationship with the UNEP aridity index and with the precipitation in the warmest quarter (R2m = 0.09; R2c = 0.30). PC2 (stem hydraulic traits) had a positive relationship with the UNEP aridity index and with the maximum temperature of the warmest month (R2m = 0.05; R2c = 0.23). PC3 (leaf area-height; LA-H) had a positive relationship with the aridity index and with the precipitation in the coldest quarter (R2m = 0.16; R2c = 0.40). Oak species reflect a continuous range of leaf and stem hydraulic strategies along the water availability gradient, where precipitation and temperature of the warmest months are extremely relevant because they determine the highest level of drought stress. Additionally, sites with high values of precipitation in winter showed higher values of plant size (i.e., height) and a reduced leaf area; in contrast, drier conditions promote the presence of oak species with lower sizes and higher leaf area values.




3.3. Functional Space and Overlap


The results of the hypervolume analysis showed that the overlap between Lobatae and Quercus sections was 45% (Figure 3a), which suggests functional trait segregation between both sections. The functional space assessed by leaf habit showed that brevi-deciduous species had the largest functional space, with an overlap of 58% with the deciduous species and a smaller overlap (28%) with the evergreen species. Finally, the deciduous species had low overlap with the evergreen species, of 4% (Figure 3b). The degree of hypervolume overlap among sections and leaf habit ranged between 4% and 58%, which indicates that oak trait space occupation is very variable.



At the species level, to measure the functional overlap, we calculated 210 species pairs. Of these, 62 species pairs (32%) showed zero functional overlap, and these pairs differed significantly in their environmental characteristics (see Appendix E for Sørensen similarity index among oak species pairs, Figure A1). Deciduous red oak species showed a between-species functional overlap ranging from 3% to 31% (Figure 4) and showed larger overlap with the deciduous white oaks (from 12% to 45%), followed by the brevi-deciduous red (1% to 42%) and white (6% to 36%) oaks, in species pairs that did not differ significantly in their environmental characteristics. Deciduous white oak species showed a between-species functional overlap that ranged from 3% to 49%, with a smaller overlap with the brevi-deciduous red oaks (from 2% to 39%) in similar environments. However, in sites that were significantly different in their environmental characteristics, they showed a larger overlap (from 2% to 58%).



The brevi-deciduous red oaks showed a between-species functional overlap ranging from 0% to 63%. When the environmental characteristics did not differ significantly, the brevi-deciduous red oaks showed a smaller functional overlap with the brevi-deciduous white oaks (1% to 37%) and with the evergreen oaks (1 to 5%). The two brevi-deciduous white oaks (Q. glaucescens and Q. obtusata) showed a functional overlap of 47%, although their environmental characteristics were significantly different. These brevi-deciduous white oaks showed a smaller overlap with the evergreen species (2% to 12%). Finally, the two evergreen species, Q. aff. uxoris (red oak) and Q. martinezii (white oak), showed low functional overlap and similar environmental characteristics.



The results of the canonical correspondence analysis of the first two axes of the CCA explained 0.29 of the total variation (CCA1 = 0.82, p < 0.001; CCA2 = 0.63, p < 0.001). The first axis was dominated by the UNEP aridity index and the second axis was dominated by the precipitation of the warmest quarter (Figure 4).





4. Discussion


4.1. Oaks Functional Strategies for Water Use


Oak species present a wide range of morphological and physiological responses to different environmental conditions [38,40] such as water availability [9,72,73]. We identified trait covariation from the PCA analysis in leaf and wood traits that responded to the water availability gradient in combination with the seasonal regimens of temperature and precipitation.



4.1.1. Leaf Economic Spectrum and Leaf Life Span Strategies


The LES theory is mostly related to the trade-off between high resource acquisition and resource conservation [23]. The first axis (PC1) was defined by the negative correlation between SLA and LDMC in the resource acquisition strategies defined by the LES; thus, at one end of the axis, we found oak species with high SLA (such as Quercus tuitensis), while at the opposite end were the species with the highest LDMC (such as Q. mexiae). The partition variance analysis on the LES axis showed that the leaf habit explains most of the variation and indicates that, within each foliar habit, there is a great variation in responses. In addition, the role of interspecific variability is greater than intraspecific variability. This one may differ among traits, species, or among the biogeographical selected range [74]. Previous studies within oak populations and among oak species [9,31,75] have found leaf trait variation along aridity/precipitation gradients, according to the LES expectations.



In our study, the LES in oak species is determined by the aridity index and the interaction of the precipitation in the warmest quarter, which determine the level of drought stress to which plants are exposed. For instance, the spring precipitation in combination with the spring maximum temperatures will determine the highest level of drought stress and, as consequence, will determine the ecological strategy for resource acquisition and storage, such as deciduousness [11,76]. Deciduous and brevi-deciduous species drop their leaves during dry seasons or freezing temperatures to reduce water loss and costs via transpiration, maximizing their carbon uptake and nutrient use when water availability is not limited [19,24]. In contrast, a shorter dry season and less severe drought in ecosystems usually promote species with longer leaf life spans that retain their leaves throughout the dry season [1,11,76]; other studies found that soil depth and rooting depth can favor evergreen species in seasonally affected areas [24,36].



This convergence of ecological strategies along resource and elevation gradients has been reported previously in tree species [25,77]. The high temperatures in the Serranías Meridionales of Jalisco in spring and the reduced amount of precipitation along the gradient could lead to trait convergence to acquisitive strategies such as deciduousness in oak species. At the driest part of the gradient, we found deciduous and brevi-deciduous species that show resource-acquisitive leaf traits, such as Q. liebmannii, Q. tuitensis, and Q. glaucescens, which are the characteristic species of the transition zone between tropical deciduous forest and oak forest [78]. On the other side of the gradient, brevi-deciduous and evergreen oak species located in humid areas of the gradient show a more conservative strategy, such as Q. martinezii and Q. laurina, which are typical species confined to high elevations and montane cloud forest [33,78].




4.1.2. Stem Hydraulic Strategies


The stem hydraulic properties in this study are explained by a negative correlation between the vessel diameter (VD) and the vessel frequency (VF). This stem hydraulic trade-off has been shown in previous studies and means that mechanical support will be negatively related to storage or conduction along the water availability gradient [15,16,79]. However, it is important to incorporate data on the fraction of fibers and axial and radial parenchyma to support this hypothesis, as well as to incorporate data from other species to understand the xylem variation and how species invest differently in support and transport in different environmental conditions [80,81]. Vessel diameter is one of the most important wood anatomical characteristics that determines the adaptation of plants to drought [79,82]. It is considered a characteristic with a strong phylogenetic conservatism for oaks [8] and other species [82,83]. We found strong species segregation in the variance, which was attributed to interspecific differences, followed by differences in phylogenetic sections. The section Lobatae contained most of the variation, reflecting that the VD/VF relationship can lead to various drought strategies, from a drought-tolerance strategy with narrow vessels (98 µm/10 per mm2; Q. jonessi) to a drought-avoidance strategy with wide vessels (241 µm/5 mm2; Q. laurina). In the section Quercus, the VD/VF relationship ranged from 152 µm/8 mm2 (Q. magnoliifolia) to 284 µm/6 mm2 (Q. martinezii).



In agreement with several studies in angiosperms, narrow vessels with a high frequency lead to greater hydraulic safety because of the lower risk of vessel implosion and cavitation related to the redundancy of vessels [16,84]. The narrower xylem vessels indicate that oak species are more drought and embolism resistant [40], as we found in red oaks in drier sites. This supports the idea that red oaks possess drought tolerant strategies, as shown by Aguilar-Romero et al. [39]. White oak species showed wider vessels with less variation than red oaks. Lobo et al. [40] found that Quercus petraea (white oak) has wider vessels with no variation along an aridity gradient, suggesting that other anatomical features could provide drought tolerance in this species.



Vulnerability to embolism depends on several anatomical traits in addition to vessel size, such as vessel frequency [85], the presence of more fiber cells between adjacent vessels [86], and the thickness of the pit membranes between two adjoining vessels [87]. Wide vessels in dry habitats are efficient water conductors but are mechanically weaker than narrower vessels. Therefore, one evolutionary strategy involves generating a mixture of wide and narrow vessels or vasicentric tracheids in the wood [84]. Vasicentric tracheids are wood anatomical features that provide support around the vessels under water stress, maintaining a minimally conductive stream [88]. It has been suggested that the presence of these tracheids in the Fagaceae family could provide them with the ability to spread readily from wet tropical forests into temperate areas that have a dry season [15]. This anatomical feature has been reported in oaks and other dry-habitat species [88], suggesting that it is an important trait that allows plants, especially oaks, to survive during drought conditions [89]. However, more research on this anatomical feature is needed.



Functionally, drought-tolerant and drought-avoidant strategies of water use should be coordinated between leaf and wood tissues [2,4,18]. Vessel diameters and wood tissues show a mixture of genetic control and plasticity depending on the environment [83]; it has been reported that the leaf habit (e.g., retaining leaves) can influence plasticity levels in some xylem characteristics [82]. We found that some deciduous species possess wide vessels and higher content of water in the stem tissue, which is typically due to an elevated proportion of parenchyma for storing reserves. This reflects that some leaf traits (in this case, LES) can act in a way that is not coordinated with the wood traits [20], as demonstrated in other studies of particular taxa [90,91].




4.1.3. Leaf Area and Plant Height


Variations in leaf area and plant height made up the third axis of variation, in which the interspecific differences explained most of the proportion of variance. Plant height is a major determinant of a plant’s ability to compete for light; it determines how leaf microenvironments regulate various leaf morphological and physiological traits [92,93].



Leaf area has important consequences for leaf energy and water balance; leaves of different sizes growing in the same habitat are expected to have distinct thermal regulation abilities, which influence leaf water loss and heat shedding [2,23]. Despite the considerable interspecific variation in leaf area and plant height that exists along the gradient, we observed a relationship with the precipitation in the coldest quarter: taller oak species with long elliptic-lanceolate leaves had medium leaf area values, such as Q. laurina (LAMEAN = 21.6), while in contrast, smaller trees with wide obovate and concave leaves had high leaf area values, such as Q. jonesii (LAMEAN = 97.7). Oak species have high levels of plasticity at the leaf level and show high morphological and leaf area variation [30,73]. Several factors, such as ontogeny, genotype, and environmental interaction, affect leaf traits; these factors are also important to consider at the individual level in order to understand the plasticity of the species [94]. Additionally, it has been shown that the variations in tree height and leaf area were largely independent of the variations in traits represented in the LES [95].





4.2. Variation in Functional Traits and Niche Segregation


Functional traits determine the main components of individual performance, as well as being useful to detect interactions between plants [2,3]. Traditionally, some traits have been used to support resource partitioning and niche segregation, but none associated with the niche differences that stabilize species coexistence [7,96]. However, this differentiation has been only detected when considering multiple axes of trait variation together (i.e., phenology, seed size, height, SLA, wood density, specific root length), suggesting that the maintenance of species diversity has a multidimensional nature [7,97]. We documented the variation in the functional space of oak species at different levels (section, leaf habit, and species), in agreement with several studies demonstrating that niche partitioning can facilitate coexistence among species (i.e., [1,6,7]). We also documented that the variation in leaf traits and the stem hydraulic structures play a central role in functional differentiation among oaks. The differences in leaf life span may facilitate the coexistence of oaks in their functional spaces, as shown by the functional overlap among leaf habits and species level. The functional space overlap between deciduous and evergreen species is exceptionally low, which suggests that the first strong mechanism of species segregation was related to environmental characteristics and habitat suitability [6]. In this sense, deciduous and brevi-deciduous oaks are characteristic of temperate ecosystems in tropical regions [36], where deciduousness could be considered a facultative strategy that allows them to be effective competitors by fully or partly shedding their leaves during the dry or winter season to reduce water loss [25].



The functional space overlap of deciduous and brevi-deciduous oak species is high. Despite this finding, some environmental and functional segregation exists that allows them to reduce the competitive pressure for resources. For example, Q. laeta (white deciduous) and Q. cualensis (red brevi-deciduous) coexist in the pine-oak forest in the Serranías Meridionales of Jalisco at an elevational range of 1800–2300 m [33,46] and showed a functional overlap of 39%. Quercus cualensis and Q. iltisii (red brevi-deciduous) showed a functional overlap of 30% but have significantly different environmental characteristics. Quercus iltisii is a lowland species (1000–1500 m) that is mainly distributed in tropical subdeciduous forests and the oak-pine forest ecotone. These findings demonstrate environmental and elevational characteristics and segregation in the study site [33,46].



Seasonal temperature and precipitation regimes are important environmental filters that determine the viability of ecological drought strategies in plants [40,98] and explain the adaptive differentiation of populations within oak species [9,36]. In oaks, within the red section, divergent leaf trait evolution has been shown to be independent of phylogenetic relationships that could provide functional complementarity among some red oak species [8].



Cavender-Bares et al. [99] stated that the diversity of oak species in a region depends on the rate of evolution of different traits, and labile traits are critical for lineages to switch between available habitats and community types, while conserved traits are those that facilitate coexistence. Here, we documented that leaf traits reflect the LES across a wide range of variation as a reflection of habitat suitability among several species and that wood traits showed a stem hydraulic trade-off in vessel diameter and frequency that reflects phylogenetic section differences; these traits may promote coexistence between distantly related oak species. We propose that these traits contribute to explaining the coexistence of the high number of Quercus species with high endemism existing in the hotspot of Serranías Meridionales of Jalisco in Mexico [33,44].





5. Conclusions


Oak species in the Serranías Meridionales of Jalisco showed three functional dimensions: a primary dimension that reflects the LES that corresponds to the leaf habit; a second dimension that includes the stem hydraulic properties that show a phylogenetic component, in which red oaks are able to share resources with distantly related species (white oaks species), and the third dimension was represented mainly by leaf area and plant height. Our findings indicate that the functional space, measured with leaf and stem traits such as hydraulic capacity, is linked to this niche segregation. Incorporating the variation in functional traits caused by phenotypic plasticity in a region can provide a better estimate of the functional space for different species by localizing the range of trait values. It is important to remember that trait plasticity promotes species coexistence across environmental gradients by enhancing and stabilizing niche differences and by generating competitive trade-offs between species. However, a trait-based approach to the quantification of species niche parameters remains challenging because of the difficulty of selecting traits that are specifically related to biotic versus abiotic filtering processes [100]. Finally, it is necessary to incorporate more studies under controlled conditions to understand the different variation strategies of the genus Quercus in order to understand the differential variation in the traits of co-occurring species.
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Appendix A. Leaf Chemical Analysis


Chemical composition was determined for a mixture of dry leaves from five different individuals per species per plot. Nitrogen (N) and phosphorus (P) forms were analyzed colorimetrically using a Bran-Luebbe Auto Analyzer 3 (Norderstedt, Germany). N and P were determined following acid digestion in a mixture of concentrate H2SO4 and K2SO4 plus CuSO4, the latter as a catalyst; N was determined by the micro-Kjeldahl method [52] and P by the molybdate colorimetric method following ascorbic acid reduction [53].




Appendix B. Leaf Habit Category


The category of leaf habit based on the code proposed by Cavender-Bares et al. [8] for canopy foliation was averaged for six to ten individuals per species over one year. The period was calculated as the number of days per year that a tree maintained 50% or more of its relative maximum foliage. Species were coded as deciduous when leaves drop synchronously at the onset of drought or freezing temperatures and leaves are absent for a significant portion of each year (<300 days); brevi-deciduous when leaves are generally present year round or with a brief period of leaflessness (≥300 days), and evergreen with a leaf life span >1 year, with leaves present year round (365 days).




Appendix C. Potential Evapotranspiration and Aridity Index Calculations


Potential evapotranspiration was calculated with the Hargreaves and Samani [101] method, based on the following equation:


ET0 = Ci (Tmed + 17.78) ∗ Evap eq ∗ (Tmax − Tmin)0.5












	
ET0 = potential evapotranspiration by mm/day



	
Ci = constant 0.0023



	
Tmed = average temperature in °C



	
Tmax = maximum temperature in °C



	
Tmin = minimum temperature in °C



	
Evap eq = equivalent evaporation in mm/day










Evap eq = Rs ∗ 1/λ












	
Rs = Solar extraterrestrial radiation based on latitude and longitude in M Jules/m2/day [102].



	
1/λ = inverse of the latent heat of vaporization (0.408) [103].








The aridity index proposed by the United Nations Environment Programme (UNEP) expresses the relationship between average annual precipitation (Pa) and potential evapotranspiration (Evpot) in a given area [50], which was calculated as I = Pa/Evpot.




Appendix D


PCA performed with the whole set of leaf and stem traits for 275 individuals. Acronyms: LA (leaf area), SLA (specific leaf area), LDMC (leaf dry matter content), N (nitrogen concentration), P (phosphorus concentration), VF (vessel frequency), VD (vessel diameter), WD (wood density).
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Table A1. Variable Scores for the Principal Components Analysis (PCA).
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	PC1
	PC2
	PC3





	LDMC
	0.347
	−0.507
	0.296



	SLA
	−0.446
	0.404
	−0.077



	LA
	0.067
	−0.222
	−0.706



	N
	−0.422
	−0.245
	−0.127



	P
	−0.438
	0.067
	−0.060



	WD
	0.164
	0.078
	−0.487



	VD
	−0.287
	−0.503
	−0.159



	VF
	0.149
	0.410
	0.051



	Height
	−0.414
	−0.190
	0.348









Appendix E


Hypervolumes for each plant dimension were based on each of the first three PCA axes at species level (see Figure A1). The MANOVA results for environmental characteristics for species pairs were coded as ND = no significant differences. Symbol “*” (p < 0.05) indicates significant differences in environmental conditions among species pairs.
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Figure A1. Sørensen Similarity Index among Oak Species Pairs. 
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Figure 1. Principal components analysis (PCA) for the 9 leaf and stem for 21 oak species along the first three principal components (PC). (a) PC1 and PC2; (b) PC1 and PC3. Colors indicate the contribution of each trait along the axes. LA (leaf area), SLA (specific leaf area), LDMC (leaf dry matter content), N (nitrogen concentration), P (phosphorus concentration), VF (vessel frequency), VD (vessel diameter), WD (wood density). 






Figure 1. Principal components analysis (PCA) for the 9 leaf and stem for 21 oak species along the first three principal components (PC). (a) PC1 and PC2; (b) PC1 and PC3. Colors indicate the contribution of each trait along the axes. LA (leaf area), SLA (specific leaf area), LDMC (leaf dry matter content), N (nitrogen concentration), P (phosphorus concentration), VF (vessel frequency), VD (vessel diameter), WD (wood density).



[image: Forests 11 00894 g001]







[image: Forests 11 00894 g002 550] 





Figure 2. Variance explained by the main factor in PC1 and PC2 axis on the nested random effect models. The main explicative factor in PC1 was leaf habit and in PC2 was carried by sections. 
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Figure 3. Functional hypervolumes and Sørensen functional similarity index among hypervolumes. (a) Section (Quercus and Lobatae), (b) Leaf habit (deciduous, brevi-deciduous, evergreen). Each functional axis was based on the first three PCA axes (see Figure 1). The colored points with contour for each section and for each leaf habit are the graphical representations of the hypervolumes, showing all possible pairwise overlaps in each PC axis. 






Figure 3. Functional hypervolumes and Sørensen functional similarity index among hypervolumes. (a) Section (Quercus and Lobatae), (b) Leaf habit (deciduous, brevi-deciduous, evergreen). Each functional axis was based on the first three PCA axes (see Figure 1). The colored points with contour for each section and for each leaf habit are the graphical representations of the hypervolumes, showing all possible pairwise overlaps in each PC axis.



[image: Forests 11 00894 g003]







[image: Forests 11 00894 g004 550] 





Figure 4. Sample ordination produced by canonical correspondence analysis. The vectors indicate the environmental variables. UNEP (United Nations Environment Programme) aridity index; mtwm (maximum temperature of warmest month); mtcm (maximum temperature of coldest month); pcq (precipitation of coldest quarter), and pwq (precipitation of warmest quarter). Lines indicate Sørensen functional similarity overlap ≥ 0.3 among oak species pairs. 
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Table 1. List of oak species in the study with the phylogenetic section and leaf habit category.
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	Species
	Section
	Leaf Habit





	Quercus aristata Hook. & Arn.
	Lobatae
	deciduous



	Quercus calophylla Schltdl. & Cham.
	Lobatae
	brevi-deciduous



	Quercus castanea Née
	Lobatae
	brevi-deciduous



	Quercus crassifolia Bonpl.
	Lobatae
	brevi-deciduous



	Quercus cualensis L.M. González
	Lobatae
	brevi-deciduous



	Quercus eduardii Trel.
	Lobatae
	brevi-deciduous



	Quercus elliptica Née
	Lobatae
	deciduous



	Quercus glaucescens Bonpl.
	Quercus
	brevi-deciduous



	Quercus iltisii L.M. González
	Lobatae
	brevi-deciduous



	Quercus jonesii Trel.
	Lobatae
	deciduous



	Quercus laeta Liebm.
	Quercus
	deciduous



	Quercus laurina Bonpl.
	Lobatae
	brevi-deciduous



	Quercus liebmannii Oerst. ex Trel.
	Quercus
	deciduous



	Quercus magnoliifolia Née
	Quercus
	deciduous



	Quercus martinezii C.H. Mull.
	Quercus
	evergreen



	Quercus mexiae L.M. González
	Lobatae
	deciduous



	Quercus obtusata Bonpl.
	Quercus
	brevi-deciduous



	Quercus resinosa Liebm.
	Quercus
	deciduous



	Quercus scytophylla Liebm.
	Lobatae
	brevi-deciduous



	Quercus tuitensis L.M. González
	Lobatae
	deciduous



	Quercus aff. uxoris McVaugh
	Lobatae
	evergreen
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Table 2. Leaf and stem functional traits with mean standard and range of 9 functional traits of 275 oak individuals.
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	Traits
	Abbreviation
	Unit
	Mean
	Range





	Leaf traits
	
	
	
	



	Leaf area
	LA
	cm2
	47.35
	5.01–270.62



	Specific leaf area
	SLA
	cm2 g−1
	71.25
	22.52–174.52



	Leaf dry matter content
	LDMC
	mg g−1
	0.436
	0.20–0.64



	Nitrogen concentration
	N
	mg g−1
	10.59
	6.74–16.63



	Phosphorus concentration
	P
	mg g−1
	1.03
	0.39–2.5



	Stem traits
	
	
	
	



	Vessel frequency
	VF
	mm2
	5.99
	3.0–14.0



	Vessel diameter
	VD
	µm
	189.75
	98.40–284.4



	Wood density
	WD
	g/cm3
	0.66
	0.36–0.89



	Height
	H
	m
	9.85
	3.40–28.00
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Table 3. Variance partitioning of the first three principal components (PC). Variance partitioning for each PC among components expressing variation between species (Species), leaf habits (Leaf habit), sections (Sections), plots (Habitat) and species (Intraspecific).
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Source of Variance

	
Proportion of Variance






	

	
PC1

	
PC2

	
PC3




	
Species

	
0.32

	
0.40

	
0.50




	
Sections

	
-

	
0.28

	
0.14




	
Leaf habit

	
0.58

	
0.07

	
-




	
Intraspecific

	
0.08

	
0.02

	
0.1




	
Habitat

	
-

	
0.05

	
0.05
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Table 4. Best fit of the generalized linear mixed models (GLMM) analyzing PCs in response to environmental factors. UNEP (United Nations Environment Programme) aridity index; pwq (precipitation of warmest quarter); mtwm (maximum temperature of warmest month), and pcq (precipitation of coldest quarter). Bold numbers are Akaike information criterion corrected for small sample sizes (AICc) from null models and non-bold numbers are the best supported model. The asterisk symbol (*) means the multiplication of factors.
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Model

	
R2 Marginal

	
R2 Conditional

	
AICc






	
Leaf economic spectrum

	
PC1

	
logUNEP * log (pwq)

	
0.09

	
0.30

	
597.00




	

	

	
618.00




	
Hydraulic stem traits

	
PC2

	
logUNEP * log (mtwm)

	
0.05

	
0.23

	
642.71




	

	

	
648.43




	
Leaf area and height

	
PC3

	
logUNEP * log (pcq)

	
0.16

	
0.40

	
562.10




	

	

	
574.16
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