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Abstract

:

The Mexican tropical montane cloud forest trees occur under special and limited climatic conditions; many of these species are particularly more sensitive to drought stress. Hydric transport in leaf veins and wood features are influenced by climatic variations and individual intrinsic factors, which are essential processes influencing xylogenesis. We assessed the plastic response to climatic oscillation in two relict-endangered Magnolia schiedeana Schltdl. populations and associated the architecture of leaf vein traits with microenvironmental factors and wood anatomy features with climatic variables. The microenvironmental factors differed significantly between the two Magnolia populations and significantly influenced variation in M. schiedeana leaf venation traits. The independent chronologies developed for the two study forests were dated back 171–190 years. The climate-growth analysis showed that M. schiedeana growth is strongly related to summer conditions and growth responses to Tmax, Tmin, and precipitation. Our study highlights the use of dendroecological tools to detect drought effects. This association also describes modifications in vessel traits recorded before, during, and after drought events. In conclusion, our results advance our understanding of the leaf vein traits and wood anatomy plasticity in response to microenvironmental fluctuations and climate in the tropical montane cloud forest.
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1. Introduction


The tropical montane cloud forests (TMCFs) represent one of the most important biodiversity hotspots on Earth due their high proportions of relict-endemic and endangered species [1,2,3,4,5]. Unfortunately, deforestation, habitat fragmentation (as a product of grazing, logging, and avocado plantations) are creating unprecedented pressures on the natural resources in most ecosystems [6,7,8]. Furthermore, drought events are expected to be greater in rate and magnitude than what has occurred thus far [2,9]. These climate events are considered to play a significant role in limiting TMCF tree species range at the macro and micro climatic scales [10]. Fog and/or mist can play a unique and varied role in TMCF plant ecology during drought events [5], partially affecting leaf vascular system adaptations (vein length, leaf shape, vein density, among others), growth rates (growth ring width and/or vessel modifications), and altering the resilience during specific climate events such as El Niño–Southern Oscillation (ENSO) [11,12,13,14]. The resilience of some TMCF trees to drought events may constitute an indirect response of the relict-tree species that depend on high moisture conditions. Mexican TMCF trees are adapted to high humidity during the rainy season (5000 and 6000 mm in the southeastern part of the country) and to the drought season (250–300 mm in the central and east) [15]. Notwithstanding, complex topography contributes to a substantial microclimatic variability at a fine scale, often resulting in mosaics of vegetation types within small geographic areas [4,10,16].



Specifically, Magnolia schiedeana Schltdl. is considered an Oligocene–Miocene relict and endangered species under the Red List of Magnoliaceae [17] and the Red List of Mexican cloud forest trees [18] occupying less than 10% of their original range. Magnolia schiedeana is endemic to small TMCF fragments, which thrive on steep (>25°) rocky slopes and high moisture conditions of eastern Mexico [19]. This species produces simple leaves that are broadly elliptical, elliptic to oblong-elliptic or oblanceolate-elliptic in shape. Leaves are acute to acuminate at the apex and obtuse at the base with silica crystals in the epidermal cells and in the cuticle [20], which could decrease the probability of hydric stress during drought events [11]. In addition, the wood anatomy morphology is diffuse porous, which obscures the ring boundaries; notwithstanding, it is perceptible in a wood core well-sanded surface [13]. Diffuse porous are anatomical adaptations that grant a high performance in hydraulic conductance during climatic oscillations in TMCFs; nevertheless, the Magnolia’s xylem vessels are randomly distributed within the tree-ring width.



An integral analysis involving leaf vein traits, dendroecology, and wood anatomy may provide insights into the specific climatic oscillations of TMCF tree species [11,21,22,23]. Studies on morphological leaf plasticity and wood anatomy appear to be key in assessing the plastic responses to climate events and resilience of tree species inhabiting a specific ecosystem [24,25,26,27].



The effects of microenvironmental and climatic oscillations on Magnolia schiedeana have not yet been assessed, and we do so by examining the leaf vein traits, annual tree rings, and vessel traits of individual Magnolia species in two TMCF in eastern Mexico. Our aims were to:




	(1)

	
evaluate the microenvironmental effect (litter depth, temperature and moisture soil, and canopy openness) on leaf vein traits (leaf shape, vein length, primary vein size, leaf base shape, leaf base angle, angle between major secondary veins and primary veins, and vein density);




	(2)

	
examine the relationship between tree-ring width and climatic fluctuations, and determine the effects of local climatic factors on the ring-width index of individual trees; and




	(3)

	
assess the influence of drought events on the plasticity of annual tree-ring width and vessel traits (density, hydraulic diameter, and percentage of conductive vessel area).










2. Material and Methods


2.1. Study Forests


The study involved two Mexican beech forests which support even-aged 152–168-year-old beech stands [28]. (1) Medio Monte locality, San Bartolo Tutotepec municipality (20°24′50′′ N, 98°14′24′′ W; 1800–1944 m asl; mid temperatures (16.5–21.8 °C) and annual precipitation of 524–2100 mm); and (2) El Gosco locality, Tenango de Doria municipality (20°19′37.8′′ N, 98°14′57.1′′ W; 1557–1864 m asl; mid temperatures (14.5–22.48 °C); and annual precipitation of 524–1850) [28] both within the state of Hidalgo in eastern Mexico (Figure 1A). The study forests are characterized by the natural distribution area of Magnolia schiedeana Schltdl., which is an endangered-tropical montane cloud forest tree species, inhabiting steep slopes. The temperate climate is Cwb sensu Peel et al. [29]. Soils are mainly Spodosol to Andisol-humic (Th) with light sandy–clay loam texture possessing pH values from 4 to 6.



In the study area, Magnolia schiedeana coexists with endemic Neotropical montane oaks (e.g., Quercus delgadoana S. Valencia, Nixon and L.M. Kelly, Q. xalapensis Bonpl., Q. germana Schltdl. and Cham., Q. trinitatis Trel., Q. meavei S. Valencia, Sabas and O.J. Soto), Podocarpus reichei J. Buchholz and N.E. Gray, Carpinus caroliniana Walter, Ostrya virginiana (Mill.) K. Koch, Tilia americana var. mexicana (Schltdl.) Hardin, Acer negundo var. mexicanum (DC.) Standl. and Steyerm., Meliosma alba (Schltdl.) Planch., Fagus grandifolia subsp. mexicana (Martínez) A.E. Murray, Liquidambar styraciflua L., Ulmus mexicana (Liebm.) Planch., and several tree fern species [30].




2.2. Microclimatic Data


In each study forest, from January to December 2019, one HOBO® measurement equipment (MX2301 Data Logger, Onset Computer Corporation, Pocasset, Bourne, MA, USA) was set up to record the air temperature (°C) and relative humidity (% RH) at 1 h intervals (accuracy: ±0.2 °C and ±2.5% RH). Mean air temperature (°C) and mean relative humidity (%) were calculated for each month using HOBO (Figure 1B).




2.3. Leaf Sample Collection


In each study forest, from 10 mature trees per population, we randomly chose 50 fully mature undamaged leaves during March through October 2019. The leaves were selected from the drip area (rooting area) on the ground or from the basal branches of each tree. The distance between individual trees was approximately 10 m, which is far enough to minimize the possibility of sampling related microenvironmental effects to individual trees [31]. After collection, the sample leaves were placed in plastic bags (10 × 10 cm) with moist paper towels and placed inside an insulated cooler to avoid any loss of moisture. Leaf samples were transported to the laboratory within 3 days of collecting. Voucher specimens were deposited at the Laboratorio de Biogeografía, Facultad de Ciencias, Universidad Nacional Autónoma de México (UNAM, Mexico).



Leaf Vein Traits


For clearings, 50 fresh leaves of Magnolia schiedeana (previously collected) from each study forest. Fresh Magnolia leaves were immersed in a 50% solution of CaO3 at 80–90 °C for 6 h; this removes alcohol-soluble materials such as phenols, silica, and chlorophyll, which are difficult to remove. In general, highly coriaceous leaves are problematic, but satisfactory results can often be obtained by increasing the concentration of CaO3 (up to 20% in extreme cases), and/or increasing the temperature of the oven during the clearing process (up to 85 °C) [32]. The best way to clear the leaves of this Magnolia species was by placing them directly into a bleach solution (10%) for 30 min. We recommend putting them under a dissecting microscope and brushing off hairs with a soft dental brush as much as possible before clearing. After that, we rinsed the leaves three times with tap water, leaving the leaves in a water bath at room temperature for at least 20 min. Once the cleared leaves turned white, we immediately stopped the process by rinsing them three times with tap water (do not allow the water stream to strike the leaf). Finally, each cleared leaf was placed on a paper towel to dry [33,34].



We digitized the 50 Magnolia leaves collected from each study forest; then, we randomly selected 17 digital Magnolia leaf images for Medio Monte and 16 for El Gosco. Each cleared Magnolia leaf was placed directly on the glass of a high-resolution flatbed scanner (HP OfficeJet Pro 7740, Hewlett-Packard Development Company, L.P., Houston, TX, USA). Our leaf samples were scanned at 600 dpi. This method allowed us to obtain high-resolution digital images with uniform illumination and minimal sample defects, as the resolution was high enough to zoom in to the finest veins.



For each cleared Magnolia leaf digitalized, we measured seven venation traits: (1) Leaf shape (LS); (2) Vein length (VL); (3) Primary vein size (PVS); (4) Leaf base shape (LBS); (5) Leaf base angle (LBA); (6) Angle between major secondary veins and primary veins (SVPV); and (7) Vein density (VD). Measurement of all leaf vein traits was carried out according to Hickey et al. [34,35] and Zhang et al. [27] (see Figure 2 and Table 1). Fifty measures were performed for each leaf venation traits (accuracy 0.1 mm) using image analysis software (ImageJ, http://rsb.info.nih.gov/ij/docs/install/index.html).





2.4. Microenvironmental Factors


We randomly selected 10 mature Magnolia tree individuals per population to assess the microenvironmental effect on leaf vein traits of Magnolia schiedeana in two Mexican TMCFs for each Magnolia tree selected (Leaf sample collection section). According to Rodríguez-Ramírez et al. [30], we measured four microenvironmental variables: (1) Litter depth; (2) Soil moisture; (3) Soil temperature; and (4) Canopy openness. The data were measured between 09:00 and 12:00 to standardize the daily microenvironmental fluctuation [31] over an eight-month period (March to October 2019) at two-month intervals. For each Magnolia tree selected, we performed four independent measurements at each of the four cardinal directions using a compass (e.g., north, south, east, and west). The data obtained through the measurements were averaged for statistical analyses.



	
Litter depth: was measured by inserting a ruler into the ground until it touched the mineral soil layer.



	
Soil moisture: was recorded at a depth of 2–3 cm using a hygrometer (Lincoln Soil Moisture Meters). This factor took values on a scale from 0 to 100%, where 0 = dry and 100 = saturated.



	
Soil temperature: was measured with a soil thermometer (Forestry Suppliers, Taylor® Switchable Digital Pocket Thermometer, Jackson, MS, USA).



	
Canopy openness: was estimated in each sample plot using a concave mirror forestry densitometer (Forestry Suppliers, Spherical Crown Densitometers, model A, Jackson, MS, USA).






Statistical Analyses


We performed a general linear model (GLM) test using binomial (for categorical data) and Gaussian (for count data) distributions [36] to determine whether there was a relationship between leaf vein traits and measured microenvironmental variables for the two Magnolia populations studied. The fit of the microenvironmental variables and leaf vein traits to the binomial and Gaussian distributions were confirmed by the histograms of their frequency distributions (p <  0.05). All GLM analyses were analyzed through the “glm2” function in “stats” package, using R version 3.4.3 [37].





2.5. Dendrochronological Survey


We sampled 20 Magnolia schiedeana trees from each study site. Dominant trees with a diameter at breast high (DBH) ≥20 cm were selected to be cored twice at 1.3 m (breast height) with a increment borer of 5 mm inner diameter (Häglof®, Langsele, Sweden). Individual trees were excluded if they exhibited scars or rot. Each increment borers were filled with treated cork plugs (e.g., treated with a mixture 80% ethanol and 20% purified water), which are effective against a broad spectrum of bacteria, fungi, and viruses [38,39].



The wood cores were dried at room temperature, mounted, and polished with successive coarse-grit sandpapers (100 and 360) and four finer-grit sandpapers (400, 600, 1000, 1200, and 2000), until the xylem cellular structure was visible in the transverse section. Wood dust inside vessel lumina was removed with heat by using a hair dryer [13]. The surface as not refilled with white chalk, since the wood was dark enough to increase the contrast of the vessels.



The tree-ring series were dated by assigning calendar years to the rings through the identification of diagnostic growth ring sequences [28]. The annual tree rings of M. schiedeana are well-defined by the arrangement of vessels in circular bands in the earlywood and a line of marginal parenchyma in the latewood. We measured the detrended tree-ring width (TRW) using a stereoscopic microscope (Olympus® SZ61, Olympus corporation, Center Valley, PA, USA) and a Velmex tree-ring measuring stage (Velmex, Inc., Bloomfield, NY, USA) with 0.001 mm accuracy using the TSAP-Win v 4.67c software. Furthermore, we verified the cross-dating with the software COFECHA [40]. The software COFECHA allowed us to identify false rings, missing rings, and cross-dating errors.



To achieve an average TRW, we standardized the raw ring-width series with autoregressive modeling to remove serial correlation using the ARSTAN computer program [41]. We assessed the quality of the chronologies with EPS (expressed population signal) as a measure of the total signal present in the chronology, considering EPS values >0.85 [42], the mean correlation coefficient among tree-ring series (Rbar) and a cubic spline with a 50% response of 30-year periods, which was flexible enough to minimize the non-climatic variance related to climate and/or local variations and maximize high-frequency climatic evidence [43,44].




2.6. Climate Data


For each site, we obtained climate data including mean maximum (Tmax), mean minimum temperature (Tmin) in °C, and monthly precipitation (P) in mm directly from the CLImate COMputing project (CLICOM database; http://clicom-mex.cicese.mx/), with records dating back to 1942. These climate data were the average values of observation data over 77 years.



To explore the climate sensitivity of Magnolia schiedeana growth, we used Pearson’s correlation coefficients as a measure of similarity using SigmaStat v.4 (Systat software, Jandel Scientific, California, CA, USA). The correlations were calculated between the tree-ring chronologies and monthly climate data for temperature and monthly precipitation from the previous September (2018) through the current September (2019).



We used the historical drought years (characterized by a low wet season precipitation sum, higher temperatures, and longer dry season) recorded for Mexico (1929–1930, 1940, 1963, 1970, 1972, 1976, 1983, 1991, 1999, 2012, 2015–2016, and 2018–2019) obtained from the Mexican Drought Atlas (http://drought.memphis.edu/MXDA/Default.aspx; [45]). This allowed the recognition of narrow tree rings (≤1.00 mm) in the digital images of wood cores developed before, during, and after a drought event [13].




2.7. Wood Vessel Traits


To determine how historical drought years affect the plasticity of vessel traits (density, hydraulic diameter, and percentage of conductive vessel area) of Magnolia schiedeana, we initially randomly selected a subset of 18 digital images of wood cores of each Magnolia population. From both study forests, a total of 36 digital images (previously dated) of wood cores were taken. Each digital image of wood cores was captured using a stereoscopic microscope (Leica Z16 APOA, Leica microsystems, Guadalajara. Mexico) with a 12.9 to 50.3 μm field of depth. Images were taken with a digital camera (Leica DFC 490, Leica microsystems, Guadalajara, Mexico) and saved in TIFF format with a 1.3 μm per pixel resolution [46].



For each digital image of wood core selected, tree rings were demarcated using the software Adobe Illustrator CC v. 21.0.



Within each digital image of wood cores, vessel traits were measured for the tree-ring width identified before, during, and after each drought event [13,46]. We considered vessel density, hydraulic diameter, and percentage of conductive vessel area, because these vessel traits could give a better approximation of the hydric resilience capacity of the diffuse-porous wood of Magnolia species to drought events.



	(1)

	
Vessel density (VD) was directly measured (mm) on each digital image of demarcated wood core. The number of vessels per square (mm·m−2) was calculated within the area between two wood rays per each tree-ring.




	(2)

	
Hydraulic diameter (Dh) was calculated (μm) according to Sperry and Saliendra [47]:    D h  =   ∑   n = 1  N   d n 5  /   ∑   n = 1  N   d  n    4   , where dn is the diameter of the n conduit within a tree-ring containing n vessels [48,49,50].




	(3)

	
Percentage of conductive area (PCA) was calculated according to Rodríguez-Ramírez et al. [42]:   P C A =  1   X Y  + 1   × 100  , where    X Y    = ratio of cell wall lumen.







For each digital area between two wood rays and per each tree ring (within each digital image of wood cores), we quantified and manually measured all the vessel traits (VD, Dh, and PCA) using the software ImageJ [46,51,52].



We performed an Analysis of Variance (ANOVA) and Tukey multiple comparison or U-Mann–Whitney test depending of the nature of the data to assess whether the values of the vessel traits presented a significant difference between drought years (DY) and non-drought years (NDY) for the Magnolia species studied. These analyses were performed in R software using the R-package ggplot2 [53,54].





3. Results


3.1. Microenvironmental Requirements


The values of some microenvironmental factors differed significantly between the two Magnolia populations (Figure 3). There was no significant difference in the temperature and canopy openness values between El Gosco and Medio Monte localities. In addition, there was no statistically significant difference in soil temperature, U = 669, N = 40, p = 0.210 and soil moisture, t = 1.597, degree freedom = 18, p = 0.128). In contrast, the differences in the canopy openness and litter depth values between the two localities were greater than the expected by chance and hence statistically different (canopy openness, U = 406, N = 40, p = <0.001; litter depth, t = 3.665, df = 18, p = 0.002).




3.2. Microenvironmental Effect on Leaf Vein Traits


All the microenvironmental variables (e.g., litter depth, soil moisture, soil temperature, and canopy openness) significantly affected leaf vein traits (Table 2). The interaction between soil moisture and litter depth significantly influenced LS; high soil moisture and litter depth promoted the presence of elliptical leaves. The VL increased with high soil moisture (Table 2). Additionally, the PVS was influenced by a closed canopy and high litter depth. Leaves with primary vein size <1.25% (weak; Table 1) occurred at open canopy sites (0 to 3), while leaves with primary vein size >1.25 to <2% (moderate; Table 1) occurred only in closed canopy sites.



The interactions between soil moisture-litter depth and LBS and LBA were significant, indicating that leaf base traits of each study forest depended on canopy coverage. Soil temperature was positively related to acute-obtuse leaf bases. Otherwise, leaves with an acute angle were present in environments with low soil temperature. In addition, the angle of the base was inversely related to the litter depth. Finally, the SVPV and VD intensified as the soil temperature increased (Table 2).




3.3. Tree-Ring Width Chronology


The longest individual series exceeded 190 years (Table 3), but we considered chronologies reliable beginning in 1847 for Magnolia schiedeana. Likewise, the Magnolia growth rings exhibited a few false rings (less than 0.3%) and some micro-rings, which enhanced the mean sensitivity of the species chronology. The independent chronologies spanned up to 191 years for Medio Monte and 172 years for El Gosco (Figure 4). A correlation between the two sites was detected, where the mean sensitivity to climatic variables was high and similar among sites (Table 3). The Rbar values of Medio Monte (0.46) and El Gosco (0.44) and the average EPS of 0.94 indicate that the chronology shows good quality and a strong common signal among trees. Notwithstanding, the differences in performance reflect the differences in the low-frequency properties on the raw data. The average annual radial growth varied from a minimum of 0.91 mm to a maximum of 1.87 mm (Medio Monte), and a minimum of 0.97 mm to a maximum of 1.57 mm (El Gosco) (Table 3).



The similarity in growth patterns of Magnolia trees within each site was consistently high; notwithstanding, decreased radial growth was associated with several historical drought events (e.g., 1929–1930, 1940, 1963, 1970, 1972, 1976, 1983, 1991, 1999, 2012, 2015–2016, and 2018–2019; Figure 4).




3.4. Tree Growth–Climate Relationship


The climate–growth analysis over the common period from 1941 to 2016 indicated that Magnolia schiedeana growth was strongly related to summer conditions (Figure 5). The growth responses to Tmax, Tmin, and precipitation were similar. Both sites have a significant positive correlation with precipitation from June to September in summer, with coefficient values also above 0.3 (p < 0.05), which represents the strongest climate signal obtained in the results, implying that smaller rings are formed during drier conditions.



The composite chronology showed a positive but non-significant relation with Tmax and Tmin in the early growing season and a significant negative relationship with mean summer temperature (Figure 5). Summer to early autumn 2019 (June, July, August, and September) correlated significantly and negatively with all Magnolia trees. Additionally, spring and early summer 2019 (March, April, May, and June) and late summer 2019 (July, August, and September) were important for radial growth; Tmax and Tmin correlated significantly and negative, indicating the strongest and weakest association, respectively. Tmax and Tmin during October through November 2018 as well as January through February 2019 had a positive relationship with radial growth in the two Magnolia populations studied (Figure 5).




3.5. The Effect of Drought Events on Vessel Traits


A total of 8000 vessels were measured directly from the selected digital images of wood cores (see Digitalization of wood cores section). On average, an annual ring included 17 (for El Gosco) and 20 (for Medio Monte) xylem vessels in both Magnolia populations studied. Clear differences were found at both sites: vessel density per square mm in non-drought years (NDY) were larger than those identified in drought events (DY) (Figure 6A). Hydraulic diameter (µm) was similar in the two Magnolia populations studied (Medio Monte, ranges from 1–40 for DY and 10–140 in NDY; and El Gosco, ranges from 1–38 for DY and 8–137; Figure 6B). Finally, a similar range of variation was found between populations for the percentage of conductivity area in DY and NDY (Figure 6C). Vessel traits showed evidence of temporal fluctuations at both sites.





4. Discussion


Forest canopy closure dictates local climate through the effects on microenvironmental factors. Mexican beech forests exhibit dense canopies that provide lower ground-layer air temperatures and increased relative humidity and shade in the understory [30,55]. Hence, the decrease in canopy openness of trees in the TMCFs affects the local microenvironmental factors caused by forest canopy closure [56]. The frequent occurrence of Magnolia schiedeana in Mexican beech forests could indicate a historical dependency on the specific microenvironmental conditions [46] that allow older species such as Magnolia to survive long periods of time (>300 years). New lineages would be generated in the face of large-scale climate fluctuations, whereas intermediate levels of disturbance at local to regional scales would maximize genetic diversity [20]. Fog and mist in Mexican beech forests can also protect mid-canopy tree species from summer drought, increasing resilience and thus buffering the climate impact [23,44]. Nevertheless, the microenvironmental differences found among Magnolia populations (Figure 3) could be a consequence of habitat fragmentation and thus represent critical factors or opportunities to ensure future conservation efforts of the TMCF tree species [1,57].



In Mexican beech forest, canopy closure decreased warming in the mid-canopy (where Magnolia schiedeana is typically found) and the understory [30]. Atmospheric temperatures provided an unrealistic benchmark against which to compare microenvironmental fluctuations. Hence, the relationship between the architecture of leaf vascular networks and microenvironmental factors could partially explain climate adaptation within Magnolia populations [58,59,60,61], which may allow local persistence and response linked to local climate fluctuations [14,62].



4.1. Leaf Venation as Evidence to Microenvironmental Adaptation


The relationship between microenvironment and leaf vein traits effects upon final leaf morphology have important implications for microclimatic research. Magnolia schiedeana is resilient to seasonal climate fluctuations and heat waves during summer (from April to June). Likewise, M. schiedeana keeps all its leaves for 60 months [63]. However, late drought events can significantly affect the morphology of leaves and growth of trees [11,28,62].



We have demonstrated a strong microenvironmental effect (high soil moisture and litter depth) on variations in Leaf shape (LS) and Vein length (VL) presence. According to Givnish [58] and Sack [64], the leaf shape is related to local climate conditions, where elliptic leaves are common in TMCFs and broadly elliptic leaves are frequent in relatively dry but shady ecosystems. Medio Monte exhibited elliptic leaves and El Gosco exhibited mostly broadly elliptic leaves. The differences found between microenvironmental factors, LS and VL (Table 2) among study forests, can be attributed to the degree of forest fragmentation of each Mexican beech study site as previously mentioned by Rodríguez-Ramírez et al. [65].



Likewise, primary vein size (PVS) fluctuated among sites [Medio Monte >1.25 to <2% (moderate) and El Gosco <1.25% (weak)]; these dissimilarities could indicate a morphological shift consistent with a direct response to canopy openness and litter depth variations [14,62]. Concerning Leaf base angle (LBA) and Leaf base shape (LBS), the soil moisture and litter depth were key in the presence of acute-obtuse leaf bases [58,59] among study forests. Several tree species have a demonstrated a capacity to adjust the PVS, LBS, and LBA in leaves produced in exposed versus shaded habitats, and from the bottom to top of the canopy [64]; in general, it appears that in many clades of land plants, the PVS topology is conservative and slow evolving [11,66]. Sack et al. [64] demonstrated that broader leaves are more susceptible to extreme temperature, such as those at El Gosco (LS = broadly elliptic; PVS <1.25% weak; LBA = acute <90°). Our study indicates that high soil temperature effects the architecture of Angle between major secondary veins and primary veins (SVPV) and Vein density (VD). This is most likely because Magnolia schiedeana represents a TMCF tree species, which benefits from high soil moisture and thus is somewhat buffered against changes in rainfall rates (Table 2).



We confirm leaf vein traits as a new tool to interpret microenvironmental effects at a fine-scale as suggested by Blonder et al. [59] and Zhang et al. [27]. When Mexican beech forests modify their local microenvironmental factors (e.g., litter depth, soil moisture, soil temperature, canopy openness, pH, among others), these directly influence mid-canopy and understory characteristics (the habitat of Magnolia schiedeana). This approach provides quantitative evidence for the M. schiedeana’s leaf vein traits and specific microenvironmental factors. However, heat waves often occur in late April to early June (Figure 1B); this can upset the growth of trees and the development of new leaves, which plays a key role in hydric adaptations to drought caused by prolonged rainfall deficits.




4.2. Wood Anatomy as Evidence to Climate Adaptation


Our results show that M. schiedeana develops annual growth rings that can be used in wood anatomy and xylogenesis studies and are relevant to assess the plasticity of vessel-related drought events. Similar to M. vovidesii A. Vázquez, Domínguez-Yescas and L. Carvajal [23], Magnolia hypoleuca Siebold & Zucc. [67] and M. acuminata (L.) L. [68]. These results are reinforced by the observations of Mexican beech trees [13,28].



The presence of Magnolia trees with maximum ages of 172–190 years old (Figure 4) allowed us to assess the effects of climate on growth by comparing tree rings to weather station data back to the year 1942. A robust common signal throughout the chronologies in noted by comparing the mean Rbar statistics of Magnolia schiedeana chronologies from Medio Monte (0.46) and El Gosco (0.44) localities that possess relatively high EPS values varying from 0.86 to 0.95 (above the 0.85 threshold) (Table 3).



In this study, Magnolia schiedeana TRWs were correlated to Tmax from May through September and negatively influenced growth rates that start in February (Figure 5A). According to Rodríguez-Ramírez et al. [46], the maximum growth rate occurs in autumn (August–September) but rapidly decreases in late autumn to early winter (November and December). This is consistent with the correlation with Tmin with current June and July (Figure 5B). Possibly, the fog/mist and canopy closure effects might play a key role during heat waves events [5], resulting in narrow rings and the leaf vein traits adaptations, during and after drought events [23]. The observed Magnolia growth was also negatively correlated with maximal temperatures from June to August, despite the absence of continuous precipitation during late December and January (winter), which affects the annual growth.



Likewise, we found that Magnolia schiedeana was most sensitive to precipitation (previous September, current June to current September; Figure 5C), with more pronounced interannual growth rate variations than Mexican beech [28]. Our results support the suggestions of Rodríguez-Ramírez et al. [46] and Takahashi and Okuhara [67] in the sense that local climate fluctuations have a large effect on the growth of Magnolia species. We believe that specific Mexican beech forests’ climatic factors are influencing Magnolia’s TRWs allowing them to adapt to drought events.



In addition, including the vessel traits analyzed (density, hydraulic diameter, and percentage of conductivity area) in Magnolia schiedeana may accurately link wood anatomy and leaf vein response to climatic oscillations. Variability in vessel traits were found to be mainly related to specific extreme climatic fluctuations, such as the extreme El Niño–Southern Oscillation (ENSO) events in 1929–1930, 1940, 1963, 1970, 1972, 1976, 1983, 1991, 1999, 2012, 2015–2016, and 2018–2019. These climate oscillations were usually recorded in growth rings (Figure 4) and provide a wider range of climatic data. Nevertheless, vessel traits have rarely been applied to intra-seasonal climate variability [46,69]. Vessel plasticity architecture plays an essential role in water transport [70] and adjusting the wood anatomy through tree physiological modifications to climatic resilience [48]. As reported by Rodríguez-Ramírez et al. [13,46], Fagus grandifolia subsp. mexicana (Martínez) A.E. Murray and Magnolia spp. develop functional plasticity of vessel anatomy to climatic variability, which may indicate that several TMCF trees may also adapt to climatic oscillations.



In addition, including the vessel traits (density, hydraulic diameter, and percentage of conductivity area) in our study, we can say that wood anatomy, as well as leaf vein responded to climatic oscillations in Magnolia schiedeana. Our results suggest that M. schiedeana’s wood vessels showed a high plasticity of growth rings development during drought years (DY) and non-drought years (NDY) (Figure 6). Variation in Vein density (VD), Hydraulic diameter (Dh) and Percentage of conductivity area (PCA) in tree-ring width between DY and NDY in Magnolia schiedeana indicate a climatic adaptation corroborating the high plasticity already recorded in other Magnolia species [23,46]. We found that VD, Dh, and PCA values were lower in El Gosco than Medio Monte (Figure 6A–C), implying a sheltering from drought events. For instance, Medio Monte locality, having less of an anthropogenic influence and the more favorable climatic conditions (high fog and/mist rates), exhibited a wider adaptability of hydraulic adjustment than El Gosco. The Medio Monte locality, being better preserved, may influence M. schiedeana adaptation to specific microclimatic conditions and allow individuals to face climatic fluctuations. In contrast, the El Gosco locality is a severely fragmented habitat, resulting in greater plasticity of vessel hydraulic architecture.



Understanding the specific wood anatomical responses and elucidation of the vessel traits could contribute to a better understanding of the plasticity in vessel hydraulic architecture and the different strategies adopted by M. schiedeana when it is exposed to changing climate fluctuations. Regrettably, Rodríguez-Ramírez et al. [46] suggest that the specific microenvironmental conditions depend on the specific habitats that Mexican beech forests occupy. This suggests that populations of M. schiedeana may be less resilient to increasing temperature and hydric stress in the future.





5. Conclusions


This study provides the first evidence linking that leaf vein traits and wood anatomy plasticity in populations of Magnolia schiedeana respond to microenvironmental and climate fluctuations. Leaf vein traits were more sensitive to microenvironmental variations, whereas wood anatomy (e.g., tree-ring width, and vessel traits) were more sensitive to regional climate variations. Magnolia schiedeana habitat not only depends on rainfall, fog/mist, and drizzle, but also plays a critical role in in the structure and composition of Mexican beech forests that it occupies [23,46]. Future dendroecological studies on tropical montane cloud forest trees should focus on the relationship between leaf vascular architecture networks and wood anatomy feature, and how these could be explained by climatic variables.
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Figure 1. (A) Distribution map of the study forests of the sample Magnolia schiedeana Schltdl. populations across eastern Mexican tropical montane cloud forest (B) climodiagrams from the microclimatic characteristics at data loggers (HOBO®), during the year 2019. 
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Figure 2. Magnolia schiedeana leaf diagram showing sample vein traits locations. Vein length (VL); Primary vein size (PVS); Leaf base shape (LBS); Leaf base angle (LBA); Angle between major secondary veins and primary veins (SVPV); and Vein density (VD). 
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Figure 3. Box plots showing the microenvironmental fluctuations in the study forests of the Hidalgo state. The levels highs and lows in the boxes represent 75th and 25th percentiles, and whiskers represent the 90th and 10th percentiles. The circles show outliers. The solid line represents the arithmetic average and numbers within each box indicate statistically significant differences (p < 0.05) between localities. 
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Figure 4. (A) Ring-width chronologies of M. schiedeana from Medio Monte and El Gosco localities. Black asterisks represent the drought events (1929–1930, 1940, 1963, 1970, 1972, 1976, 1983, 1991, 1999, 2012, 2015–2016, and 2018–2019). (B) Expressed population signal (EPS) and effective signal (Rbar) for the two Magnolia schiedeana populations chronologies (Table 3) calculated using a moving window of 30 years. An EPS threshold of 0.85 is depicted in black, and a Rbar threshold of 0.5 is depicted in gray. 
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Figure 5. Correlations between chronologies against the mean maximum temperature (A), mean minimum temperature (B) and monthly precipitation (C) for each drought year (DY) (September (−1) to September) from the year 1941 onward. Horizontal dashed lines indicate the significance intervals (p < 0.05) for correlation coefficients. (−1) show the previous years and (+1) the following years in which growth started. 
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Figure 6. Violin plots showing differences in vessel traits between drought years (DY) and non-drought years (NDY) for both Magnolia schiedeana populations studied. (A) VD; (B) hydraulic diameter (Dh) and (C) percentage of conductive area (PCA). 
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Table 1. List of seven Magnolia schiedeana’s leaf vein traits with their acronyms and features measured.
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Leaf Vein Traits

	
Leaf Features

	
Variable Units






	
1. Leaf shape (LS)

	
Elliptic

 [image: Forests 11 00737 i001]

	
Broadly elliptic

 [image: Forests 11 00737 i002]

	
Qualitative




	
2. Vein length (VL)

	
Distance from apex to basal leaf length

	
cm




	
3. Primary vein size (PVS)

	
Vein width/leaf width × 100% = 1.25%–2% (moderate)

	
Vein width/leaf width × 100% = <1.25% (weak)

	
cm




	
4. Leaf base shape (LBS) is taken into consideration from the vertex to 0.25 lm)

	
(0) Rounded

	
(1) Concave

	
Qualitative




	
5. Leaf base angle (LBA). Angle from the vertex to the points located 0.25 lm from the lamina

	
(0) Acute (<90°)

	
(1) Obtuse (>90°)

	
Qualitative




	
6. Angle between major secondary veins and primary veins (SVPV)

	
(1) Narrow acute (<45°)

	
(2) Moderate (45°–65°)

	
(3) Wide acute (65°–80°)

	
Qualitative




	
7. Vein density (VD)

	
The vein density was expressed as the sum of the length of all its segments (mm) per unit area (mm2)

	
(mm·mm−2)








Modified from Hickey et al. [34,35] and Zhang et al. [27].
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Table 2. Variable coefficients used for the general linear model (GLM) model. Microenvironmental variables influencing the leaf vein traits [Leaf shape (LS); Vein length (VL); Primary vein size (PVS); Leaf base shape (LBS); Leaf base angle (LBA); Angle between major secondary veins and primary veins (SVPV); and Vein density (VD)].
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	LS
	VL
	PVS
	LBS
	LBA
	SVPV
	VD





	Intercept
	5.58
	13.84
	1.08
	−0.77
	60.49
	36.02
	0.47



	Soil temperature (°C)
	0.14
	−0.99
	0.24
	1.88
	0.04
	5.85
	0.07



	Canopy openness (%)
	0.25
	0.85
	−0.35
	0.3
	−0.63
	−4.02
	−0.06



	Soil moisture (%)
	−0.95
	1.17
	0.06
	0.63
	1.79
	0.95
	−0.002



	Litter depth (cm)
	−0.65
	0.12
	−0.12
	−1.65
	−2.06
	−1.35
	−0.05



	Akaike information criterion
	29.1
	95.005
	39.17
	24.3
	127.06
	124.09
	−33.06







In bold means p < 0.05 values.
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Table 3. Tree-ring characteristics for two Magnolia schiedeana populations.






Table 3. Tree-ring characteristics for two Magnolia schiedeana populations.





	

	
Magnolia Populations




	
Statistics

	
Medio Monte

	
El Gosco






	
Sampled trees

	
20

	
20




	
Cross-dated series a

	
32

	
30




	
Maximum and minimum age sampled

	
190/80

	
172/64




	
Series intercorrelation b

	
0.698

	
0.785




	
Master series (year)

	
1829–2019

	
1847–2019




	
False rings

	
3

	
8




	
Autocorrelation a

	
0.632

	
0.587




	
EPS c

	
0.95

	
0.86




	
Rbar c

	
0.46

	
0.44








a Values obtained with COFECHA. b Values statistically different using Mann–Whitney test (p = 0.05). c Values obtained with ARSTAN.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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