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Stem capacitance and water storage are known to play an important role in the water economy of trees by acting as an intermediate water source for transpiring leaves. The bark, in addition to be involved in protection and mechanical support of the trees, can also serve as a water reservoir. We examined the relationship between inner bark and sapwood biophysical properties in tree species occurring in forests at the opposite ends of a moisture gradient in subtropical South America. We also assessed the relationships between wood density, growth rate and the magnitude of the water reservoir. The inner bark thickness varied between 1.89 and 0.50 cm across species and sites and there were not significant differences between forests. Inner bark capacitance of species from the dry forest was higher than sapwood capacitance, and the opposite was found in the moist forest. Sapwood capacitance (262 ± 80.8 Kg m−3 MPa−1) was significantly higher in the moist forest compared to the dry forest (41.9 ± 4.5 Kg m−3 MPa−1), while the opposite was found for inner bark (50.7 ± 8.4 and 83.1 ± 11.4 Kg m−3 MPa−1, respectively). Inner bark capacitance and density were linear and positively correlated across species, while for sapwood the relationship was well-described by a negative exponential function. In species with higher percentage of inner bark, the time lags in the daily contractions of bark and sapwood tissues were lower. Relative growth rate was negatively correlated with inner bark and sapwood density and positively with daily stored water used and percentage of inner bark across species and sites. Our results suggest that sapwood is a relevant water storage tissue in the trees of the moist forest while inner bark is important for tree functioning in the dry forest. High stem capacitance and water storage are needed to cope with short dry spells or seasonal periods of water deficit, and for maintaining growth rates. These stem properties will be more relevant under climatic scenarios with more frequent extreme drought events or seasonal reduction in precipitation in these forest ecosystems.
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INTRODUCTION

The bark of woody plants plays a central role of protection against dehydration, fire, insects, diseases, provide mechanical support and storage of water, non-structural carbohydrates and other compounds (Scholz et al., 2007; Romero and Bolker, 2008; Midgley et al., 2010; Brando et al., 2012). Apart from plant size (Paine et al., 2010; Poorter et al., 2014), fire regime was originally described as the most important factor explaining bark thickness at a global scale (Ryan et al., 1988). Particularly, fire regimes can explain the thickness of the outer bark (dead cells) but provide little information of the living inner bark tissues (Rosell, 2016). The inner bark of trees, on the other hand, tends to be thicker in dry environments or sites with low soil water availability than in humid areas, and in environments with high temperatures as well. This suggests that water storage is also an important function of the inner bark in environments with low water availability and high evapotranspiration (Rosell, 2016).

Parenchyma cells in both the inner bark and sapwood serve as large water storage reservoirs (Scholz et al., 2008), which can be temporary used to replace water transpired by leaves (Goldstein et al., 1998; Phillips et al., 2003). The daily contribution of sapwood water storage to water loss by transpiration is in the order of 10 to 50% depending on the species and tree size (Goldstein et al., 1998; Steppe and Lemeur, 2004; Scholz et al., 2007, 2008; Oliva Carrasco et al., 2015). The water stored in the inner bark can supply water to the sapwood via the rays of both phloem and xylem (Pfautsch et al., 2015). This may occur when the evaporative demand of the atmosphere is very high both on a daily and seasonal scale or when the water availability in the soil is low (Chapotin et al., 2006; Nardini et al., 2011). Water transported from the inner bark to the sapwood is also essential to supply the expanding leaves, flowers and fruits (Borchert, 1994; Chapotin et al., 2006; di Francescantonio et al., 2018). Radial movements of water lead to changes in tissue volume in response to the discharge and recharge of internal water storages in the stems of woody species. These changes show typical daily patterns of contraction and expansion of the stem diameter (Scholz et al., 2008) that correlate with changes in volumetric water content of sapwood (Oliva Carrasco et al., 2015). It has been indicated that storage function of the bark is determined by the amount of tissue rather than tissue type (Rosell et al., 2014). If the selection pressure favors a thick inner bark in areas where storage water is an adaptive advantage, the thickness of the inner bark should correlate negatively with water availability and positively with air saturation deficit (Srivastava, 1964; Rosell and Olson, 2014).

There are numerous studies on morphological and functional characteristics of the bark and sapwood in different environments (Paine et al., 2010; Poorter et al., 2014; Rosell et al., 2014; Rosell, 2016). Tissue density serve as a proxy for many ecophysiological properties as it takes into account the structure and composition of the tissue. Combinations of cell types affect water and carbohydrate transport and storage, stress resistance, and ultimately tree growth (Scholz et al., 2007). There is a well-established negative relationship (trade-off) between wood density and growth rate (Chave et al., 2009), but the relationship between inner bark density and tree growth remain poorly studied. Poorter et al. (2014) observed a closed association between wood and bark traits in neotropical forests, with species having either high density tissues or high water content tissues and thick bark. These authors have also found that bark characteristics of species from dry and moist forests were more similar than bark characteristics of coexisting species in the same type of forest. In that study, however, differences between the inner and outer portion of the bark were not assessed. Subtropical woody species were in general less studied and there is little information linking biophysical properties of the inner bark with the storage of water and sapwood characteristics. Particularly important is separating living from non-living bark tissues, which may contribute differently to metabolic processes and water supply to the transpirational stream.

We examined the relationship between bark and sapwood biophysical properties in tree species occurring in forests at the opposite ends of a moisture gradient in subtropical South America. We studied seven tree species in a dry forest in the Chaco region and 10 species in a moist forest of the semideciduous Atlantic Forest. Particularly we focused on inner bark and sapwood density and capacitance, and its relation with bark thickness. We also assessed the relationship between sapwood and inner bark density, growth rate and water use of reservoirs for all the species studied. Both inner bark and sapwood function as water reservoirs in trees but contribute differently due to species-specific anatomical characteristics. Because bark has in general lower tissue density and a greater water content than sapwood, it would also have a larger capacitance and will deliver a greater amount of water to maintain a favorable water balance than the corresponding sapwood tissue in any particular species. We expected species from dry forests to have greater sapwood density and lower sapwood capacitance than species from humid forests, which could be partially compensated by inner bark thickness or capacitance. Therefore, we expected species in the dry forests to have a relatively thicker inner bark than species from the moist forest which would contribute in a greater proportion to the water balance of the trees, or a similar inner bark thickness but with a greater capacitance. If there were a trade-off between stem tissue density and growth rate, a negative correlation between both sapwood and inner bark density and stem growth rates across species could be expected independently of the type of forest.



MATERIALS AND METHODS


Study Area and Plant Species

The research was carried out in forests at the extremes of a water availability gradient in subtropical Argentina corresponding to dry and moist Holdrige life zones (Derguy et al., 2019). The driest site is located in the Pizarro National Reserve (RNP, 24° 08′ S, 64° 05′ W) and the moist forest was located in the Iguazú National Park (PNI, 25° 31′ S, 54° 08′ W). Rainfall in the dry forest ranges between 750 and 900 mm per year, concentrated between November and March (Loto and Bravo, 2020), while in the moist forest average annual rainfall is ~2,000 mm uniformly distributed throughout the year (Supplementary Figure 1A). Mean monthly air saturation deficits (ASD) show a similar pattern in both forests (Supplementary Figure 1B), but reaching higher values in the dry forest, particularly during summer. However, maximum ASD could be as high as 4 kPa in the moist forest in dry hot summer days (Campanello et al., 2008). Although this is a subtropical moist forest, it is floristically linked to seasonally dry neotropical forests sharing many tree species and genus with that phytogeographic vegetation domain (Pennington et al., 2009).

The data in the PNI were collected between the years 2013 to 2016, while the data in the RNP were collected during the month of June 2016 in the dry season and in December 2016 and February 2017 in the wet season. Seventeen canopy tree species differing in wood biophysical properties, growth rates and leaf habits were studied (7 from the RNP and 10 from the PNI). All studied species are diffuse-porous mature trees (Table 1). The height of the main stem and diameter at breast height (DBH) were measured in healthy adult trees (DBH > 10 cm). Between 7 to 10 and 12 to 20 individuals were measured for stem height and DBH, respectively, depending on the species.


Table 1. Leaf phenology (D, deciduous; BD, brevideciduous; E, evergreen), main stem height, diameter at breast height (DBH), inner bark thickness, inner bark saturated water content (SWC) and sapwood SWC of the studied tree species from moist (Iguazú National Park) and dry forest (Pizarro Reserve) in the extremes of a precipitation gradient in northern Argentina.
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Inner Bark, Sapwood and Sap Flow Measurements

Inner bark thickness was measured in 12 to 20 individuals per species. All dead bark tissues of the trees were carefully removed. A piece of 1 cm2 of the inner bark was taken with the help of a chisel. The thickness of each sample was recorded with an electronic digital caliper with a precision of 0.5 mm. The percentage of inner bark (% ib) was obtained taking into account the area of each tissue respect to the total cross section area of the individual.

Between 3 and 5 individuals having a similar DBH within each species were used for the estimation of hydraulic capacitance, tissue density and sap flow measurements. Most of the individuals selected had a DBH between 30 and 45 cm. In the case of moist forest, inner bark capacitance was estimated only in five species (Ceiba speciosa, Cedrela fissilis, Parapiptadenia rigida, Holocalyx balansae and Chrysophyllum gonocarpum).

Inner bark and sapwood density (ρ) were measured by the water-displacement method on tree core samples of the main stem (outer bark was previously removed). Tissue density was calculated as
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where M is the dry mass of the sample (oven dried at 60°C for 72 h) and V is the sample volume. Volume was estimated by submerging the sample in a container with distilled water resting on a digital balance with a 0.001 g precision. The sample was kept submerged during measurements until saturation with the help of a very small needle, without touching the walls of the container. It was not possible to determine the inner bark density in two species of the moist forest (Balfourodendron riedelianum and Ocotea diospyrifolia) since the samples disintegrate and lose their shape completely, making the determination of tissues volumes very difficult and imprecise.

To determine tissue capacitance cylinders of the inner bark and sapwood were obtained with a 5-mm increment borer in the main stem of trees, sealed in glass vials and transported to the laboratory. Samples were allowed to hydrate in distilled water for <2 h to avoid over saturation. After hydration, samples were quickly blotted to remove excess water, placed in the caps of thermocouple psychrometer chambers (JRD Merrill Specialty Equipment, Logan, UT, USA), samples were weighed and then sealed inside the chamber for determination of water potential isotherms. The psychrometer chambers were then placed in an insulated water bath and allowed to equilibrate for at least 3 h before measurements with a dew point microvoltmeter (HR-33T, Wescor, Logan, UT, USA). Measurements were repeated at frequent intervals until the water potential values stabilized. The chambers were opened and the samples were allowed to dehydrate for different time intervals, reweighed in the psychrometer caps, resealed inside the psychrometer chambers and allowed to equilibrate for another determination of water potential. Moisture release curves were generated by plotting water potential against the relative water content. The relationships between sapwood water potential and relative water content were used to calculate inner bark and sapwood capacitance as described in Meinzer et al. (2003). Capacitance was normalized by the tissue volume to facilitate comparison of absolute amounts of water released per unit decline in water potential. Inner bark and sapwood capacitance (C; kg m−3 MPa−1) was calculated as follows:
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where W is the weight of water per unit volume of tissue and Ψ is the water potential of the tissue (Scholz et al., 2007).

To calculate the contribution of water storage to daily transpiration sap flow was measured with the heat dissipation method (Granier, 1985, 1987; Clearwater et al., 1999) near the base of the main stem and in a branch in each tree. Temperature differences between probes were recorded every 10 s and 10 min averages were stored in solid- state storage modules (SM192, Campbell Scientific, Logan, UT, USA) connected to data loggers (CR 10×, Campbell Scientific). Corrections for natural temperature gradients between probes were made according to Do and Rocheateu (2002). Wound effects were minimize by measuring during short periods of time (from 7 to 15 days) after installation. Sapwood cross-sectional area of stems and branches were obtained by the dye-injection method. Sapwood areas were determined from the dyed portion of cylinders extracted with an 5 mm increment borer. Whole-crown transpiration was calculated according to Goldstein et al. (1998). The contribution of storage water to daily transpiration was obtained as the percentage of the discharged water related to the sap flow at the base of the stem. A more detailed description of methods and calculations can be found in Oliva Carrasco et al. (2015).



Sapwood and Inner Bark Diameter Variations

The stem diameter variations were measured in 3 to 5 individuals per species in each one of the 17 species studied. While for simultaneous variations (inner bark and sapwood) between 2 and 3 individual per species were measured in 3 evergreen species (Sideroxylon obtusifolium and Aspidosperma quebracho–blanco in the dry forest, and H. balansae in the moist forest) and 3 deciduous species (Schinopsis lorentzii in the dry forest, and C. speciosa and C. fissilis in the moist forest).

Diurnal microvariations in stem radius (inner bark and sapwood) were continuously monitored with point electronic dendrometers with very low temperature sensitivity (0.27 μm °C−1) (ZN11- T-WP; Zweifel Consulting, Hombrechtikon, Switzerland). The electronic displacement sensor (linear motion potentiometer) was in contact with the tissues. Two sensors were installed per tree, one of them in contact with the inner bark (outer bark was removed) and the other in contact with the sapwood, consequently diurnal radius variations mainly reflected changes in water content in both the xylem and active bark tissues. Other factors such as turgor drive growth may be involved (Steppe et al., 2006) but the magnitude of diurnal variations should be relatively small compared with changes in water content in both xylem and living cells in the bark. The sensor in the sapwood was maintained for shorter periods, as water loss by the xylem is generally higher and measurements may be erroneous after a few days. Time lags were calculated by finding the highest cross correlation of time series between inner bark and sapwood diameters (Sevanto et al., 2002).



Volumetric Water Content (VWC) and Tree Growth

Stem volumetric water content was measured simultaneously with diameter variations. Moisture sensors based on the FDR technology (Model GS3, Decagon Devices, Inc., Pullman, WA, USA) were installed in the main stem sapwood at breast height. The details of sensor installation and calibration have been described by Hao et al. (2013). Because laboratory and factory calibrations were very similar, factory calibration was used in this study. Data were obtained using EM50 data loggers (Decagon Devices, Inc.) every 10 min for different time periods.

Tree growth rate in the humid forest was measured with band dendrometers installed at 1.3 m (DBH) in 12 individuals per species. Diameter increment was measured monthly from February 2012 to February 2015. In the dry forest growth rate was measured with a tree caliper in all the individuals of the different species present in 0.4 ha permanent plots from 2007 to 2012. The mean annual increment for DBH was calculated for the different species and tree size classes. Growth rate of the individuals was then estimated by taking into account the DBH of the particular tree species and considering the relative growth rate of the corresponding DBH size class.



Analyses

To test for differences between sites in the biophysical properties a Student's test were performed by using the SPSS 11.5 statistical package (SPSS, Chicago IL, USA). All data were tested for normal distribution and homogeneity of variance. Correlations between two variables were performed with linear or non-linear regression analysis. The regressions were fitted by using Sigma Plot 14 software (Systat Softwate, Inc., Chicago, IL, USA).




RESULTS

There were significant differences between sites in main stem height. Forest in the dry extreme of the precipitation gradient had trees with lower main stem height [t(15): 5.69; p < 0.0001] (Table 1). Diameter at breast height (DBH) was similar between sites (Table 1). The inner bark thickness varied between 1.89 and 0.50 cm across species and sites, and there were no significant differences between moist and dry forests (Table 1). No correlation between inner bark thickness and tree diameter or stem height was found across species and sites. There was a positive linear relationship between DBH and bark thickness for each one of the species studied. The percentage contribution of inner bark is fairly constant for individuals with different tree diameter within each species. The contribution from inner bark to DBH tended to be lower in the dry forest; however there were no significant differences (Table 1).

Inner bark exhibited lower interspecific variability in density (0.28 to 0.79 g cm−3) than sapwood (0.21 to 1.19 g cm−3) (Figure 1A). All study species had lower inner bark density than sapwood density, except Ceiba chodatti (Figure 1A). Mean inner bark densities in the moist and dry forest were 30% and 40%, respectively, lower than mean sapwood density in each case [t(12): 2.32; p = 0.05 and t(12): 3.82; p = 0.0025, for moist and dry forest, respectively]. There were no significant differences in inner bark and sapwood density between sites (Figure 1B).


[image: Figure 1]
FIGURE 1. (A) Inner bark and sapwood density per species (A) and per site (B) and inner bark and sapwood capacitance per species (C) and per site (D) in two forests in the extremes of a precipitation gradient in northern Argentina. Different lower cases in (B,D) indicate significant differences between inner bark and sapwood within site. Different upper cases indicate significant differences in inner bark or sapwood between sites.


Inner bark capacitance did not show a defined pattern compared to sapwood capacitance across species (Figure 1C). Similar to density, inner bark capacitance showed lower interspecific variability than sapwood capacitance (28 to 120 Kg m−3 MPa−1 and 33 to 870 Kg m−3 MPa−1). While all species (except C. chodatii) from the dry forest exhibited higher inner bark capacitance than sapwood, most species in the wet extreme of the gradient had substantially lower capacitance in the inner bark. Significant differences in capacitance between tissues were found only in the dry forest (Figure 1D). Inner bark capacitance was similar between sites but sapwood capacitance (262 ± 80.8 Kg m−3 MPa−1) was significantly higher in the moist forest than in the dry forest (41.9 ± 4.5 Kg m−3 MPa−1) (U:2000; p > 0.0001) (Figure 1D).

Inner bark capacitance and thickness were correlated with inner bark density across species and sites (Figure 2). However, inner bark capacitance and density were linear and positively correlated (Figure 2A) while for bark thickness there was a negative exponential relationship (Figure 2B). A positive relationship between inner bark and sapwood capacitance was also observed across species and sites (data not shown: y = 0.17 + 0.43x; R2 = 0.51; p = 0.003). On the other hand, sapwood capacitance and contribution of water storage to daily transpiration (%) were negatively and exponentially correlated with sapwood density across species and sites (Figures 3A,B, respectively). There was no correlation between the contribution of stored water to transpiration and inner bark density and capacitance.


[image: Figure 2]
FIGURE 2. Relationship between (A) inner bark capacitance and (B) inner bark thickness and inner bark density for tree species from the extremes of a precipitation gradient in northern Argentina. Black symbols correspond to wet extreme and white symbols to dry extreme. Lines are the functions fixed to the data [(A) y = 144x, p < 0.001; (B) y = 2.6 exp−2x; p < 0.001].



[image: Figure 3]
FIGURE 3. (A) Sapwood capacitance and (B) contribution of water storage to daily transpiration (water storage) and sapwood density for tree species from the extremes of a precipitation gradient in northern Argentina. Black symbols correspond to wet extreme and white symbols to dry extreme. The lines are the functions fitted to the data [(A) y = y= 144x, p < 0.001; (B) y = 15.3 + 76.5 exp−4.5x, p < 0.001].


Saturated water content tended to be higher in inner bark than in sapwood in both extremes of the precipitation gradient; however the difference was statistically significant only in the case of the moist forest [t(13): −2.24; p = 0.04] (Table 1). Both sites exhibited similar SWC of inner bark and sapwood.

Patterns of contraction and expansion of inner bark and sapwood for six tree species exhibiting different combinations of sapwood and inner bark capacitance are shown in Figure 4. Species with high inner bark capacitance (e.g. A. quebracho-blanco and H. balansae) exhibited a decrease in inner bark radius when sapwood radius increased. The opposite tendency was observed when sapwood radio decreased (Figures 4A,E). On the other hand, species with low inner bark capacitance exhibited inner bark contraction simultaneously with sapwood contraction (e.g., C. speciosa and C. fissilis) or expansion (e.g. S. lorentzi and S. obtusifolium). In addition, the species C. speciosa, that has high sapwood capacitance and low inner bark capacitance (Figure 4C) showed a similar behavior in the contraction and expansion of inner bark and sapwood than species with low sapwood capacitance but high inner bark capacitance (e.g. A. quebracho-blanco, Figure 4A).


[image: Figure 4]
Figure 4. (A–F). Changes in radius of inner bark (solid line) and sapwood (dashed line) in six trees species with different sapwood capacitance (Csw), inner bark capacitance (Cib) and percentage of inner bark (% ib).


In summary, the patterns of contraction between both tissues were related to the percentage of inner bark (Figure 4). Although in all study species inner bark radius decreased before sapwood, species with higher percentage of inner bark exhibited a radius decline of inner bark more coupled to the radius decline of sapwood (Figures 4A–C). On the other hand, in species with low percentage of inner bark contraction of both tissues occurred at very different time (Figures 4D–F). The lag time between contraction of inner bark and sapwood was linear and negatively correlated with the percentage of inner bark across six species including dry and moist forests (Figure 5). Similar to contraction, inner bark exhibited earlier expansion than sapwood, however there was no relationship between time lags in the expansion of tissues and percentage of inner bark.


[image: Figure 5]
FIGURE 5. Lag time between inner bark contraction and sapwood contraction in relation to the percentage of inner bark for three typical species from moist forest (close symbols) and three typical species from dry forest (open symbols). The line in A is the linear function fitted to the data y = 623–34x; p < 0.001.


Relative growth rate decreased exponentially with sapwood and linearly with inner bark density (Figures 6A,B) across species and sites. Inversely, an exponentially positive relationship was found between growth rate and the contribution of water storage to daily transpiration (Figure 6C), and percentage of inner bark (Figure 6D).


[image: Figure 6]
FIGURE 6. Relationship between growth rate and (A) sapwood density, (B) inner bark density, (C) contribution of water storage to daily transpiration (water storage) and (D) percentage of inner bark. Black symbols correspond to wet extreme and white symbols to dry extreme. The lines are the functions fitted to the data [(A) y = 0.38 + 2.8 exp−0.83x, p < 0.0001; (B) y = 0.023–0.029x, p < 0.01; (C) y = 0.03*(1-exp−0.021x), p < 0.001; (D) y = −0.020 + 0.039*(1–exp−0.16x), p < 0.001].




DISCUSSION

Convergence in sapwood and inner bark functionality for species from two subtropical forests at the extremes of a precipitation gradient was observed in this study. Contrary to the general assumption that the inner bark is thicker in dry than in moist forests, we found no differences among sites for the subtropical species studied. However, the results suggest that different compensating mechanisms may operate to withstand water deficits, particularly sapwood appeared to be a relevant water storage tissue in the moist forest while inner bark was more important in the dry forest. As expected, tissue density and water storage were important characteristics for growth in trees that experience short dry spells or seasonal droughts.


Convergence in Sapwood and Inner Bark Functional Traits

Previous studies found different results when relating bark thickness in trees of dry forests compared to wet or moist forest (Poorter et al., 2014; Rosell and Olson, 2014). However those studies did not differentiate between inner and outer bark. Because, outer bark is influenced by fire frequency and damage protection (Paine et al., 2010; Lawes et al., 2013; Rosell, 2016) it might hinder the potential association of inner bark with traits related to carbon and water storage. In this study differences in inner bark thickness were not observed. We also expected a higher contribution of inner bark to DBH in the dry forest, supposing more water could be storage to supply the transpiration stream, but percentage inner bark tended to be higher in the moist forest although differences were not significant. Instead, capacitance differed between sites, and was higher in trees in the dry forest. Scholz et al. (2011) indicated that the size of a tissue is related with the water storage capacity; however, it does not imply that a higher amount of water can be withdrawn and used from that tissue. In this case, a greater inner bark capacitance in the dry forest could contribute to compensate the lower investment in this type of tissue. On the contrary, trees in the moist forest showed larger sapwood capacitance than in the dry forest. Higher sapwood capacitance in trees of the moist forests could partially compensate for the effects of path length resistance and gravity on xylem tension (Ryan and Yoder, 1997; Koch et al., 2004) as the trees are taller than in the dry forest. A positive correlation between tree height and sapwood capacitance has been observed across 35 tree species including angiosperms and gymnosperms (Scholz et al., 2011).

Due to the overlapping storage function of sapwood and inner bark, and considering they are both ontogenetically linked, morpho-physiological characters of these tissues can be expected to be related across species (Rosell, 2019). Anatomical differences are responsible of functional convergence and trade-offs among biophysical characters of these tissues. For example, sapwood density is lowered by relative quantity of parenchyma cells that are capable of stored water, and thus a less dense tissue can store and deliver more water if required. In the case of inner bark, a positive correlation of capacitance and density was observed. Different anatomical traits could affect the inner bark density and capacitance. For example the ability of parenchyma cells to release water depends on cell wall elasticity which enables changes in cell volume (Scholz et al., 2007; Jupa et al., 2016). On the other hand, tissue density could be affected by wall thickness, cell size and packing degree. This positive relationship between inner bark capacitance and density suggest no trade-off between mechanical support and ability to release water of the tissue. However, a negative relationship between inner bark density and thickness was observed, possibly indicating that trees with low inner bark density need a thicker bark to compensate for functions other than water storage and carbohydrate translocation. Indeed, inner bark provides mechanical support and protection against herbivory (Niklas, 1999; Rosell et al., 2015). Different type of cells (e.g., sclereids, fibers, sieve tubes, axial and ray parenchyma) support the multiple functions while affecting tissue density (Angyalossy et al., 2016).



Daily Patterns of Tissue Contraction and Expansion

The contribution of inner bark to stem was related to sapwood capacitance across species, and partially explained the different patterns of daily contraction and expansion of both stem tissues. Daily fluctuations in stem tissues showed the typical pattern of contractions during the day and expansion in the night, which is associated to water discharge and recharge of reservoirs (Scholz et al., 2007; Oliva Carrasco et al., 2015). These tissues are tightly interconnected and osmotic potential changes in the floem strongly influence xylem water potentials, and vice versa (Hölttä et al., 2006, 2009). Water is withdrawn from the bark to the xylem when the tension increments during the day, and the xylem deliver water to the bark at night when water reservoirs recharge. This water movement explains the patterns of water contraction of tissues during the day and expansion at night. In trees having a higher contribution of inner bark, daily contraction of sapwood and inner bark were more coupled than for trees with low percentage of inner bark. A greater percentage of inner bark could contribute to the early and coupled peak of sapwood respect to the inner bark expansion in some species (e.g., C. fissilis in the moist forest and A. quebracho-blanco in the dry forest). Inner bark is a low hydraulic resistance tissue with high water content that can rapidly deliver water to the transpirational stream. A decoupling of tissue expansion and contraction, as observed in H. balansae and S. lorentzii, has been also reported for other species, and could indicate a high radial hydraulic resistance between both tissues, or changes in sugar content in the phloem (De Schepper and Steppe, 2010; Sevanto et al., 2011; Mencuccini et al., 2013). Hydraulic resistance and sugar content are both affected by environmental variables as both depend on temperatures and physiological activity (De Schepper and Steppe, 2010; Steppe et al., 2012). In a seasonal basis, apart of being an indication of physiological processes such as leaf flushing (Chapotin et al., 2006; di Francescantonio et al., 2018), stem contraction can occur as a result of water reservoir depletion under low water availability (Zweifel et al., 2001; Drew et al., 2008; Steppe et al., 2008; King et al., 2013; Köcher et al., 2013), and might be an indication of tree responses to variable climate conditions.



Stem Tissue Characteristics, Water Storage and Growth Rates

In closed-canopy moist forests, where solar radiation is limited, sustaining growth is important for trees to access the upper canopy. Instead, in dry forest water availability is the principal limitation and a more conservative strategy of water use could be expected. According to the results on tissue capacitance and on percentage inner bark, sapwood would contribute more to water relations maintenance and storage in the moist forest while inner bark would be more relevant for trees in the dry forest. Indeed, contrary to the expectation of general higher capacitance for inner bark than for sapwood, there was a tendency of inner bark capacitance to be lower than sapwood capacitance in the moist forest. This observation suggests that sapwood could be more suitable source of water to buffering daily water deficit while water storage in the inner bark could buffer longer term water demand. Thus, sapwood water reservoirs could release water more efficiently to transpiration stream under transient and sporadic dry spells occurring in the moist forest (Oliva Carrasco et al., 2015). A rapid water release allows a fast daily response and the maintenance of a large water potential gradient and daily photosynthesis to keep high growth rates. Water released from inner bark to xylem might be more gradual and may contribute to water use and the maintenance of a favorable water balance in species exposed to a seasonal drought in the dry forests.

In this study expected differences in sapwood and inner bark density between moist and dry forests were not observed. However, these variables were negatively related to growth rate across tree species and sites, indicating there are differences in construction costs and growth strategies across species in both types of forests. The negative correlation between sapwood density and growth rates has been largely studied for different tropical forests (see for example, Burslem and Whitmore, 1999; Enquist et al., 1999; Muller-Landau, 2004; Kunstler et al., 2016). Wood density reflect a combination of anatomical elements that determine water transport capacity and tissue resistance to different stressful conditions (Bucci et al., 2004; Scholz et al., 2007). On the other hand, bark is associated to water transport, non-structural carbohydrates storage, mechanical resistance and damage defense. A recent study in the Brazilian savanna has shown that inner bark characteristics reflect different metabolic and growth strategies of trees (Loram-Lourenço et al., 2020). In the present study, the negative correlation between inner bark density and growth rate reinforces this idea, and shows the importance of storage capacity as determinant of tree growth in the subtropical forests studied.

Stored water use and percentage of inner bark also correlated positively with growth rates in this study. On one side, the using of water reservoirs may sustain transpiring leaves and thus the maintenance of high photosynthesis rates during the day by avoiding hydraulic failure (Goldstein et al., 1998), which might translate into increased growth rates as observed in the studied species. On the other hand, it is known the role of inner bark as a non-structural carbohydrates storage tissue, which support metabolic processes such as turgor maintenance and growth (Rosell et al., 2021). For example, bark density correlated positively with carbon assimilation and growth across 31 tree species of the Brazilian savanna (Loram-Lourenço et al., 2020). We have previously shown that the use of water stored in stem tissues is specially relevant during leaf flushing in trees of the moist forest (di Francescantonio et al., 2018). The results obtained in the present study reinforce the importance that water storage and inner bark function have in both subtropical ecosystems for tree growth.




CONCLUSION

In this study we linked both xylem and living bark tissue properties and highlighted its role for the maintenance of water balance and growth in subtropical species. We found that in dry forests the inner bark can release water to the transpirational stream due its high capacitance, while in moist forests that experience only sporadic and transient water deficits, the stored water in the sapwood can be more rapidly released. However, we observed a combination of plant traits that allow trees of both forest types to cope with drought. Trees with reduced inner bark capacitance can compensate for this by having a high proportion of this tissue that allows the release of stored water to vessel xylem to supply the leaf water demand. These results indicate that not only the intrinsic stem tissue properties but also the amount of inner bark are key drought resistance factors in subtropical trees with contrasting precipitation.
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