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Few investigations have examined the structural controls of bark on its water storage and influence on stemflow, despite the bark being considered a critical component that determines the time and magnitude of this process. This study seeks to answer the question: Do bark water absorbability and wettability estimates correlate with stemflow yield? We hypothesized that (1) the absorbability and wettability are correlated, that is, greater water absorbability implies greater wettability, and (2) high rates of bark water absorbability and wettability has a strong and negative correlation with stemflow generation. Stemflow yield (Sy) was monitored over 12 months for 31 trees, representing 9 species common to the Brazilian savanna ecosystem known as Cerrado. Bark absorbability, per unit dry weight, changes over time of the water absorbability (BWA - by submersion methodology), bark drying (BWD), bark absorbability rate (BWArate), bark drying rate (BWDrate), and wettability (initial contact angle – CAin and CA rate - CArate) were determined under laboratory conditions. As insoluble lignin may also act to alter bark water storage dynamics, for each species, the bark insoluble lignin content was characterized. Stemflow variability was significant across the study species. Funneling ratios (FR) indicates that all species’ canopies diverted enough rainfall as stemflow to concentrate rainwaters at the surface around their stem bases (FR > 1). Differences in bark water absorbability were notable some of tree species. A decrease in the CA value as a function of time was not observed for all barks, which in association with stemflow yields, allowed a novel classification method of wettability, based on CAin and it’s rate of change: highly wettable (CAin ≤ 75.3° and CArate ≥ 0.26°h–1) and non-wettable (CAin ≥ 93.5° and CArate ≤ 0.13°h–1). So, only from the wettability classification could be observed that the non-wettable bark species presented higher Sy, FR, BWA, and BWArate than highly wettable bark species. The stemflow from species with highly wettable bark had a strong and positive correlation with BWA. On the other hand, non-wettable bark stemflow yield has a strongly and negative correlation with FR, CAin, and BWArate. Thus, bark wettability properties showed to deserves special attention. This novel classification of bark wettability had a substantial effect on stemflow yield comprehension and proved to be an important variable to link laboratory and field investigation for understanding the stemflow yield. These findings will improve our understanding of the stemflow dynamics, water balance and the ecohydrology processes of forest ecosystems.
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INTRODUCTION

Many interactions between rainfall and forest canopy remain poorly understood. This is problematic because, for rainfall to reach a forest’s soil, it must pass through tree canopies. Some rain droplets fall through canopy gaps, but most will interact with leaves, epiphytes, and/or bark surfaces. A result of these interactions is that a portion of the rainfall is evaporated back to the atmosphere, or intercepted by the canopy (Johnson and Lehmann, 2006; Ahmadi et al., 2013; Liu et al., 2014). The remaining rainwater reaches the forest soil surface as a drip (called throughfall) or as a flow of water down tree stems (stemflow). The stemflow water that reaches the soil are able to create complex spatial patterns, such as infiltration and groundwater recharge. Patterns of rainwater supply to soils via throughfall are highly heterogeneous, with spatial coefficients of variation often exceeding 50% in single events—and > 100% in regions with complex canopies (Van Stan et al., 2020). Although stemflow may be < 5% of the total rainfall across the canopy, its spatial variability is typically higher than observed for throughfall. This occurs because a fraction of rainfall across a single canopy can become highly magnified when locally drained (or “funneled”) to a small area, 10–1 –101 m2 tree–1 (Van Stan and Allen, 2020), next to a tree’s stem base – sometimes resulting in stemflow volumes > 100 times greater than open rainfall (Van Stan and Gordon, 2018). Another tree’s stemflow volume may be so low that open rainfall is many times greater (Van Stan and Gordon, 2018).

Several mechanisms have been proposed to explain the high spatial variability of stemflow volumes within forests (Honda et al., 2015; Spencer and van Meerveld, 2016; Van Stan and Allen, 2020). First, one must consider the size of trees, where bigger canopies tend to capture greater rainfall (Zimmermann et al., 2015). Secondly, the structure of canopies can influence how effectively individual trees drain this capture rainfall, and currently it is hypothesized that there may be an optimum branch inclination angle that most efficiently drains rainwater to the stem (Levia, 2003; Sadeghi et al., 2020). Third, the orientation of canopies within the “tree neighborhood” is believed to impact stemflow generation – some dominant canopies overshadow others (Metzger et al., 2019) or gather wind-driven rainfall (Herwitz and Slye, 1995; Levia and Herwitz, 2005; Van Stan et al., 2011). Finally, bark structure, being the surface over which stemflow must flow, is considered a master variable. Specifically, smoother bark has been generally observed to generate greater stemflow due to lower water storage capacities and fewer flow obstructions (Levia et al., 2010; Van Stan and Levia, 2010; Van Stan et al., 2016).

Of course, all of these factors interact to control stemflow spatial variability (Metzger et al., 2019). However, in forests where tree density is low enough that canopies are rarely in close proximity (like the Cerrado of Brazil) (Honda et al., 2015), the tree neighborhood is unlikely to drive stemflow initiation and total volume per storm event. Rather, in this scenario, the individual canopy and stem bark structural variability is anticipated to drive spatial variability in stemflow across trees. This is because stemflow has persistent contact with the bark during draining while bark water storage capacity must be locally overcome for stemflow to initiate and drain. Thus, the amount of water flowing down the tree stem may depend more on bark properties (Crockford and Richardson, 2000; Levia and Herwitz, 2005) than other meteorological conditions (Voigt and Zwolinski, 1964). Crockford and Richardson (2000) found that bark wettability and water storage capacity are characteristics that greatly influence stemflow production. Moreover, barks may also have chemically heterogeneous compositions that could influence the water absorbability and wettability.

Tree barks contain significant amounts of lignin (sometimes with higher lignin content than their respective woods), a complex phenylpropanoid polymer that has a structural role in plant cell walls while also providing hydrophobicity and protection against infection (Neiva et al., 2020).

Similar as leaf wettability, bark wettability is the amount of water captured, and retained on bark surfaces. Bark has a greater water-holding capacity than foliar surfaces (Herwitz and Slye, 1995; Valová and Bieleszová, 2008) but stemflow generation can begin before the woody frame of a tree is completely wetted (Herwitz, 1987). As well-known, surface wettability is a physical parameter that can be experimentally measured. The liquid, in general, a simple droplet in controlled laboratory conditions, is brought in contact with a solid surface, forming a liquid-solid interface where a droplet shape is created. The shape of that droplet depends on the cohesive interactions present in the molecules of the liquid and the adhesive interactions between the solid and liquid phases of the material (Molnar et al., 2011). When the droplet is brought on the solid surface, a simple physical parameter, the so-called contact angle (CA), can be used to determine the wettability of such a surface. The CA is defined as the angle θ emerging at the contact between the three-phases, which can be measured by the tangent to the liquid-fluid interface and the solid surface. It is measured here counterclockwise, which means it is measured on the liquid side. The origins of this angle probably go back to Galileo, passing through Young and others along the centuries [for a historical introduction and review see Good (1992) and Drelich et al. (2020)].

Hypothetically, the bark water storage capacity and wettability varies substantially between species, but relatively little is known about the dynamics of rainfall interception by the bark of stems and branches and the factors that regulate the process (Valová and Bieleszová, 2008; Ilek et al., 2017a). The differentiation of the bark surface is relatively hard to parametrize and there is little information on the methods of its measurement (Ilek and Jarosław, 2014). Some studies have examined bark water storage capacity (Levia and Frost, 2003; Levia and Wubbena, 2006; Valová and Bieleszová, 2008; Ilek and Jarosław, 2014; Ilek et al., 2015, 2017a,b) or leaf wettability properties (Aryal and Neuner, 2010; Klamerus-Iwan and Błońska, 2018; Papierowska et al., 2018; Klamerus-Iwan et al., 2020a,b,c). Indeed, leaf wettability observations and their relationship with rainfall interception processes are numerous enough to produce multiple critical reviews (e.g., Rosado and Holder, 2013; Holder, 2020), but no study known to the authors has yet evaluated the correlation of bark absorbability and bark wetting properties on stemflow yield. Thus, the focus of this research is to investigate how bark traits correlate to stemflow in an under-researched ecosystem. This investigation is the first to examine multiple factors regarding bark wettability (i.e., initial droplet contact angle and its rate of change with wetting; insoluble lignin content); and the first to discuss how this laboratory investigations of wettability correlated with the stemflow generation in the field.

The main purpose, therefore, of this investigation is to test whether and to what extent bark water absorbability and wettability influences stemflow in trees of Brazilian Cerrado savannah. Cerrado is the second largest biome in South America, as well as the main biome connecting four of the five Brazilian biomes and three important hydrographic basins in South America (Araguaia/Tocantins, São Francisco and Prata) that largely contribute to water recharge in Guarani Aquifer. Thus it has strategic value for several countries, mainly for the ones facing increasing water scarcity (de Leite and Ribeiro, 2018; Pereira et al., 2021). Stemflow variability was monitored over 12 months for 31 trees, representing 9 species common to the Cerrado. These data were used to answer the question: Do bark water absorbability and wettability estimates correlate with stemflow yields? We hypothesized that (1) the bark absorbability and wettability are correlated, that is, greater water absorbability imply greater wettability, and (2) that high rates of bark water absorbability and wettability has a strong and negative correlation with stemflow. Since the Cerrado is considered an arid ecosystem with high biodiversity (grasses, shrubs, and trees) there is a need for more information on how the hydrological processes of this environment are governed, as also as provide parameters for ecohydrological simulations in tropical forests.



MATERIALS AND METHODS

The experimental site was installed at the Private Natural Heritage Reserve (RPPN) Águas Perenes Forest (Perennial Water Forest), Brotas, São Paulo state, Brazil. The Águas Perenes Forest covers 812 ha and is characterized by secondary Cerrado and Cerradão vegetation (Pereira et al., 2021). The Köppen climate-type of the region is Cwa (Dubreuil et al., 2019), which corresponds to a subtropical climate (C), characterized by warm summers and dry, cool winters (w), such that the annual average temperature is 20°C (a), and the annual average rainfall is 1,337 mm. The predominant soil type is quartzarenicneosol (dos Santos et al., 2018).


Hydrometeorological Data

The study was carried out in sites under 11 years of passive restoration. Three sample units of 400 m2 were installed and the stemflow volume [SF, L tree–1 storm–1], collectors were installed in all trees with DBH > 5cm, totalizing 31 trees distributed in 9 species (Table 1). The accumulated rainfall and stemflow were measured monthly from April 2018 to March 2019. Three The rainfall was measured in an open area without obstructions using three pluviometers made of polyethylene (storage capacity of 1.57 L) installed near the stand, with a maximum distance of 30 m. The pluviometers were installed at a height of 1.20 m. Stemflow collars were constructed by wrapping individual tree stems with a polyurethane gutter, fixed at 1.3 m from the ground (Figure 1). Water running down the stem was captured by these gutters, then drained by a 1.6 mm hose connected to 20L collection tanks. Evaporation from the stemflow collection tanks between storms was assumed to be negligible as the only opening in the tanks was < 2 mm (where the hose was connected). The collar material efficiently captured water. Event stemflow volumes were divided by each tree’s projected canopy area [m2 tree–1] to estimate event stemflow yield [Sy, mm tree–1 storm–1]. Funneling ratio (FR) was computed per specie for mean annual storm and also, it was compared with a normalized stemflow yield (Gordon et al., 2020). While stemflow volume describes total flux to the forest floor, FR describes the efficiency with which individual trees are capable of capturing rainfall and generating stemflow (Siegert and Levia, 2014). Introduced by Herwitz (1986), FR ratio describes the efficiency of each tree to capture rainfall and to generate stemflow, and allows comparing stemflow amounts for plants with different DBH (Siegert and Levia, 2014; Levia and Germer, 2015; Corti et al., 2019). This parameter does not refer to the infiltration area at the soil surface but has the advantage of being related to easily measurable data. FR greater than 1 indicates the contribution of the outlying canopy to stemflow generation. This ratio is expressed by:
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TABLE 1. Mean (standard errors) of diameter at breast high (DBH), height (H), outer bark thickness and bark texture of 9 Cerrado tree species, Brotas-Brazil.
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FIGURE 1. Bark texture for 9 species studied in Brazilian Cerrado. Águas Perenes Forest, Brotas, Brazil.


where, Sy, stemflow yield, is the stemflow volume per tree, in L; P is the precipitation depth, in mm; B is the basal area of the trunk at breast height, in m2.



Bark Water Absorbability (BWA) and Drying Rate (BWD)

By bark absorbability, we mean the ability of bark to absorb water in a given unit of time in full saturation conditions with the assumption that water is absorbed only by the outer bark layer. Analyses performed under laboratory conditions determined the bark water absorbability of species (N) over time. The outer bark samples were collected using a chisel, a saw, and a knife from the stems of similar size at the breast height (1.3 m) by cutting 3-5 rectangular pieces of bark (5 × 5 cm, approximately). Care was taken to ensure that the bark samples were collected from different locations around the stem at breast height. After that, the bark samples were dried at 35°C to constant mass and the weight of samples was the initial weight of the bark [dried mass – Dm, g]. Then, all side surfaces and the inner surface of the samples (surfaces not typically in contact with rainwater) were sealed with silicon prior to soaking, applied in such a way that, during the experiments, water was absorbed only by the outer layer of the bark (Ilek et al., 2017b). Next, the samples were reweighed to determine the dry weight of the insulating layer of individual samples.

Dried bark samples were submerged in deionized water and weighed every hour during the first 12 h, and then, weighed at intervals of 12 h until complete 96 h [saturated mass - Sm, g]. In each weighed, the samples were re-soaked every time. The experimental during time was determined due to no longer resulted in weight gain of individual bark samples. Bark water absorbability of these samples [BWA, %] was determined based on adaptation of a commonly applied submersion method used to obtain the litter water holding capacity (Blow, 1985). The difference in weight between a sample saturated with water and a dry one was related in each case to the weight of the sample in the dry state [equation (2)]. In this way, subsequent values of water absorbability (BWA) were obtained after successive times of immersion in water (BWA1, BWA2).

[image: image]

where BWA is the dried bark water absorbability [%], Sm is the weight of a sample after a subsequent soaking stage [g], and Dm is the weight of a dry sample [g].

The bark water absorbability rate (% h–1) was obtained by equation 3:
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where BWAi is the initial bark water absorbability [%], BWAf is the final bark water absorbability [%], and t is the total time of absorbality [h].

Finished 96 h submersion time, the samples were exposed in the same environmental conditions (30°C mean temperature) and weighed as it dried out at intervals of 12, 24, 36, 48, 60, 72, 96, and 144 h. Similar as BWA, subsequent values of bark water drying [BWD,%] were obtained after successive times of drying until no longer resulted in weight loss of individual bark samples The BWD rate [BWDrate,%] was obtained on the same way as BWArate (equation 4):
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where BWDi is the initial bark water drying [%], BWDf is the final bark water drying [%], and t is the total time of drying [h].



Contact Angle and Bark Wettability

As aforesaid, the aim of this work is to present a novel methodology to study and measure the surface wettability of the bark in controlled laboratory conditions.

The contact surface can be idealized as homogeneous and smooth, which does not, in general, correspond to the samples measured in the laboratory. The non-idealized samples present a non-homogeneous composition and a non-smooth surface, i.e., it presents some roughness. Figure 2 presents the rough solid surface (left panel) and the ideal surface (right panel). Roughly speaking, a smooth surface is characterized as hydrophilic or hydrophobic according to CA values. For a smooth surface, for θ < 90° is a feature of hydrophilic surfaces while for roughness surfaces, θ > 90°. For a rough surface, the CA characterizing the hydrophilic/hydrophobic behavior is similar to the smooth case (For details and further explanations, please, see Drelich (2019) and references therein).


[image: image]

FIGURE 2. Example for rough and smooth bark surface and the shape of water droplet (θ = contact angle, CA).


In the present work, we assume the evaporation of the droplets can be neglected, which can occur since the observation time scale is much shorter than the expected evaporation time (Butt et al., 2007). Of course, the greater the droplet (in microscopic scale), the greater the evaporation effects. Thus, the main goal here is to study the absorption time of the droplet by the bark surface.

Considering the above explanation, one way to characterize the wettability of a solid surface, or the interaction between a liquid and a solid, is through the contact angle between the two phases. One uses here the well-known sessile droplet method for its simplicity and relative accuracy to measure the CA, in which a droplet of liquid is deposited on a smooth, horizontal surface and the angle is measured between the solid surface and the tangent of the drop profile (Erbil, 2014; Sinderski, 2020).

Measurements of CA were conducted on bark samples in the laboratory at a constant temperature of 21°C. Considering the sessile droplet method, the Ramé-Hart goniometer (Ramé-Hart Instrument Co, Netcong, NJ, United States) was used to measure the CA on the bark surfaces. The instrument was connected to a computer equipped with image recording software, droplet shape analysis, and CA measurement tools. For each species, three bark samples were selected from different individuals. A distilled water droplet (0.1 mL) was placed on external bark sides using a syringe with a 0.13 mm internal diameter needle.

The CA changed with time due to the absorption of the droplet by the solid surface. The shape of the droplet was recorded by the camera starting from second zero (placing the droplet on the bark) with 0.5-s intervals until the droplet was completely absorbed or until it reached the maximum interval of 480s adopted here. The following data were used for further analysis: the initial CA [CAin, t = 0.5s], which represents the maximum of the CA (also known as the advancing CA), the final CA [maximum interval of 480s], representing the minimum of the CA (also known as receding CA), and for CA rate [CArate - difference between the initial and final CA divided per measurement time]. For each droplet, CAs from the right (CAR) and left (CAL) sides of the droplet were obtained, as well as the mean value of both results for every second of measurement. The mean of CAin and CArate was used to characterize the species.



Bark Lignin Content

Different tree species may exhibit different behaviors based on bark constitution. Since lignin tends to be less hydrophilic than cellulose, we tried to determine the lignin content in the outer bark samples and to relate it to the contact angle. The bark lignin was determined according to the TAPPI standards for insoluble lignin (T222 om-02) (TAPPI, 2011). All characterizations were carried out in triplicates and the results correspond to the average values with their standard error.



Data Analyses

Descriptive statistics were compiled for all variables presented and regression analyses were performed to relate bark metrics to hydrologic variables. To characterized stemflow production across species, Analysis of variance (ANOVA) was applied to normal data through Tukey test at 5% probability level to analyze the means of the Sy (mm), BWA, CAin, CArate, and lignin between the tree species. Data that did not meet ANOVA assumptions were subjected to non-parametric Kruskal-Wallis test. Cluster analyses was used to identify similar traits of species between contact angle and stemflow yield. The relation between bark metrics and their effects on stemflow was analyzed by Spearman correlation. All statistical analyses were performed using MinitabV16 (Minitab, Inc., State College, PA, United States).




RESULTS


Stemflow Variability

Total rainfall during the study period was 900 mm and stemflow average was 56.1 ± 13.0 L tree–1. Stemflow volume and monthly precipitation yield had a positive, significant linear association with rainfall for most species (Figure 3 and Supplementary Table 1). Total stemflow during the study period was 63.6 mm. Of the total stemflow, two species contributed with the most yield: 35% was contributed by Q. multiflora (22.2 mm) and 16% (10.4 mm) by H. ochraceus (Figure 4). Funneling ratios indicates that all species captured most of the P and drained as stemflow (three plants’ mean) to the surface around their stem bases (FR > 1) (Figure 5). Mean FR across all plants was 65.0 ± 24.1, however, A. peregrina was 99% lower than that. On the other hand, Q. multiflora and E. gracilipes were consistently high stemflow generators and were the only species that showed above average values.


[image: image]

FIGURE 3. Mean of stemflow [SF, L] and rainfall [P, mm] linear regression.
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FIGURE 4. Mean stemflow volume [SF, L] (A) and stemflow yield [Sy, mm] (B) in 9 tree species from April 2018 to March 2019. Águas Perenes Forest, Brotas, Brazil. Different letters indicate significant differences (p < 0.05) among species and vertical bars represent standard errors.
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FIGURE 5. Mean and standard deviation [SD] of normalized stemflow yield per specie and the associated funneling ratio. AS, A. subelegans; AP, A. peregrina; CF, C. fissilis; DB, D. brasiliensis; MA, M. acutifolium; XA, X. aromatica; EG, E. gracilipes; HO, H. ochraceus; QM, Q. multiflora.




Bark Absorbability and Drying

Differences in bark water absorbability (BWA) were noted among the tree species and varied from 70.3% (C. fissilis) to 337.1% (M. acutifolium) (Table 2). At subsequent time intervals, the bark water absorbability of all species increased, and large increments of water absorption were noted in bark samples irrespective of the species. Moreover, Figure 6 shows that the species differ in their dynamics of absorbability (Figure 6A) as also in drying (Figure 6B). After each subsequent immersion time, the absorbability increment decreases. Interspecific differences are revealed in the amount of water absorbability and drying. It is also visible that water absorbability increases but tend to achieve the stability over time. For all species, BWDrate were higher than BWArate. Despite M. acutifolium had the highest BWA, this specie also shown one of the highest BWDrate (1.72% h–1). While Q multiflora and X. aromatica had one of the lowest BWArate, they also had the highest BWDrate (regression analysis for bark water absorbability (BWA) and water drying (BWD) among species are presented in Supplementary Table 2). In general, the relation between BWA and BWD are not related when analyzed with all species together (r = 0.44, p = 0.23). In contrast, the particular analysis by species points out that the BWAis has a indirect and strong relation with BWD (Table 3).


TABLE 2. Mean (standard error) of bark water absorbability [BWA] and rate [BWArate], and bark water drying [BWD] and rate [BWDrate].
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FIGURE 6. Bark water absorbability [BWA,%] (A) and drying [BWD, %] (B) among tree Cerrado species.



TABLE 3. Regression analyses for bark water drying (BWD) considering bark water absorbability (BWA).
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Bark Wettability and Lignin Content

Table 4 presents the initial CA values along with bark value changes over the period of the experiment duration (CArate). During measurements using the sessile droplet method, a decrease in the CA value as a function of time was not observed for all tested barks (Figures 7 and 8). Overall, the CA behavior could be divided in two groups based on time: (G1) the one in which the droplet was absorbed completely before 480s elapsing (A. peregrina, C. fissilis, D. brasiliensis and X. aromatica), characterized here as highly wettable (CAin ≤ 75.3° and CArate ≥ 0.26° h–1) and, (G2) the other one in which the droplet was not completely absorbed before 480s elapsed (A. subelegans, E. gracilipes, H. ochraceus, M. acutifolium and Q. multiflora), it means, non-wettable (CAin ≥ 93.5° and CArate ≤ 0.13° h–1). These groups were reinforced by cluster analysis of CAin × SF (mm) presented in Figure 9. In general, the analysis of the bark lignin content has shown that the species with the lowest CAin had the lowest insoluble lignin content. A. peregrina was an exception and showed the highest lignin content in the bark samples, but for this species, lignin did not necessarily imply the greatest CAin.


TABLE 4. Mean (standard error) of initial contact angle [CAin,°], CA rate [CArate,° s–1], and insoluble lignin [%] among species.
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FIGURE 7. Contact angle (CA) measurements for wettable bark vs. time for Cerrado species.
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FIGURE 8. Contact angle (CA) measurements for non-wettable bark vs. time for Cerrado species.
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FIGURE 9. Cluster analysis for CAin x Sy (mm) groups. AP, A. peregrina; XA, X. aromatica; CF, C. fissilis; DB, D. brasiliensis; AS, A. subelegans; MA, M. acutifolium; EG, E. gracilipes; HO, H. ochraceus; QM, Q. multiflora; G1, highly wettable; G2, non-wettable.




Bark Traits by Contact Angle and Stemflow Correlations

To evaluate possible bark influences on stemflow variability, various directly measured metrics were compared. Few visible or strong statistical correlations or correspondences were found between bark structural variables and stemflow when the species were analyzed together (Table 5): a strong correlation was observed between CAin × BWA and moderate for BWArate × SF (L) and Lignin × SF (mm).


TABLE 5. Spearman correlations between bark properties and stemflow for all species together and per wettability groups (highly and non-wettability).

[image: Table 5]
However, the analysis from the wettability groups (section “Bark Wettability and Lignin Content”) (highly wettable and non-wettable), showed that CA rate, lignin and SF (L) were approximately 700, 1, and 14% higher in highly wettable bark than in non-wettable bark. On the other hand, Sy, FR, BWA, and BWArate were, respectively, 158, 329, 80, and 46% higher in non-wettable bark (Figure 10). BWA showed a strong and positive correlation (direct relation) with stemflow (volume and depth) for highly wettable bark, whereas in non-wettable bark the correlation was weak/moderate and negative. BWArate and the classification by CAin allowed a strong relation to estimate stemflow (volume and yield) in non-wettable bark, indicating a negative correlation. FR correlated strongly with CA and stemflow variables in non-wettable bark, indicating that with increase of CAin, SF increases with FR. Finally, for highly wettable barks, lignin showed a strong and negative influence to FR, as well strong and negative correlation with CArate for non-wettable barks.
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FIGURE 10. Mean values of initial contact angle [CAin] (A), rate contact angle [CArate] (B), lignin (C), stemflow volume, SF (L) (D), stemflow yield, Sy (mm) (E), funneling ratio, FR (F), bark water absorbability, BWA (G), bark water absorbability rate, BWArate (H).





DISCUSSION

The knowledge of bark absorbability and wettability as well as the understanding of water retention processes on bark surfaces are particularly important and complex. Both bark water absorbability and bark water drying are dynamic processes, and they largely depend on the time during which samples are submersed in the water or exposed to the environment conditions. Considering the bark samples tested in the same way (i.e., in a controlled, systematic experiment), the features of bark water absorbability depended on the species. Apparently in this study, most of furrowed bark tends to absorb more water, although the drying behavior is independent of the bark texture. In terms of absorbability, the first 12 h of the experiment proved to be crucial for the analyzed bark samples, and a significant quantity of absorbed water was noted in the bark for all species during the experiment. After 60 h of the experiment, the bark samples showed an equilibrium tendency. In this case, only M. acutifolium was an exception, that despite presented a greater absorbability, it also presented, together with the Q. multiflora, a higher drying rate. Thus, some species can retain a big amount of water in their barks (> BWA) but they cannot store it for a longer time (< BWDrate), e.g., M. acutifolium and Q. multiflora. Furthermore, some species can retain a small amount of water in their barks (< BWA) but they can store it for a longer time (< BWDrate), e.g., C.fissilis and A. peregrina (Table 2). A similar pattern was observed in woody species bark in the Czech Republic (Valová and Bieleszová, 2008). This difference in the water absorption capacity of the bark between the species may be related to porosity and density. This variables were not measured in this study, but the literature shows that the bark with higher density and lower porosity, while having the same moisture, usually contains more water than the bark with lower density (Ilek et al., 2017a). Although the knowledge about bark absorbability is important to understand the bark and stemflow interaction, in this study these variables did not show a great correlation when we considered all species together (Table 5), and so, we could conclude that isolated BWA by submersion methodology could not be enough to relate to stemflow yield regardless of species. When the bark water storage was being studied, the main idea was that the initial condition necessary for water flow down the stem is the saturation of its bark with water (Kozlowski et al., 2010). In fact, in the bark submersion methodology, all bark surface is permanently exposed to water for a long period of time, forcing the bark to absorb water which does not happen in the field conditions. Nevertheless, in the field conditions, for the bark to absorb water as it drains down the stem, firstly, the amount of water must overcome the bark surface tension. But the field, the bark is not submerged in water. This fact could justify the strong correlations between BWA and SF for highly wettable barks, which showed a lower bark surface tension. In this way, the laboratory method seems to increase the bark saturation up to non-realistic values which cannot be found in natural conditions. Therefore, the wetting properties (rather than the lab-derived submersion estimates) could be crucial to improve the knowledge of stemflow and bark relations in the field conditions.

There is a good correlation between CA and penetration of coatings (solventborne alkyds and drying oils, for example) (Meijer, 2004), implying the wood should have a higher surface free energy than the coating (Nogalska et al., 2019). Thus, one can suppose the same occurs for the penetration of water in the bark. Different wetting processes need different approaches (Young, Wenzel or Cassie-Baxter equations) (Whyman et al., 2008). Thus, different barks may need different approaches and the evaluation of the processes that govern the stemflow generation from the CA in the controlled laboratory conditions seems to be more faithful to the field conditions. In general, small CA (<< 90°) implies a high wettability and high CA (> > 90°) corresponds to low wettability systems (Yuan and Lee, 2013; Prakash et al., 2017; Sinderski, 2020). It is important to consider that not only the initial CA value is relevant when assessing wettability, but also the time evolution of the drop (Papierowska et al., 2018). A non-wettable surface on which the droplet does not dissipate but retains its shape contributes to increasing stemflow yield more quickly, as could be observed by the inverse correlation between BWArate and SF/Sy in non-wettable barks. In turn, in highly wettable barks, the increase in stemflow is positively associated with bark water storage. It should be emphasized that this is the first study known to the authors to document the relation among bark wettability, absorbability and stemflow.

The investigation of stemflow process from bark wetting pointed to a different dynamic from that presented by other authors (Crockford and Richardson, 2000; Levia and Frost, 2003; Levia and Germer, 2015): the bark wettability groups were not formed by species with a single bark texture and it means that other bark properties must to be investigated. For highly wettable bark species there were two scaled bark species (D. brasiliensis and X. aromatic), one mixed (C. fissilis) and another with furrowed bark (A. peregrina – the thickest among those studied and with the highest lignin content), whereas in non-wettable bark group there were four furrowed and one scaled (Q. multiflora). One example of that is M. acutifolium that showed the highest BWA, and so, should have the lowest SF/Sy, but had the highest, as well as the second largest BWDrate and highest CAin. Thus, our results shown that stemflow yields are not a consequence of thick absorptive barks. Additionally, not only smooth and easily wetted bark has the potential for high stemflow yields. Although BWA was in the majority, higher for furrowed bark species, the evaluation by CAin and CArate pointed out that there is greater water repellency through the bark of these same species (non-wettability), which reflected in weak correlations between BWA vs. SF. This pattern in non-wettable bark species was reinforced by the strong and positive correlations with FR, that is, the potential to generate stemflow. On the other hand, BWA for highly wettable bark species could be a good physical parameter to understand the SF yields, since they presented strong/positive correlations (Table 5).

The tree species did not differ in terms of bark lignin content - except A. peregrina. There exists the long-held belief that one of the functions of lignin in the wood cell wall is to provide waterproofing to aid in water transport (Notley and Norgren, 2010), so, this fact could justify a non-influence of lignin in the process of bark water absorbability, wetting, and stemflow. Evidence of lignin’s importance relative to the wettability of wood comes from observations of the effects of weathering. Weathered wood tends to become depleted of lignin near to its surface, which is attributable to photodegradation of the aromatic structures (Hubbe et al., 2015). Indeed, the depletion of lignin in the surface layers of wood exposed to outdoor sunlight has been shown to result in increased wettability by water (Feist, 1993; Huang et al., 2012; Hubbe et al., 2015). Despite that, the association of stemflow and lignin showed that the best analyses were when we considered all species, independent of their wettability properties. In this situation, the lignin was associated with a lower stemflow yield. For highly wettable bark, the lignin had a moderate and inverse correlation with SF(L), and, thus, for these species lower lignin implies increases in stemflow generation. In contrast, for non-wettable bark species, the increment of lignin is associated with decreased of CArate, that on the other hand, is also implicated in the increment of bark water absorbability.

The dynamics of stemflow are a very important element of water balance in the environment. Knowledge gained from this study may augment our understanding in several aspects. Knowing the bark properties and stemflow dynamics for different tree species can help better understand and predict the role of forests in rainfall interception and water balance. Moreover, could be potentially used as a trait to determine plants that could be used for restoration projects, for example. Regarding the physiological ecology of forests, once bark provides a diverse substrate for a variety of these communities (Levia and Germer, 2015), the proposed method may have important implications for understanding the distribution and diversity of epiphytic lichens, bryophytes (Mitchell et al., 2005; Levia and Wubbena, 2006; Valová and Bieleszová, 2008; Van Stan and Pypker, 2015), fungal (Magyar et al., 2021) and metazoans (Ptatscheck et al., 2018), which, in turn, has a detectable and significant influence on stemflow chemistry (Pypker et al., 2011; Levia and Germer, 2015; Van Stan and Pypker, 2015) and, consequently, to the forest floor.



CONCLUSION

The present study shows how the tree bark traits is related to stemflow in 9 species commonly found in Cerrado. We investigated the association of bark absorbability, wettability, lignin content and stemflow yields. The results obtained here confirm that bark absorbability and wetting depend on the tree species and reject the long-held paradigm that bark surface structure (smooth vs rough) is a major determinant of stemflow (at least in the Cerrado). We obtain important information on factors conditioning the stemflow yield, confirming how difficult is to consider the bark traits individually. The insoluble lignin did not differ among the most species but showed to have a moderate and negative association with stemflow. The combination of wetting properties with stemflow, allowed to classify the species as highly wettable and non-wettable barks and then, the relations between bark traits and the stemflow dynamic became clearer. Highly wettable barks showed a strong and positive correlation between bark absorbability and stemflow, whereas for non-wettable barks the absorbability had a negative and moderate relation. Thus, the classification of wettability had a substantial effect on stemflow yield and proved to be an important variable to connect the laboratory and the field investigation, leading to a better understanding of the stemflow yield.
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