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Two Co-occurring Liana Species Strongly Differ in Their Hydraulic Traits in a Water-Limited Neotropical Forest
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Lianas are a key growth form in tropical forests. They are believed to be strong competitors for water, thanks to their presumed efficient vascular systems. However, despite being a large polyphyletic group, they are currently often considered as a functionally homogeneous entity. In this study, we challenged this assumption by estimating the variability in hydraulic traits of two common, co-occurring liana species in a water-limited environment, namely, a seasonally dry tropical forest in Costa Rica. We measured vulnerability to embolism at the leaf and branch levels using two different methods (optical and acoustic vulnerability) and found that both species had very different hydraulic properties. Compared to reported P50 values in literature, we found two extreme P50 values: a low value for Bignonia diversifolia (−4.30 ± 0.54 MPa at the leaf level; −7.42 ± 0.54 MPa at the branch level) and a high value for Cissus microcarpa (−1.07 ± 0.14 at the leaf level; −1.20 ± 0.05 MPa at the branch level). Furthermore, B. diversifolia had a higher apparent modulus of elasticity in the radial direction (556.6 ± 401.0 MPa) and a variable midday water potential. On the other hand, C. microcarpa had a low apparent modulus of elasticity in the radial direction (37.8 ± 26.3 MPa) and a high branch water content, which enabled the species to keep its water potential stable during the dehydration experiments and during a drought period in the field. This mechanism may enable this species to coexist with species that are more resistant to drought-induced embolisms such as B. diversifolia. Although only two species were studied, considerable overlap was found between the range of hydraulic properties of trees growing in the same location and trees and lianas growing in two forests in Panama. These findings demonstrate that lianas cannot be considered as a homogeneous group and call for further research into the intra-growth form diversity of liana properties.
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INTRODUCTION

Tropical forests are one of the most important ecosystems on Earth. They are responsible for almost one third of the carbon uptake by terrestrial plants (Beer et al., 2010), they store more than half of the terrestrial biomass (Pan et al., 2011) and support approximately 50% of the described species (Dirzo and Raven, 2003). Dry forests make up a significant part of tropical forests as they encompass 42% of the tropical forest region (Miles et al., 2006). By definition, they are characterized by at least 3 months with less than 100 mm precipitation and 50% drought-deciduous species (Sánchez-Azofeifa et al., 2005).

A key growth form in tropical forests is lianas (woody vines). Here, lianas represent on average 24% of the woody stems (Putz and Mooney, 1991) and substantially contribute to forest leaf area (Schnitzer, 2015). Unlike most other growth forms, liana density increases with increasing seasonality and with decreasing mean annual precipitation, which makes them more abundant in tropical dry forests (Schnitzer, 2005). Through intense competition for resources with self-standing plants, lianas reduce tree growth, increase tree mortality (Ingwell et al., 2010), and reduce forest-level carbon accumulation and storage (van der Heijden et al., 2015). In addition, abundance and basal area of large lianas were shown to be increasing in the Neotropics (Phillips et al., 2002). While the mechanistic understanding of this proliferation remains unclear, it could be related to the water competition between growth forms (Schnitzer, 2005, 2018; Smith-Martin et al., 2019).

Lianas were indeed found to have a strong competitive advantage over trees during the dry season, when light is abundant and water is limiting: during that period, they were shown to have larger growth rates and water use efficiency than their host trees (Schnitzer, 2015; Schnitzer and van der Heijden, 2019; Smith-Martin et al., 2019) as well as higher predawn water potentials and higher transpiration rates (Chen et al., 2015; Ichihashi et al., 2017). Under dry conditions, lianas also explore the forest canopy more effectively than trees, showing stronger apical dominance, higher stem slenderness, and fewer leaf layers (Medina-Vega et al., 2021). Among the trait growth-form differences, one of the discrepancies between lianas and trees is their respective hydraulic architecture, which could explain such contrasting behavior between lianas and trees during the dry season. Lianas are typically associated with longer and wider vessels than co-occurring trees (Ewers et al., 1990), resulting in a higher maximum sapwood-specific hydraulic conductivity (Zhu and Cao, 2009; De Guzman et al., 2017), but also a higher vulnerability to drought (Chen et al., 2017; De Guzman et al., 2017). In contrast, van der Sande et al. (2019) found that hydraulic efficiency was decoupled from hydraulic safety in lianas, indicating that they potentially have high water conductivity while limiting their vulnerability to drought.

Despite their abundance and their overall impact on tropical ecosystems, studies on lianas are scarce. Lianas are often overlooked in inventory and modeling studies, and when they are taken into account, they are often considered as a functionally homogeneous entity (di Porcia e Brugnera et al., 2019). However, lianas form a large polyphyletic group (Gentry, 1992; Schnitzer and Bongers, 2002), and some pioneer studies indicate that they can exhibit heterogeneous traits, even within a single site (Meunier et al., 2020). One of the reasons for the scarcity of hydraulic trait data is the difficulty related to measuring these variables in the field. Several methods commonly used to quantify the vulnerability to embolism (often expressed as P50), including the bench dehydration method, which is considered as the gold standard, are time-consuming or require a large input of plant material (Venturas et al., 2017). However, understanding water competition in tropical forests is key, as hydraulic failure during droughts may be one of the most critical processes in water-limited environments (Choat et al., 2018; Brodribb et al., 2020; Powers et al., 2020), especially in a climate change context where future droughts may be longer and more intense (Trenberth et al., 2014). In this respect, the optical (Brodribb et al., 2016b) and acoustic (Vergeynst et al., 2015) methods are real advances, as they can be easily applied in the field.

To contribute to this knowledge gap, we estimated the variability in liana hydraulic properties in a water-limited, seasonally dry tropical forest located in Costa Rica. More specifically, we determined the drought susceptibility of two contrasting liana species by measuring their vulnerability curves using two different methods, covering the leaf and branch organs. Vulnerability curves are at the heart of much of plant hydraulic studies and characterize plant losses in conductivity as xylem pressure decreases (Venturas et al., 2017, 2019). Next, we measured predawn and midday leaf water potentials. The regulation of the water potential on short time scales is determined by the water-use strategy of the plant. Two main water-use strategies exist: isohydric species keep their water potential almost constant throughout the day through a strong stomatal regulation, while anisohydric species maintain their stomata open, with the consequence of low and variable water potential throughout the day (Tardieu and Simonneau, 1998; McDowell et al., 2008). We further measured key hydraulic variables including maximum vessel length, wood specific gravity, fresh wood water content, and apparent modulus of elasticity. These hydraulic traits are important for the characterization of the functioning of species regarding plant water use (Sterck et al., 2011; Cosme et al., 2017) and indicate the response of species to drought (Anderegg et al., 2016; Powers et al., 2020). As water is the most limiting resource during at least part of the year, we hypothesized that an evolutionary convergence could be expected within a functional group at a single site, and thus that liana species from a single site would exhibit similar hydraulic traits.



MATERIALS AND METHODS


Site Description

All samples were collected in Estación Experimental Forestal Horizontes (Horizontes), which is part of Área de Conservación Guanacaste in Northwestern Costa Rica (10.714 N, 85.596 W) in 2019. Horizontes contains a mosaic of secondary forest in various stages of succession and tree plantations (Werden et al., 2018). According to the historical observations of the nearby weather station in Liberia between 1957 and 2017,1 the mean annual temperature and mean annual precipitation of this site are 27.2°C and 1,585 mm, respectively. There is a 5–6 months long dry season with little to no precipitation (< 100 mm). The wet season, during which there is usually a short but distinctive dry period, typically starts in May and ends in December (Allen et al., 2017). In this study, all experiments were conducted in Horizontes, except for the acoustic vulnerability curves (see below) and the wood specific gravity, which were measured in Ghent, Belgium (Ghent University, Faculty of Bioscience Engineering, Laboratory of Plant Ecology).

In 2019, the wet season started in May, with a total monthly rainfall of 268 mm. The next 4 months (June–September) were relatively dry compared to the long-term averages, with a total monthly rainfall of 47, 71, 59, and 141 mm, respectively. From 22/08/2019 to 13/09/2019, no precipitation was registered. From 14/09/2019 onward, 141 mm precipitation was registered. Therefore we divided the field campaign into three periods: a relatively dry (07/08-21/08), dry (22/08-13/09), and wet (14/09-30/09) period, hereafter referred to as the “early dry,” “dry,” and “wet” periods (Figure 1A).
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FIGURE 1. Overview of the field campaign. In (A), precipitation is plotted on 10 day intervals (11 days for the last period of the month if the month has 31 days). Light blue bars represent the average precipitation between 1957 and 2017 as measured by a nearby weather station in Liberia. Dark blue bars indicate the precipitation measured in 2019 in Horizontes. The precipitation was used to divide the field campaign (07/08–30/09) into three periods: the first period was relatively dry, with some precipitation (Early dry); in the second period, no precipitation occurred (Dry) and during the last period, large quantities of precipitation were observed (Wet). (B) Shows the measured predawn and midday water potentials for the two species. Measurements took place throughout the field campaign and are here grouped per period.




Species Selection and Harvest

We selected the two liana species based on the accessibility of target individuals along roads and their local abundance in the forest and on a preliminary analysis of water potentials in the field. The latter showed that liana species could be divided into two different groups: one with constant and high water potentials and the other one with variable and low water potentials. From these two groups, the most abundant species were retained for the study, namely, Cissus microcarpa Vahl (Vitaceae) and Bignonia diversifolia Kunth (Bignoniaceae), two drought-deciduous species. Smith-Martin (2018) identified 57 liana species during an inventory in 18 permanent plots established in the same region as the experimental forest in Horizontes. Based on the relative stem number, B. diversifolia was the second most common liana species (12.07%) across all plots whereas C. microcarpa was the 9th (4.27%). Based on the relative basal area, B. diversifolia was also the second most abundant liana species (10.31%), while C. microcarpa was the 13th most abundant species (2.10%). In another study conducted in the 40-year-old tree plantations in Horizontes, 1084 lianas were found in 385 out of 748 surveyed trees. 25% of the lianas stems belonged to the genus Cissus, 2% of the stems belonged to B. diversifolia (Powers et al., 2020).

Collected leaves and branches were in direct sunlight most of the day and the collected specimen could be considered mature, as they were climbing and growing across the tops of their host trees, an approach similar to Smith-Martin et al. (2020). To minimize embolism induction, all branches were harvested predawn, between 4:00 and 5:30 a.m. Whenever possible, the branches were cut at a length of at least 2 times their maximum vessel length (see below), after which a second piece was cut under water to remove embolisms induced by the cutting. As in Gorel et al. (2019), the cut end of the branches was immediately put in a vial filled with water, and the branches were enclosed in a humidified black plastic bag for transport to the lab.



Maximum Vessel Length

The maximum vessel length (MVL, cm) was determined using the air injection method (Ewers and Fisher, 1989) on 5 and 6 individual branches of C. microcarpa and B. diversifolia, respectively, whereby a syringe was used to create pressure. No measurements of hydraulic conductivity were performed in this study.



Water Potential Measurements

Water potential measurements were conducted with gas pressure chambers (Model 600, 1,000, and 1505D, PMS Instrument Company, Corvallis, OR, United States), which can measure leaf water potential down to −4, −7, and −14 MPa, respectively. Both in the field and in the lab, leaves were cut using a razor blade and directly put in the pressure chamber.

Predawn and midday water potentials were frequently measured in situ on three leaves of the same three specimens per species, using the Model 600 gas pressure chamber. Sampling height ranged between 1 and 3 m. Predawn measurements (Ψpd) were conducted between 4:30 and 5:30 a.m. As full darkness was assured, it was assumed that the leaf water potential (Ψleaf) was in balance with the stem water potential (Ψstem). Midday water potential measurements (Ψmd) were conducted between 11:15 a.m. and 1:15 p.m., close to the local solar noon which varied from 11:32 a.m. to 11:48 a.m. throughout the field campaign. To equilibrate Ψleaf with Ψstem, all leaves to be measured were wrapped in a plastic bag surrounded by aluminum foil, at least 1 h before measurement (Trifilò et al., 2014). The bag was placed in such a way that there was still enough exchange of air to avoid condensation.



Optical Vulnerability Curves

Optical Vulnerability (OV) measurements were conducted on 6 leaves of each species starting from 26/08 to 09/09 (Figure 1A; Brodribb et al., 2016b). Per measurement cycle, three branches were harvested predawn and one leaf of each of the three branches was placed onto a scanner (Epson Perfection V800 Photo Color Scanner, Epson America, Inc.) while still connected to its parent branch. Leaves were carefully placed between two microscope slides, allowing to have the same focal point on the whole scan and to reduce vertical movement due to shrinking. Every leaf was captured in a ten-minute interval until no new embolism event occurred in a 4-h time interval and the leaf appeared crispy dry. In total, the experiments lasted between 1.26 and 2.32 days. During the desiccation process, Ψstem measurements were carried out on the other leaves of the same branches every 0.5–2 h, except from 8:00 p.m. to 7:00 a.m., using the Model 1505D gas pressure chamber. Additionally, low stem water potentials were also measured using the WP4C dewpoint potentiameter (Decagon Devices, Inc., Pullman, Washington, United States) following the METER group protocol.2 In brief, a selected leaf was gently abraded with a 600 grit sandpaper with a drop of distilled water in between to remove the cuticle and allow faster moisture exchange. After this, moisture was removed with a lint-free tissue, a circle was cut out of the leaf and inserted into the device after which the measurement was started. The device was calibrated daily before use.

This measurement process was repeated twice for each species. Data processing was executed as described by OpenSourceOV3 using the Fiji-ImageJ processing software (Schindelin et al., 2012). To obtain a continuous water potential curve, water potential measurements were plotted against time, and a linear regression was derived for each species. In all cases, we also tested a piecewise linear model (i.e., two linear models with a single inflection point), and only the best model according to the model adjusted r-square was retained. By converting the time of the scan to its respective water potential, we could derive the optical vulnerability curve for each leaf. P50,OV (MPa) was defined as the water potential at which 50% of the embolized vessel area (EVA) was reached.



Acoustic Vulnerability Curves

For the acoustic vulnerability (AV) method, six branches of each species were harvested the night prior to transport to Belgium, between 1:00 and 4:00 a.m. Wet clothes were added to the transport bags to prevent desiccation of the branches and the cut end was put in a vial with water to ensure that the plants would survive the 26 h journey. Upon arrival in Belgium and until the start of the experiment, the plants were kept out of direct sunlight in a cool environment with an average temperature of 10°C for approximately 10 h. During the experiment, four branches of each species were used. Branch selection for the AV method was based on visual inspection.

Sensor installation and data registration were carried out as in De Baerdemaeker et al. (2019a). In short, all leaves were wrapped in aluminum foil, after which a dendrometer (DD-S, Ecomatik, Dachau, Germany) and a broadband point-contact acoustic emission (AE) sensor (KRNBB-PC, KRN Services, Richland, United States) were attached to the branches at least one time the MVL from the cut end. During dehydration, water potential measurements were conducted every 0.5–2 h using the Model 1,000 gas pressure chamber, until the water potential dropped below −7 MPa. After that, the sensors continued to measure diameter shrinkage and AE signals, respectively, to ensure that the activity peak had been reached before ending the experiment. In total, the experiment lasted for 4 days.

The P50 values for the AV method (defined as AE50 in Steppe et al., 2022) were determined by using two different procedures. First, the endpoint of embolism formation (AE100) was determined as in Vergeynst et al. (2016). In short, AE100 was determined as the point at which the decrease in AE activity, following the AE activity peak, decreases most strongly, which corresponds to the local maximum of the third derivative after the peak in the AE activity (Vergeynst et al., 2016; Steppe et al., 2022). The time interval used to calculate the third derivative was dependent on the timespan at which the AE-activity peaks (Steppe et al., 2022), and varied between 6.1 and 10.1 h. An estimation of the continuous water potential series was obtained by establishing a pooled linear relationship between the relative radial shrinkage of the branch (μm mm–1, strain) and the water potential measurements (MPa, stress) (De Baerdemaeker et al., 2019a). Again, a linear regression and a piecewise linear model were constructed, after which the model with the highest adjusted r-squared was retained. To plot the acoustic vulnerability curves, the cumulative AE signals between the start of the experiment and AE100 were re-scaled between 0 and 100. AE50 was then determined as the water potential at 50% of the cumulative AEs (Steppe et al., 2022), and will henceforth be referred to as P50,AV in this study. Second, P50,AV was determined as the water potential at the peak of the activity curve, which is the first derivative of the cumulative AE-curve (Nolf et al., 2015a). The apparent modulus of elasticity in the radial direction (Er, MPa) was calculated as the slope of the stress-strain relationship (Nobel, 2012; Vergeynst et al., 2015). Hydraulic safety margin at the branch level (HSMAV, MPa) was defined as the difference between the lowest stem water potential measured in the field on 1 day (Ψmin) and P50,AV (Meinzer et al., 2009).



Wood Specific Gravity and Branch Water Fraction

Wood specific gravity (WSG, g cm–3) was determined for branch segments collected before the start of the acoustic experiment and calculated as the ratio of dry weight to green volume. The wet volume was calculated from two diameters measured perpendicularly to each other at both ends, and the length of the sample, assuming a cylindrical shape for both species. The dry weight of the samples was determined after the samples were oven-dried at 80°C for 48 h (ML104T/00, Mettler-Toledo GmbH, Switzerland, with 0.1 mg accuracy). The water fraction of the branches (unitless) was calculated as fresh weight minus dry weight divided by the fresh weight.



Data Analysis

For the construction of the vulnerability curves, four fitting models (Weibull, Lopez et al. (2005), sigmoidal, Pammenter and Van der Willigen (1998), and two polynomial models Scoffoni et al. (2012); Manzoni et al. (2013); Supplementary Table 1) were fitted to the data for all branches. The model with the best fit was selected based on the minimal RMSE criterion. Next, the process was repeated using a bootstrapping method (n = 10,000), and VC-related variables, such as P12, P50, P88, and ax50 [respectively the water potential at 12, 50, and 88% embolism (MPa) and the slope at P50 (%)] were determined. After bootstrapping, averages per branch were calculated for all variables and the species average was calculated as the average of all branches. To plot the vulnerability curves, the mean was plotted as the mean of all bootstrapped values, the 95% confidence interval was generated by disregarding the 2.5% highest and lowest values for each water potential value.

The normality of the data was checked using the Shapiro–Wilk test. Differences between two groups were tested with a two-sample t-test and a Mann–Whitney U-test for parametric and non-parametric data, respectively. To calculate differences between species for the HSMAV, the average Ψmin was subtracted from all P50,AV values, and these values were then used to perform the statistical analysis. A linear mixed model (nlme package in R, Pinheiro et al., 2013) was used to analyze the potential difference in water potential of the species between the different periods (early dry, dry, and wet). The period was used as a fixed effect, and the timing of the measurement (pd or md) was used as a random effect. Statistical analyses were executed in RStudio (version 1.3.959) (RStudio Team, 2020) with R version 4.0.2.




RESULTS


Maximum Vessel Length and Water Potential Measurements

The MVL of C. microcarpa (233.2 ± 49.6 cm) was more than twice as large as that of B. diversifolia (113.4 ± 49.3 cm, p-value = 0.004, Table 1). There was a significant difference between the water potentials of both species in all periods where measurements were available for both species (Table 1). C. microcarpa had systematically higher water potentials throughout the field campaign (Figure 1B). The most significant differences between the two species occurred during the dry period when Ψpd and Ψmd of C. microcarpa were, respectively, −0.45 MPa and −1.3 MPa lower than that of B. diversifolia (Table 1 and Figure 1B). Moreover, the water potential of C. microcarpa was not significantly different between periods (p = 0.06), whereas that of B. diversifolia was (p-value < 0.001).


TABLE 1. Summary of the hydraulic properties of B. diversifolia and C. microcarpa measured in this study.
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Vulnerability Curves

The two different procedures for determining P50,AV did not show significant differences (paired wilcoxon test, p-value = 0.12 and 0.25 for B. diversifolia and C. microcarpa, respectively, Supplementary Figure 1). For this reason in the following, we systematically use the method of Vergeynst et al. (2015) to plot the acoustic vulnerability curves and calculate the P50,AV value.

While the course of the species-specific vulnerability curves was similar between methods, the comparison between the two species showed a clear difference (Figure 2). C. microcarpa had a steeper curve at the P50 value (ax50) for both methods (Table 1). This steeper curve was not significant (p-value = 0.11) for the OV method because one branch of B. diversifolia had fewer data points and consequently a steeper curve (Figure 2). For the AV method, the effect was also not significant (p-value = 0.057), however, no outliers were found here. The onset of embolism was significantly different between species for both methods: P12 = −0.97 ± 0.08 and −1.02 ± 0.12 MPa for C. microcarpa and −3.58 ± 0.98 and −6.32 ± 0.83 MPa for B. diversifolia for the OV and AV method, respectively (p-value < 0.001 and 0.004, respectively). The difference between the onset (P12) and the ending (P88) of embolism was significantly different, with the smallest difference found for C. microcarpa (Table 1). These differences translated into distinctly different P50 for the two species: for C. microcarpa: P50,OV = −1.07 ± 0.14 MPa and P50,AV = −1.20 ± 0.05 MPa, and for B. diversifolia: P50,OV = −4.30 ± 0.54 MPa and P50,AV = −7.42 ± 0.54 MPa for the OV and AV methods, respectively (Table 1). These values are significantly different between species for each method (p-value = 0.004 and < 0.001) and between the two methods for B. diversifolia (p-value < 0.001). Both species have a significantly higher (less negative) P50 value at leaf level than at branch level (Figure 2). Ψmin for C. microcarpa and B. diversifolia were −0.52 ± 0.11 MPa and −1.88 ± 0.43 MPa, respectively. Combined with the P50,AV, Ψmin resulted in a positive hydraulic safety margin at the branch level for both species: 0.68 ± 0.12 MPa and 5.54 ± 0.69 MPa, for C. microcarpa and B. diversifolia, respectively (p-value < 0.001).
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FIGURE 2. Vulnerability curves for B. diversifolia and C. microcarpa, obtained by the OV method (A) and the AV method (B). Vulnerability curves for the AV method are plotted using the results of the Vergeynst et al. (2015) procedure only. Dots represent the data points collected during the experiment, the black curves represent the vulnerability curves fitted to the data points with their 95% confidence interval, as derived from bootstrapping. The boxplots on top of each subplot show the respective P50 values, obtained from the bootstrapping. Subplot (C) compares the P50,AV and P50,OV values for the studied species. Horizontal and vertical error bars indicate the species standard deviation. EVA, embolized vessel area; AE, acoustic emission.


The Er value differed between species, but intra-species variability was also important (Figure 3). Both linear and segmented relationships emerged for the data, the slope of the first segment is shown in Table 1, inflection points and slopes of the second segment can be found in Supplementary Table 2. C. microcarpa had a significantly lower Er,1-value (p-value = 0.029) and mostly had a linear course. On the other hand, B. diversifolia had a higher Er-value and had more segmented curves. For both species, the Er-value after the inflection point was systematically lower than the Er-value before the inflection point (Figure 3).
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FIGURE 3. Pooled linear stress-strain relations between the point measurements of stem water potential and the strain for the measured branches of B. diversifolia and C. microcarpa. For some branches, a linear relationship was established, while others had a segmented course. Different symbols indicate different branches. The slope of the curves represents Er.




Wood Specific Gravity and Water Fraction

The wood specific gravity of C. microcarpa (0.25 ± 0.05 g/cm3) was less than half that of B. diversifolia (0.54 ± 0.07 g/cm3, p-value < 0.001) and its water fraction was significantly larger (0.78 ± 0.03 vs. 0.56 ± 0.05, respectively, p-value < 0.001) (Table 1).




DISCUSSION


Hydraulic Traits

In this study, we showed that liana species found in the same environment can have contrasting hydraulic traits, which refutes our hypothesis that lianas from a single site would exhibit similar hydraulic traits due to evolutionary convergence. Both investigated liana species are abundant in the studied forest as compared to other liana species, which points at the potential ecological importance/impact of the two studied species in the ecosystem.

The two species we studied differed substantially in hydraulic traits. The vulnerability curves resulted in a similar course for both methods, albeit with a difference between the species. C. microcarpa had the highest P50 values of the two species and had a very steep increase in vulnerability for both methods once a certain water potential “threshold” was reached. However, these embolisms did not happen at one moment in time. After reaching the water potential “threshold,” C. microcarpa kept its water potential more or less stable, causing the embolisms to occur at the same water potential, but spread over time. It is possible that this species could keep its water potential constant due to a combination of a large initial water content (78% of its fresh weight), a high elasticity (small Er values), i.e., only a limited drop in water potential when water is released during branch shrinkage, and a high shrinkage of the branch during desiccation. The ability to keep its water potential constant was also found in the field, where the Ψmd showed little variation throughout the field campaign (Figure 1B). On the other hand, this species could also have deep roots and thus have access to deeper water. As no plants were excavated in this study, no conclusion can be drawn about the rooting depth of this species. However, in a study in the same forest, Smith-Martin et al. (2020) found that studied lianas had the shallowest root systems when compared to deciduous and evergreen trees. Because the species was also able to keep its water potential constant during the desiccation experiments, i.e., without roots and access to water, it can be assumed that deep roots are not the primary cause of this mechanism. The ability to keep its water potential constant may enable this species to coexist with species that are more resistant to drought-induced embolism, such as B. diversifolia (De Guzman et al., 2021). Indeed, B. diversifolia was more drought tolerant, with a smaller slope at P50, later onset of embolism, lower water content, and a more variable Ψmd in the field. However, both species had in common that they never reached water potential levels that lead to significant embolism during the field campaign.

In a study conducted at the same site, Werden et al. (2018) found that lianas and trees have overlapping water-use strategies. They measured predawn and midday water potentials of 12 tree species and seven liana species, including B. diversifolia and C. microcarpa. They found that both lianas and trees fell along a continuum of water-use strategies, from isohydric (drought-avoider) to anisohydric (drought-tolerator). In this study, we found similar results, with C. microcarpa leaning toward the isohydric strategy, and B. diversifolia toward the anisohydric strategy. However, our results for B. diversifolia differed from theirs, in the sense of a higher Ψpd and a lower Ψmd, as considered over the whole field campaign (data not shown). Additionally, our Ψmin values corresponded to what was expected for both water-use strategies: a high value for the drought-avoiding C. microcarpa (−0.52 ± 0.11 MPa) and a low value for B. diversifolia (−1.88 ± 0.43 MPa), which is characteristic for drought-tolerant species. This is also in line with the findings of Meinzer et al. (2009), who showed that Ψmin measured when soil water deficits are non-extreme are positively correlated with P50 and P12 values.

Two indirect techniques were used to construct the vulnerability curves at branch and leaf level, namely, the AV method and OV method. Both of them have been validated several times using other methods (see e.g., Nolf et al., 2015b; De Baerdemaeker et al., 2019b; Steppe et al., 2022 for the AV method and Skelton and Diaz, 2020 for the OV method), so it was decided not to repeat this validation in this study. The AV method was, for example, validated by Vergeynst et al. (2015) comparing the AV results with simultaneously acquired X-ray micro-computed tomography (μCT) images. Both methods showed a similar pattern, and no significant trend in the diameters of the embolized vessels was found over time, indicating that AEs are valid as an indirect estimation of the percent loss of conductivity of the branch. As this validation was performed on the vine Vitis vinifera L. “Johanniter,” it is assumed that it will also be valid for other long-vesseled species. Brodribb et al. (2016b) applied the OV technique on four angiosperm species and found strong agreement between the dynamics of the recorded embolism by the OV method and the decline of whole leaf hydraulic conductance.

The P50 values differed markedly between species and methods. The vulnerability at leaf level, measured by the OV method, always resulted in higher values than the vulnerability at branch level, measured by the AV method, suggesting a vulnerability segmentation between the two organs. With increasing drought at the start of the dry season, this segmentation could ensure that the stem and branches are spared from embolism until leaves have dropped, and keep them functional throughout the dry season (Zimmermann, 1983). Because the area studied has a distinctly dry period, this observation is also consistent with that of Zhu et al. (2016), who showed that vulnerability segmentation occurs more often in species that occur in drier areas.

To our knowledge, this paper is, together with Smith-Martin et al. (unpublished)4, the first to report leaf-level P50 values for lianas using the optical method. Two studies that determined P50 at leaf level using other methods reported rather divergent values: Tan et al. (2020) used the rehydration kinetics method described by Brodribb and Holbrook (2003) and reported a mean value of −2.21 ± 0.21 MPa for four liana species in a tropical karst forest during the dry season, whereas Medina-Vega et al. (2021) used the evaporative flux method as described in Sack and Scoffoni (2012) and reported a mean value of −0.19 ± 0.1 MPa for 16 liana species in two tropical forests in Panama, where most samples were collected during the wet season. Compared to these values, the result of B. diversifolia was low, however, recently, Smith-Martin et al. (unpublished) measured P50,OV values down to −4.62 MPa on lianas in two forests in Panama which confirmed that our value is not an isolated value. P50 values at branch level, on the other hand, have been reported more frequently for lianas. Here, however, the value of B. diversifolia deviated considerably from reported values, while that of C. microcarpa was in line with other studies. For example, Chen et al. (2021) recently found P50 values at branch level of −3.86 and −3.93 MPa using the bench dehydration method for two liana species, representing one of the most negative P50 values for lianas in literature. Most other studies reported P50 values at branch level between −1 and −2 MPa. Even compared to trees, which generally have a higher resistance to embolism (e.g., De Guzman et al., 2017), our value for B. diversifolia remained low. Despite the large difference with values from the literature, we argue that the results can still be used as an indicative value, as the acoustic vulnerability curve showed a similar course as the optical vulnerability curve for both species, and the two procedures to determine P50,AV did not give a significant difference.

The timing of the OV measurements, i.e., during a dry year, most likely had no impact on the results of the method. Brodribb et al. (2016a) found that embolisms in leaf veins follow a size-dependent embolism pattern, with embolisms starting in the largest veins, which we also observed. If the leaves were already partially embolized, this would no longer be detectable using the OV method, as this method can only detect embolisms as the difference in light transmission between two successive scans (Brodribb et al., 2016b). Since multiple embolism events can take place in the same vessel, we cannot exclude that no embolisms occurred before the start of the scanning. However, if this were the case, it would only have a small effect on the P50 value, which would become slightly higher. Furthermore, no signs of extreme drought stress were found in either species during the field campaign: Ψmin never reached or came close to the P12 value of the two species, suggesting that no or only very limited embolisms occurred during the measurement period. As it was drier than average during this period (Figure 1A), it could be assumed that these species will continue to thrive in this forest in a context of climate change, where future droughts may be longer and more intense (Trenberth et al., 2014). However, since these measurements were only made during a dry period in the wet season, lower water potentials could potentially occur during other parts of the growing season, which could still lead to embolisms. Because both species are drought-deciduous, it is not expected that they would have an advantage over trees in the dry season.

We found positive safety margins for both species, ranging from a relatively small value for C. microcarpa (0.68 ± 0.12 MPa), to a large value for B. diversifolia (5.54 ± 0.69 MPa). Few studies had examined hydraulic safety margins (HSM) for lianas, and when they were, different definitions were used, which made comparison with our results difficult (Tan et al., 2020). Nevertheless, the HSM value found for B. diversifolia was very large compared to values in the literature. A possible explanation for this is that Ψmin measured during this field campaign does not correspond to the lowest water potential that the species could reach in the field. For example, in a tropical dry Karst forest, Ψmin of Lasiococca comberi was independently measured in multiple studies in multiple years, resulting in very diverse values, ranging from −2.92 MPa in Chen et al. (2021) over −3.77 MPa in Fu et al. (2012) to −6.58 MPa in Chen et al. (2015). Tan et al. (2020) also found strong differences between minimum water potentials measured in a normal dry season and in an extreme dry season. The difference between the HSM values that we found and those of other previous studies could also be due to the different methods used, as our results align with those found by Smith-Martin et al. (unpublished), who also found a range of mostly positive HSMs for lianas (−0.88 to 3.00 MPa) using the OV method.

Yet, it is not only the safety margin that determines the vulnerability of a species, but also the rate of drying during drought periods (Brodribb et al., 2020). As C. microcarpa was able to maintain its high Ψmd during the whole field campaign, it is likely that despite its smaller safety margin, it is able to withstand drought periods. This shows that two species with contrasting hydraulic traits can both survive in a water-limited environment, demonstrating that lianas are a heterogeneous group, contrasting to our initial expectations.



Comparison With Local Tree Data

In a study conducted in the same region, Powers et al. (2020) determined P50 of 23 tree species using the OV method at leaf level, as well as other hydraulic traits such as the wood specific gravity. The mean P50,OV of the tree species was close to what we measured on lianas in this study (mean ± standard deviation for trees and lianas are −3.69 ± 1.19 MPa (n = 23) and −2.69 ± 2.28 MPa (n = 2), respectively). The range we measured for lianas overlapped for 62.5% with the range of tree P50,OV values, and had a higher maximum (minimum, maximum for trees and lianas are −6.72, −1.55, and −4.30, −1.07, respectively). For wood specific gravity, our values overlapped for 41.8% with the specific wood specific gravity values for trees (n = 60). It is clear that despite the low number of liana species samples, they overlapped to a considerable extent with the values measured for the most abundant tree species in the same location. Additionally, the P50,OV values from both liana species are located at both extremes of P50,OV values found by Smith-Martin et al. (unpublished) for trees in two tropical forests with different rainfall patterns in Panama (Supplementary Figure 2), and the difference between the P50,OV values of the lianas is greater than the difference between the most extreme trees. This shows that it is important to consider lianas not as a homogenous group, as is often done to this day, but as a heterogeneous group, just like trees.




CONCLUSION

In this study, we showed that two common, co-occurring liana species exhibit very different hydraulic properties in a water-limited environment. The two species studied showed a similar course of embolism at leaf and branch level, albeit with different susceptibility to embolism for both organs. Other hydraulic characteristics, such as branch water content, Ψmin, MVL, and the course of the water potential in the field were also significantly different between the two species. Although only two species were studied, considerable overlap was found between the range of hydraulic properties of trees and lianas growing in the same location. These findings show that lianas are not a homogeneous group, at least for some hydraulic properties. These results call for further research into the differences in properties between liana species, as this data could substantially contribute to the understanding of liana ecology and their interactions with trees in tropical ecosystems.
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1 www.imn.ac.cr/inicio

2 www.metergroup.com/environment/articles/measurement-leaf-water-potential-using-wp4c/

3 http://www.opensourceov.org for more details

4 Smith-Martin, C. M., Jansen, S., Brodribb, T. J., Medina-Vega, J. A., Lucani, C. J., Huppenberger, A., et al. (2022). Tropical lianas and trees differ in their xylem anatomical traits in a seasonally dry forest but not in a wet forest. Front. For. Glob. Change*.
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