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Introduction

Tropical cloud forest ecosystems are expected to face reduced water inputs due to climatic changes.





Methods

Here, we study the ecophysiological responses of trees and epiphytes within in an Asian cloud forest to investigate the contributions of rainfall, fog, and soil to leaf water in 60 tree and 30 vascular epiphyte species. We measured multiple functional traits, and δ2H, and δ18O isotope ratios for leaf water, soil water, rainfall, and fog in the wettest (July) and driest (February) months. Using a Bayesian stable isotope mixing model, we quantified the relative contributions of soil water, fog, and rainfall to leaf water.





Results and discussion

Rainfall contributes almost all the leaf water of the epiphytes in July, whereas fog is the major source in February. Epiphytes cannot tap xylem water from host trees, and hence depended on fog water when rainfall was low. Most of leaf water was absorbed from soil water in July, while fog was an important source for leaf water in February despite the soil moisture content value was high. In February, lower temperatures, along with reduced photosynthesis and transpiration rates, likely contributed to decreased soil water uptake, while maintaining higher soil moisture levels despite the limited rainfall. These contrasting contributions of different water sources to leaf water under low and high rainfall and for different plant groups outline the community-level ecophysiological responses to changes in rainfall. While direct measurements of water flux, particularly in roots and stems, are needed, our results provide valuable insights on tropical cloud forest hydrology under scenarios of decreased fog immersion due to climatic changes.





Keywords: hydraulic response, leaf water supply, isotope, photosynthesis rate, transpiration rate




1 Introduction

Tropical cloud forests, despite occupying only 1.4% of the world’s tropical forest area (Scatena et al., 2011), there is disproportionately high diversity and endemism for plant and animal species (Bruijnzeel et al., 2010; Karger et al., 2021). They occur in mountains where cloud or fog immersion of the forest canopy is a frequent phenomenon, and where plants benefit from the foliar uptake of ‘occult’ precipitation (i.e., mist, cloud water, fog, fine drizzle and wind-driven rain), at least during the dry season (Bruijnzeel et al., 2010). Due to their distinct climatic and hydrological, tropical cloud forests are widely regarded as sensitive to climatic change response. This was evident in the dramatic declines and extinctions of amphibian species in the cloud forests of Central America in the 1990s due to warming-induced drought stress, which drew global attention to the vulnerability of these ecosystems to biodiversity loss (Pounds et al., 1999; Alan Pounds et al., 2006; Fisher and Garner, 2020). Model projections (Still et al., 1999; Helmer et al., 2019) and empirical evidence (Ray et al., 2006; Nair et al., 2008; Diaz et al., 2011; Krishnaswamy et al., 2014; Los et al., 2021) support the hypothesis of ‘lifting cloud base’ and drying in tropical montane environments in response to climate warming, with projected negative impacts on hydrology due to reduced cloud immersion (Hildebrandt and Eltahir, 2007; Hu and Riveros-Iregui, 2016; Los et al., 2021). Despite the existing knowledge, the variability observed in cloud forest types and the documented ecohydrological patterns (Hu and Riveros-Iregui, 2016) highlight the necessity for further studies encompassing diverse ecosystems and major taxonomic groups, particularly in cloud forest sites with seasonal rainfall patterns and potential drought stress.

Tropical cloud forests exhibit a remarkable diversity and structural complexity in their vegetation and ecohydrological attributes, yet research efforts have not been evenly distributed across all cloud forests. Climatic stressors are already changing the ecohydrological conditions of cloud forests, with negative impacts on regional watersheds and fresh-water supply, particularly in sites that face seasonal water stress (Hildebrandt and Eltahir, 2007; Los et al., 2019). Rising temperatures in tropical montane regions can alter the spatial-temporal dynamics of fog occurrence and reduce cloud water interception by vegetation, resulting in loss of moisture inputs (Hu and Riveros-Iregui, 2016; Los et al., 2019; Li et al., 2022). Combined with other factors such as strong climatic variation and shallow soils, the impact of reduced cloud water interception on tree populations (Werner, 1988; Aiba and Kitayama, 2002; Anchukaitis and Evans, 2010) will depend on plant hydraulic responses to water availability (Anderegg et al., 2012; Berry et al., 2015; Choat et al., 2018). Besides, the importance of ‘occult’ precipitation in alleviating any decline in soil water availability due to decreasing rainfall or seasonal drought stress needs to be quantified across cloud forest sites.

The first step in understanding the importance of ‘occult’ precipitation in tropical cloud forests is to examine fog-induced specific hydraulic responses of plant species. Previous studies have only been explored within subsets of species (Burgess and Dawson, 2004; Johnson and Smith, 2008; Ritter et al., 2009; Eller et al., 2013, 2016; Gotsch et al., 2014, 2018; Binks et al., 2019; Cavallaro et al., 2020), thereby constraining our comprehension of community-level responses. As a phenomenon, foliar uptake of fog water has been reported widely, but the relative contribution of fog uptake to leaf water may vary considerably within and among individuals and species (Burgess and Dawson, 2004; Limm et al., 2009; Goldsmith et al., 2013). Foliar fog water uptake may also depend on rainfall distribution, fog duration, and plant life-form (e.g., trees vs. epiphytes) (Oliveira et al., 2014; Gotsch et al., 2014; 2015; Wu et al., 2018; Berry et al., 2015, 2019; Binks et al., 2019). An effective assessment of community-level hydraulic responses to changes in fog incidence would require a wide coverage of the species and life forms in cloud forests (Suding et al., 2008; Laughlin, 2014).

In this study, we quantify the contributions of rain, fog, and soil waters to vegetation in an old-growth tropical cloud forest in Hainan Island, southern China. The tropical cloud forests in Hainan Island are stunted (‘elfin’ forests) and experience highly seasonal rainfall (Long et al., 2011b). The basic fog induced plant hydraulic responses are unknown and we cannot yet assess the impact of climatic changes on cloud forest vegetation in this region. We argue that quantifying community-level responses (such as possible differences in photosynthesis, transpiration, and soil- and foliar/fog water uptake) between seasons (dry winter vs. wet summer) and life-forms (e.g., trees vs. epiphytes) are the key to understanding how this tropical cloud forest plant community copes with seasonal or temporal changes in water availability. Therefore, we evaluated community-wide ecophysiological responses of the trees and epiphytes to changes in water availability by examining the following: (i) leaf isotope ratios (δ2H, δ18O and δ13C) and several key functional traits (transpiration rate, leaf turgor loss point, leaf hydraulic capacitance and photosynthesis rate) for 60 tree species and 30 vascular epiphyte species in the wettest and driest months; (ii) the isotope ratios (δ2H and δ18O) in soil water, rain, and fog water in the wettest and driest months; (iii) species abundances of 60 tree species and 30 vascular epiphyte species in 21 plots of 400 m2 each, and (iv) soil water content in the peak months of the wet and dry seasons.

Our study design, and the selection of ecophysiological measurements are based on hypothesized plant responses to seasonal changes in precipitation. Fog, along with fine drizzle (wind-driven rain), increases water inputs to the ecosystem (Bruijnzeel et al., 2011; Giambelluca and Gerold, 2011; Binks et al., 2019). However, it may also exert an influence on water movement within plants by diminishing solar radiation and temperature, which subsequently impedes photosynthesis, transpiration, and soil water absorption by roots (Goldsmith et al., 2013; Weathers et al., 2020). This might explain in part why cloud forests maintain high soil water content (Goldsmith et al., 2013; Muñoz-Villers and McDonnell, 2013; Dawson and Goldsmith, 2018; Gerlein-Safdi et al., 2018), even during the dry season (Bruijnzeel and Veneklaas, 1998). Nevertheless, a predicted 2°C warming may elevate the cloud-base heights by 250 m (predictions for 2052 by IPCC 5th assessment reports) with differential impact on plant growth forms (trees, grasses, epiphytes) (Nadkarni and Solano, 2002; Zotz and Bader et al., 2009; Wu et al., 2018; Liu et al., 2005), and result in a significant loss of tropical cloud forest cover in some sites (Los et al., 2019; de Meyer et al., 2022).

We tracked hydrological inputs through leaf isotope ratios (δ2H and δ18O), which when analyzed with a Bayesian stable isotope mixing model, can trace the relative contribution of rainfall, soil, and fog to leaf water in both trees and epiphytes (Wu et al., 2018; Wang et al., 2019). We then used several ecophysiological traits including leaf-level photosynthesis and transpiration rates, leaf carbon isotopic composition (δ13C) as an indicator of long-term intrinsic water use efficiency (Cernusak et al., 2013; Ellsworth and Cousins, 2016; Acosta-Rangel et al., 2018), leaf turgor loss point (TLP) (Bartlett et al., 2012; Werner, 1988; Jarvis and Mulligan, 2011), and leaf hydraulic capacitance (Brodribb and Holbrook, 2003), all of which capture critical plant hydraulic responses. We therefore investigated (1) whether there is differential contribution to leaf water between species, life forms, and seasons from the three possible sources of leaf water - soil, rainfall, and fog; (2) whether community-level ecophysiological responses vary between the wettest and driest months and between life forms; and (3) how these ecophysiological responses help to maintain the hydraulic safety of vegetation and the ecohydrology of this cloud forest plant community.




2 Materials and methods



2.1 Study site

The study was conducted in a tropical montane evergreen dwarf cloud forest (‘elfin’ forest; tropical cloud forest) at Bawangling Area of Hainan Tropical Rainforest National Park (109°05′-109°25′E, 18°50′-19°05′N), located in Hainan Island, southern China (Long et al., 2011b). This region belongs to the tropical monsoon climate area with a mean annual rainfall of ~2500 mm, and a distinct wet season from May to October, which accounts for about 80% of the annual rainfall. In 2017, a local meteorological station was established near our experimental site and observations during the 2018 show that the mean monthly rainfall during the wet season was 306 mm, with July emerging as the wettest month with a rainfall of 375 mm (Supplementary Figure S1). The lowest rainfall (58 mm) and frequency (5 days) of rain were observed for February. The dry season (monthly rainfall<100 mm), spanning a period of five months from November to March, is characterized by monthly average rainfall below 78 mm (see also Long et al., 2011b). April was relatively wetter with 138 mm of rain, after which the wet season begins in May. Based on these meteorological data, effective monthly rainfall (monthly rainfall – monthly potential evapotranspiration) was +235.7 mm for July and -16.7 mm for February, indicating only a slight rainfall deficit in the driest month.

The reserve is predominantly comprised of old-growth tropical cloud forest, on a substrate of lateritic soil developed primarily from sandstone bedrocks (Cheng et al., 2020). These forests typically occur as mountaintop islands over 1250 m above sea level, where terrain slope range from 3° to 65° (Long et al., 2011a). The sites typically have very shallow (30-70 cm) soil, high spatial extent (40%) of exposed rock, and very short tree root length (less than 30 cm) (Long et al., 2011c; Yang et al., 2021). The dominant plant species include Distylium racemosum, Syzygium buxifolium, Xanthophyllum hainanense, Camellia sinensis var. assamica and Cyclobalanopsis championii. The average tree height in these forests is rather low at 4.8 ± 2.8 m, but as is typical of cloud forests, average tree density is high at 9633 stems ha-1 (Long et al., 2011b). A total of 89 tree species have been recorded in 41 plots of 100 m2 each (Long et al., 2011a).




2.2 Field sampling

We carried out field sampling and measurements in the months of February and July of 2019, primarily to quantify the contributions of various water sources to leaf water in tree and epiphyte species in the wettest and driest months of the year (Supplementary Figure S1). The sampling was carried out in 21 vegetation plots, each of size 20 × 20 m2, which we had established in previous work (Long et al., 2011b). These plots are located within a narrow elevation range of 1313 m to 1395 m above mean sea level (Long et al., 2011b; Supplementary Figure S2 and Supplementary Table S1). The plots are separated from each other by about 100 m and do not show significant spatial autocorrelation in species abundances or soil properties (Long et al., 2015). The total area of the tropical cloud forest in the reserve is just about 3 hectares, and the 21 plots are scattered as widely as possible across this mountaintop patch (Supplementary Figure S2).

In this study, we recorded all freestanding trees with a diameter of ≥ 1 cm at breast height (DBH) within each plot and identified them to species. The relatively low tree height in this cloud forest allowed us to accurately measure species abundance (total number of individuals) for all epiphyte species on the host trees in the 21 plots. We followed the method proposed by Sanford (1968) to record the species abundances for all vascular epiphytes in the plots. The specific details are given in Supplementary Data Sheet - Text S1 in the Supplementary Material.

To measure the contribution of different water sources to leaf water in the wettest and driest month of the year, we measured hydrogen and oxygen isotope ratios (δ2H and δ18O) in leaf water (for tree and epiphyte communities), rain water, soil water, and fog drip water, for both of these seasons. We also measured soil water content using standard gravimetric analysis. For isotope measurements of leaf water, we sampled 20 mature, healthy, sun-exposed canopy leaves from three to five individuals of each tree and epiphyte species present in the 21 plots. Due to the evaporative enrichment of the heavier isotope in leaves, stem xylem water isotope ratios may provide a better integrated signal of plant water (Zhao et al., 2016). However, given the challenges associated with sampling stem water, particularly for epiphytes, we focus our study on leaf water. Many epiphyte species in our tropical cloud forest are orchids with pseudobulb stems, so extracting their stem xylem water would have been difficult (Wang et al., 2019). We note that evaporative enrichment is lower in cloud forests because leaf wetting, fog, and high atmospheric humidity reduce transpiration rates (Alvarado-Barrientos et al., 2014). Finally, leaf water analysis may be a relatively non-intrusive method for quantifying the sources of plant water (Benettin et al., 2021).

We also collected water samples of fog drip and rainfall within each plot purely to measure isotope ratios (and not to quantify fog precipitation). We followed Liu et al. (2005) for fog drip collection, wherein a simple self-made fog drip collector made of plastic film was used to intercept and collect the fog droplets formed upon contact (Supplementary Figure S3C). Specifically, fog drip in each plot was collected by hanging a clean plastic film between the two trees, with clear exposure on the windward side (Supplementary Figures S3B, C). We set this from 19:00 to 21:00 h when heavy fog had set in and when there was no rain. The intercepted smaller fog droplets condense and gradually coalesce to form large water droplets, which are collected in a storage tank at the lower end of the plastic film. Finally, each condensed water sample was saved in a 20 ml tube. We collected fog drip water, soil water, and rain water separately. Rainfall samples were collected under the trees using a 20 ml tube at the beginning of a rainfall event. All the collected plant, soil, fog, and rainfall samples were stored in liquid nitrogen containers before measuring isotope ratios (δ2H, and δ18O). Due to the shallow soils and short tree root length, we sampled soils at 0-20 cm depth, collecting three samples (20 g each) in each plot, using a 5 cm diameter soil auger, in both the months. We collected soil water on a day when there was no rain. Before performing the isotope analysis, we needed to extract leaf water and soil water from all the samples, which we did using a fully automatic vacuum condensation extraction system (LI-2100, LICA United Technology Limited, Beijing, China). The extraction rate of water from the samples was assessed to be more than 98% on the basis of gravimetric analysis.

For plant trait measurements, undertaken in February and July, we severed a small branch from each tree being sampled and measured a set of plant traits including maximum photosynthesis rate (Aarea; μmol cm-2 s-1), transpiration rate (mol m-2 s-1), stomatal density (number of stomata mm-2 of leaf area), stomatal conductance (mmol m-2 s-1), leaf turgor loss point (TLP; MPa), and leaf δ13C for tree and vascular epiphyte communities. To minimize intraspecific variation in trait measurements, we selected only individuals with DBH near the species mean value. We also ensured that leaves were collected from the same individuals for each species in both the wettest and driest months.

For the dry season measurements, we carried out the sampling and field measurements from February 5 to 10, 2019, during which period rainfall occurred only on February 10. We matched these measurements for the wettest month and started sampling on 5th July and completed the field work by the 10th of July. Although it rained almost every day in the month of July, we had only night rains from July 5 to 6, 2019. Thus, we collected soil water samples and leaf samples (for measuring leaf isotope) in the mornings of July 5 and 6 for the wet season. We collected fog drip from 19:00 to 21:00 h on the nights of July 8 and February 8 and rainfall samples on July 10 and February 10. This study design enabled us to quantify 1) the hydraulic responses of the tree and epiphyte communities in the wettest and driest parts of the year; and 2) the relative contributions of rainfall, fog, and soil water to the water use strategies of tree and epiphyte communities in wettest and driest conditions.




2.3 Isotope (δ2H, δ18O, and δ13C) measurements

We measured δ13C using the conventional Pee Dee Belemnite standard (Farquhar et al., 1989). Then, we sampled 0.5-1.5 ml of leaf water, soil water, fog and rainfall, to measure δ18O and δ2H. The isotopic compositions were analyzed using a liquid water isotope analyzer (Model DLT-100, Los Gatos Research, USA) that employs cavity enhanced absorption spectroscopy. The precision of the isotope analyzer was typically better than ± 1.2‰ for δ2H and ± 0.3‰ for δ18O. To account for the possible presence of organic contaminants in cryogenically extracted water samples from plant tissues, the stable isotopic ratios of leaf water measured by the LGR system were corrected as described in previous studies (Schultz et al., 2011; Wu et al., 2016), and the specific details are given in Supplementary Data Sheet - Text S2 in the Supplementary Material.




2.4 Meteorological variables and soil water measurements

In 2017, an automatic weather station (YT-QXC4, Shandong, China) was installed in a central location, near the 21 sampling plots (also in forested area) and situated at an elevation of 1245 m a.s.l. (Supplementary Figure S2). This installation enabled the continuous monitoring and collection of data - rainfall frequency (number of rainy days in a month), and monthly mean values for rainfall, total solar radiation, air temperature, humidity and wind speed. We also surveyed fog duration or timing from 6:00 to 23:00 h in July and February by observing for fog on each day. Specifically, nocturnal fog was observed by setting up a light in the plot. We used about 20 g soil for each of the 21 soil samples to measure gravimetric soil water (g/kg). All soil samples were oven-dried for 24 h at 105 °C for these measurements.




2.5 Maximum photosynthesis rate, transpiration rate and stomatal conductance, stomatal density, leaf hydraulic capacitance and leaf turgor loss point measurements

We used the Li-6800 portable photosynthesis system (Li-Cor, Lincoln, Nebraska, USA) to measure maximum photosynthesis rate, transpiration rate and stomatal conductance between 9:00 AM and 11:00 AM on sunny days. Five canopy leaf-bearing branches at similar heights (~20 mm in diameter) were harvested, and then photosynthetic measurements were taken within 1 h (Wyka et al., 2012). Based on preliminary trials, we set the photosynthetic photon flux at 1200 μmol m-2 s-1 to ensure all the species were measured for light-saturated photosynthetic rates (Zhang et al., 2018). We set chamber CO2 and air temperature as 400 μmol mol-1 and 28 °C, respectively. Before collecting the data, we first exposed the leaves to the above conditions for about 5 minutes to allow photosynthetic parameters to stabilize. We sampled five to six fully expanded and sun-exposed leaves from three to five mature individuals to measure maximum photosynthesis rate, transpiration rate and stomatal conductance, whose values are referred to as leaf area units.

Stomatal density was measured using the protocol in Carins Murphy et al. (2012). We first collect leaf surface film and then use an optical microscope (LEICA DM3000 LED) and Image J software to calculate stomatal density in the leaf cuticles (2 per leaf and 5 fields of view per cuticle).

Leaf turgor loss point was determined from leaf pressure-volume (P-V) curve (Sack et al., 2003) for each species in both seasons. For the measurement of P-V curve, we selected healthy leafy branches (or entire plants for several small epiphyte species) from five individuals in the early morning (05:00 and 07:00 h). The samples were packed in black plastic bags with the cut ends maintained underwater, and were immediately sent to the laboratory (within 1 h). The sampled leaves were water saturated because leaf water potential was higher than -0.3 MPa, and did not show a decrease during transportation. For each measured leaf, we determined saturated leaf mass and subsequently conducted a bench-drying procedure (dehydration on a lab bench at 25°C) to obtain a range of leaf water potentials. During leaf desiccation, we periodically measured leaf mass and leaf water potential (Kleaf) by using a precision scale (0.0001g) and a pressure chamber (PMS, Corvallis, OR, USA), respectively. Finally, the dry leaf mass was determined after drying in an oven at 70°C for about 72 h. We calculated relative water content (RWC) and then constructed P-V curve by plotting leaf RWC against Kleaf. Leaf P-V curves of the measured species showed distinct two-phase linear equation, and leaf water potential at turgor loss point (TLP) was estimated from the point of intersection of the two lines (Brodribb and Holbrook, 2003; Wang et al., 2021).

Leaf hydraulic capacitance (C) was determined from the slope of P-V curve for each species, with the help of following equation (Brodribb and Holbrook, 2003).

	

Here, DW is leaf dry weight (g), LA is leaf area (m2), WW is mass of leaf water at 100% RWC (g), and M is molar mass of water (g mol-1). δRWC/δΨl could be attained from P-V curve.




2.6 Statistical analysis

Community weighted mean (CWM) of a functional trait is defined as the summation over all species in the community of the species mean trait values weighted by their respective relative abundances (Garnier et al., 2004). CWM is considered a good measure of ecosystem response to abiotic factors (Lavorel and Garnier, 2002; Suding et al., 2008; Laughlin, 2014). Therefore, for each of the 21 plots, community-level trait metrics or isotopes (CWMjk) for the tree and epiphyte community were quantified for each trait or isotopes (j) in each plot (k) following Garnier et al. (2004) and Buzzard et al. (2016) and using the following formula:

	

where xik is the relative abundance of species i in plot k and tik is the isotope or leaf functional trait value of species i in plot k. In reality, CWMjk was calculated using function ‘dbFD’ in the FD package in R.

The Bayesian stable isotope mixing model (Parnell et al., 2013) is widely used for tracing the proportional contributions of various sources to a stable isotope mixture. It is based on isotopic mass conservation and that the isotopic mass for the mixture should contain the signature of the proportional contributions of the isotopic masses from all its potential sources (Wang et al., 2019). As long as the multiple isotope sources have clearly different isotope ratio signatures, one can reliably apportion the contributions from these sources to a mixture. The Bayesian approach can incorporate priors such as rooting depth and other attributes that affect the relative contribution of different sources. In the cloud forest ecosystem, leaf water in trees can originate from soil water, fog, and rainfall, whereas the epiphytes we studied can access water only from the air via rainfall and fog and cannot tap into the host tree xylem water. Thus, by using Bayesian stable isotope mixing model and the isotope ratios (δ2H and δ18O) for leaf water, soil water, fog, and rainfall, we could trace the proportional contributions of soil water, rainfall, and fog to foliar/leaf water (Wu et al., 2018). This model was implemented using the ‘siarmcmcdirichletv4’ function in R (siar package), an algorithm which uses the distinctive δ2H and δ18O isotope ratios to quantify the relative contributions (%) of fog water, rainfall, and soil water to leaf water in tree and the epiphyte communities in the 21 plots for both the wettest and driest months.

We performed a series of comparisons to understand the differences in functional traits between life forms, differences in meteorological variables between seasons, and the impact of fog on plant physiology. We used a Wilcoxon Rank Sum test to compare differences in CWMs of maximum photosynthesis rate, transpiration rate and stomatal conductance and density for the tree and the epiphyte communities in the wettest and driest months. Further, we compared four meteorological variables (mean rainfall, total solar radiation, mean air temperature, and mean relative atmosphere humidity), and the soil water content between the two seasons. We also used Wilcoxon Rank Sum to compare the differences in CWMs of δ13C and leaf turgor loss point (TLP) between tree and epiphyte communities during the wettest and driest months. The objective of this analysis was to examine whether the tropical cloud forest ecosystems can maintaining a sufficient water supply in the driest month. Additionally, we determined whether there were any significant differences in CWMs of δ13C and leaf turgor loss point between the tree and epiphyte communities.





3 Results



3.1 Variations in four meteorological variables and soil water content in the wettest and driest months

In July, the mean daily rainfall, total solar radiation, and mean atmospheric temperature were recorded 12.11 mm, 22.23 MJ m-2, and 25.46°C. Conversely, in February, these values decrease to 2.07 mm, 8.64 MJ m-2, and 17.49°C (Figures 1A–C; Supplementary Figure S1). both July and February exhibited mean relative atmospheric humidity levels exceeding 90%, with July registering a slightly higher value of 98.63% compared to 91.53% in February. However, this discrepancy did not reach statistical significance (Figure 1D, P>0.05). Overall, soil water content was also not significantly different between July and February (Figure 1E, P>0.05). Rainfall occurred every day in July, whereas there were just five days of light rain in February (Figure 1F). No discernible differences in fog occurrence were observed between July and February, as fog was consistently present during early morning hours (before 9:00 h) and night-time (after 19:00 h) daily in both months (Figure 1G). In other words, the driest month is marked by much lower rainfall, attenuated total solar radiation, and lower temperature, while some key attributes like fog frequency, air humidity, and soil water content were not significantly lower in this month compared to the values in the wettest (summer) month (Figure 1).




Figure 1 | Evaluations of four below-canopy meteorological variables [(A–D), mean daily rainfall, mean solar radiation amount, mean atmosphere temperature, and mean atmosphere humidity], (E), soil water content, rainfall frequency [(F), total rainfall days in a month] and fog frequency [(G), the total days of fog occurrence in a month] in the July and February respectively. *** indicates significant differences at P<0.001, whereas NS indicates that the differences were not statistically significant (P>0.05) based on Wilcoxon signed-rank tests. Bars indicate the mean values; error bars denote standard errors.






3.2 Species compositions of the tree and the epiphyte communities

We studied a total of 60 tree and 30 vascular epiphyte species belonging to a total of 38 families across the 21 plots (Supplementary Table S2). The common tree species (relative abundance >5%) include Distylium racemosum, Psychotria rubra, Syzygium buxifolium, Ervatamia officinalis, and Symplocos poilanei, and the dominant vascular epiphyte species were Eria thao, Coelogyne fimbriata, Liparis delicatula, and Bulbophyllum retusiusculum (Supplementary Table S2). Our sampled epiphyte community could be considered as totally dependent on atmospheric water (rain, fog, dew) for their leaf water, as all the epiphyte species in the 21 plots were anchored on the tree stems but could not tap into the tree xylem water (Supplementary Table S2).




3.3 Variations of δ2H and δ18O compositions in soil water, rainfall, and fog

As evident from the scatter plot in Figure 2, there were notable variations in the δ2H and δ18O isotopic values across various water sources (including soil water, rainfall, fog, and leaf water), between the tree and epiphyte communities, and between the months of July and February (Figure 2). Notably, the leaf water isotope values were different between seasons for both trees and epiphytes (Figure 2 and p<0.001, Wilcoxon signed-rank tests, Supplementary Table S3). An important exception being δ2H and δ18O values of leaf water for the tree community, which were similar to the values for soil water in the wettest month (Figure 2, p>0.05, Wilcoxon signed-rank tests, Supplementary Table S3). Another exception was for leaf δ2H and δ18O values for the epiphyte community, which were similar to the values for rainfall in July and fog in February (Figure 2, p>0.05, Wilcoxon signed-rank tests, Supplementary Table S3).




Figure 2 | The dual isotope (δ2H and δ18O) plot for soil water, rainfall, fog drip, and leaf water for tree and epiphyte communities in July and February respectively.






3.4 The relative contributions of soil water, rainfall, and fog to foliar water resources

Given the high and persistent rainfall in the wettest (summer) month, we found that soil water contributed nearly 100% of the leaf water for tree communities and rainfall contributed nearly all the leaf water for epiphyte communities (Figure 3A). The contribution of fog water to foliar water uptake was insignificant for the tree or the epiphyte community in the wettest summer month (Figures 3A, B). The contribution of soil water to leaf water declined to 46.4% for the tree community despite no decrease in soil water content in the dry/winter month. Fog contributed 52.3% of leaf water for the tree community in the driest/winter month (Figures 3A, B). Furthermore, the contribution of soil water to leaf water for the epiphyte community was extremely limited and infrequent (<2%; Figures 3A, B). Thus, in summer month, leaf water in trees appears to be entirely due to soil water uptake and leaf water in epiphytes was obtained from rainfall. In the peak dry/winter season, nearly all (99.2%) the leaf water of the epiphyte community was sourced from fog, while the tree community used both soil water and fog water uptake almost equally to maintain leaf water supply (Figure 3A).




Figure 3 | Relative contributions (%) of soil water, fog water, and rainfall towards foliar water resources for the tree and the epiphyte communities (A, B) and relationships among the ratio of δ2H and δ18O for soil water content, fog water and rainfall (C). Contributions and correlations were assessed in July and February respectively (D-F).



We computed correlations of isotope ratios of rain and fog water to soil water in the wet (July/summer) and dry (February/winter) seasons. Isotope ratios of rain and soil water showed a highly significant correlation during the wet season (R2 = 0.61, P<0.005; Figures 3C–F), when heavy rainfall occurs on a daily basis (Figure 1), whereas no significant correlation was observed during February (R2 = 0.21, p>0.05; Figures 3C–F), when the rainfall was nearly 40 times lower (Figure 1). On the other hand, isotope ratios of fog and soil water were significantly correlated in the dry/winter season (February; R2 = 0.45, p<0.05; Figures 3D–F). In comparison, there was no significant correlation between isotope ratios of fog water and soil water in the summer month (July; p>0.05; Figures 3D–F). In other words, rainfall is the main water input for the soil water during wet summer months, while fog contributes significantly to soil water in the dry winter season.




3.5 Variations in photosynthesis rate, transpiration rate, stomatal conductance, stomatal density, δ13C, leaf turgor loss point and leaf hydraulic capacitance for the tree and epiphyte communities in the wettest and driest months

We observed reduced photosynthesis and transpiration rates for both plant communities in the driest (winter) month compared to the wettest (summer) month: CWMs of photosynthesis rate in February (2.9 μmol cm-2 s-1 and 4.9 μmol cm-2 s-1 for the epiphytes and the trees, respectively) were approximately one-third to one-half of same values in July (8.2 μmol cm-2 s-1 and 10.7 μmol cm-2 s-1, for the epiphytes and the trees, respectively; p<0.001, Wilcoxon signed-rank tests, Figures 4A, B). Similarly, CWMs of transpiration rates for both the plant communities in February (0.001 and 0.002 mol m-2 s-1 for the epiphytes and trees, respectively) were about one-third of those in July (0.003 and 0.0067 mol m-2 s-1, respectively; p<0.001, Wilcoxon signed-rank tests, Figures 4C, D).




Figure 4 | Differences in community-weighted mean values (CWM) of (A, B) maximum photosynthesis rate (Aarea; μmol cm-2 s-1), (C, D) transpiration rate (mol m-2 s-1), (E, F) stomatal density (total stomata mm-2 of leaf area), and (G, H) stomatal conductance (mmol m-2 s-1) and between July and February for all the tree and epiphyte species sampled. *** indicates significant differences at P<0.001 based on Wilcoxon signed-rank tests. Bars indicate the mean values and error bars denote standard errors.



We also found a reduced stomatal density and stomatal conductance for both the plant communities in the driest (winter) month compared to the wettest (summer) month: CWMs of stomatal density for both the plant communities in February (62 stomata mm-2 of leaf and 316 total stomata mm-2 of leaf for the epiphytes and the trees, respectively) were about one-third to one-half of those in July (203 stomata mm-2 of leaf and 676 stomata mm-2 of leaf, for the epiphytes and the trees, respectively) (p<0.001, Wilcoxon signed-rank tests, Figures 4E, F). Similarly, CWMs of stomatal conductance in February (0.06 mmol m-2 s-1 and 0.1 mmol m-2 s-1 for the epiphytes and the trees, respectively) were approximately half of corresponding values in July (0.11 mmol m-2 s-1and 0.2 mmol m-2 s-1) for epiphytes and trees (p<0.001, Wilcoxon signed-rank tests, Figures 4G, H).

For the tree community, CWM values of δ13C were -31.32 ‰ and -31.97 ‰ for July and February respectively, and CWMs for TLP were -1.07 MPa and -1.06 MPa for July and February, respectively. The CWM values for the tree community did not differ between July and February for δ13C and TLP (p>0.05, Wilcoxon signed-rank tests, Figures 5A, B). In contrast, for the epiphyte community, the CWM values of δ13C (-28.95 ‰ and -31.97 ‰ in July and February, respectively) and TLP (-1.06 MPa and -1.61 MPa in July and February, respectively) were all significantly more negative (p<0.001, Wilcoxon signed-rank tests, Figures 5A, B), in February compared to July (Figures 5A, B).




Figure 5 | Differences in community-weighted mean values (CWM) of δ13C (A), the leaf turgor loss point [TLP, (B)], and leaf hydraulic capacitance (C) between July and February for all the tree and epiphyte species. *** indicates significant differences at P<0.001 and NS indicates that no significant differences were noticed (P>0.05) after Wilcoxon signed-rank tests were performed. Bars indicate the mean values; error bars denote standard errors.



A significantly increased leaf hydraulic capacitance (C) was observed for both the plant communities in the driest (winter) month as compared to the wettest (summer) month: CWMs of C in February (4.77 mol m-2 MPa-1 and 4.19 mol m-2 MPa-1 for the epiphytes and the trees, respectively) were approximately 2.2-2.5 times the corresponding values in July (1.88 mol m-2 MPa-1 and 1.72 mol m-2 MPa-1, for the epiphytes and the trees, respectively; p<0.001, Wilcoxon signed-rank tests, Figure 5C).





4 Discussion

Our study quantifies the variation in the contribution of rain, fog, and soil waters to leaf water content in an old-growth tropical cloud forest ecosystem. The data presented herein illustrate the mechanism by which this tropical cloud forest plant community sustains an adequate water supply during contrasting periods, namely, the abundant rainfall of summer versus the scarcity of precipitation during winter. We infer that when there is heavy rainfall during a summer month (wet season), large quantities of this water are added to the soil. The trees take up the water from the soil using the standard hydrological process that depends on the well-known soil-plant-atmosphere continuum (SPAC) mechanism (Berry et al., 2019; Schreel and Steppe, 2020). Along with high recharge of soil water through precipitation, other climatic conditions of high temperature, high transpiration, ample solar radiation, enriched stomatal density, stomatal conductance and enhanced photosynthesis also favor this pathway of water movement during the summer. On the other hand, in a peak (dry) winter month, we see a significant downregulation of photosynthesis and transpiration, probably caused by low temperatures and reduced solar radiation/light availability, which could reduce (transpirational) water demand, and thus soil water uptake. Changes in climatic and physiological conditions, combined with factors such as leaf wetting, are known to favor foliar water uptake (FWU; Goldsmith et al., 2013; Eller et al., 2016; Oliveira et al., 2014; Schreel and Steppe, 2020). We hypothesize that during winter days, the water requirement of tissues at the top of the canopy would be greater than that in lower parts, especially in tall trees, and this could favor FWU to maintain leaf turgor. Low transpiration losses (reduced water needs for transpiration), combined with soil water uptake and foliar fog uptake could fulfil the leaf water requirements in the dry season.



4.1 The relative contributions of soil water, rainfall and fog to the tree community in the wettest and the driest months

Consistent with the previous observations (Scholl et al., 2011; Brinkmann et al., 2018; Schihada et al., 2018; Zhan et al., 2020), our results clearly show that soil water, rainfall, and fog have very different isotope (δ2H, and δ18O) concentrations with the changing intensity in rainfall between seasons. Therefore, the Bayesian stable isotope mixing model could apportion the relative contributions of fog, soil water, and rainfall to leaf water for tree and epiphyte communities. We found a clear contrast between the source of leaf water in July (wet summer) and February (peak of a dry winter season), with nearly all the leaf water in trees in the wettest summer month being taken up from soils. We also found that transpiration rates were significantly high in July (>3 times that in the winter month), and the soil water being continuously replenished by the daily rainfall (indeed, the isotope signals for soil water were highly related to those for rainfall). In this scenario, it is most likely that the trees rely on the SPAC pathway (instead of foliar uptake of rainfall). On the contrary, during dry winter weather, the temperatures are low, transpiration rates are much lower, and photosynthesis is also strongly reduced. In such scenario, we infer that soil water requirement (and thus its uptake) is reduced, and a FWU (of fog) could be facilitated by trees so that the leaf turgor remains maintained.

Pathways/strategies for FWU vary across different plant species (as reviewed extensively by Berry et al., 2019, and by Schreel and Steppe, 2020), and it is plausible that the net cumulative effect of FWU at the community/ecosystem levels are far reaching than initially thought, a hypothesis that our data indicates. Further research is warranted in this direction.

By examining our results in totality, we could infer that rain is a major contributor of soil water during summers and this water is taken up by the trees by adapting a traditional SPAC flow. But during dry winters, the trees might additionally adapt a strategy involving FWU of fog to replenish leaf water, while soil water uptake may still remain the primary source of transpired water. Further, there could be potentially confounded contributions of fog to soil water to some extent. It is possible that FWU might decouple leaf-gas exchange from soil water availability (Schreel and Steppe, 2020), thus further complicating the quantification of the different sources to leaf water. It is also conceivable that trees might also tap deep underground water in the driest month, but some scholars have already reported that this tropical cloud forest has very shallow soil (less than 30 cm) and short root length (less than 30 cm) (Long et al., 2011c; Yang et al., 2021), therefore, this is very unlikely (Hildebrandt and Eltahir, 2007).

Surprisingly, we found that TLP and δ13C do not differ between the peak wet and dry seasons even though TLP and δ13C are good indicators of general water availability or water stress (Farrell et al., 2017; Acosta-Rangel et al., 2018). Also, these are highly associated with photosynthesis rates, as they influence the ability of plants to maintain cell turgor under drought conditions and reflect long-term water-use efficiency (Nogueira et al., 2004; Bartlett et al., 2012). The stable TLP and δ13C values for the tree community and comparable soil water content between July and February indicate adequate water availability to the trees in both seasons. Any difference in water availability between seasons may in part be compensated by differences in leaf hydraulic capacitance (Goldsmith et al., 2013). The observation that leaf hydraulic capacitance in the dry season was 2.5 times than in the wet season indicates modification of leaf traits for better water retention in the dry season. All things considered, the low rainfall input in the driest month could have been compensated with increased leaf hydraulic capacitance, suppressed photosynthesis rate and transpiration, low temperature, high humidity, and possibly a fog input. These conditions appear sufficient to maintain adequate water availability for this cloud forest, at least for the tree and epiphyte communities (discussed below).

There remain some gaps in our understanding of water cycling for the tree community. We need further investigation to understand the mechanism of FWU for tree community in the dry season. We also need specific data on leaf temperature, leaf water potential, soil water potential, and sap flux measurements to understand the direction and flow rates of water movement. The effects of leaf phenology should also be considered in interpreting the effects of variation in solar radiation, temperature, and rainfall on this tropical cloud forest ecosystem. To assess fog inputs, we need data on fog intensity and duration, above-canopy observations of climatic variables, wind-driven rain and continuous soil water content measurements alongside sap-flow observations of transpiration (Holwerda et al., 2006; Schmid et al., 2011).




4.2 The relative contributions of rainfall, fog, and soil water to epiphyte community across the wettest and driest months

Given that the epiphyte community on Hainan Island derives its water fully relies on atmospheric sources, such as fog and rainfall, which could be directly absorbed by their leaves and roots, and could serve as leaf water resources in both the seasons (Gotsch et al., 2015, 2018; Wu et al., 2018). Although, fog and rainfall are equally frequent in July, rainfall can provide much higher water input than fog in the wet season. Moreover, photosynthesis rate and transpiration for epiphyte community are relatively high in July, which should favor root water absorption. In a peak dry winter period, fog still occurs every day, and the resultant leaf wetting should favor its uptake.

In February the epiphyte community has lower TLP than that in July. Further, the low temperature, and limited and infrequent rainfall in the driest month may cause epiphytes to lower their osmotic potential and to increase the uptake of fog water (Bartlett et al., 2014; Gotsch et al., 2015, 2018). Indeed, we observed that fog acted as a main source for leaf water for the epiphyte community in the driest month. We also found δ13C in February was higher than that in July, indicating higher water use efficiency under lower water availability (Acosta-Rangel et al., 2018). However, water use efficiency could also be affected by the changes in the photosynthesis rates (Nogueira et al., 2004), and the suppressed photosynthetic rates in February could have counteracted the increase in water use efficiency to a certain extent.




4.3 Differences in community-level hydraulic responses between seasons and life-forms

Previous studies have documented reduced photosynthesis and transpiration rates during the arid winter season, but limited to a select few species (Burgess and Dawson, 2004; Goldsmith et al., 2013; Alvarado-Barrientos et al., 2014). We show that community level ecophysiological responses (such as reduced photosynthesis rate and transpiration, and fog utilization) vary with the quantity of rainfall and life-forms (trees vs. epiphytes). These findings therefore expand prior knowledge on the varied hydraulic responses as a function of water availability and life-forms from the species level (Oliveira et al., 2014; Gotsch et al., 2015; Wu et al., 2018; Berry et al., 2019) to the community level.

We also found that fog had different effects on tree and epiphyte communities. Given that the epiphytes here cannot tap into the host tree xylem water, foliar uptake of fog water could be critical to ensure leaf water supply for the epiphyte community when rainfall is critically low in the driest month. However, reduction in temperature and suppression of photosynthesis might result in lower leaf water use efficiency and higher leaf turgor loss point for the epiphyte community. Fog contributed to leaf water supply for tree community in the cold dry month, when rainfall was limited, and was therefore important for the tree community as well.

Detailed knowledge of the hydrological feedbacks of tropical forest ecosystems is only emerging (Staal et al., 2020), but there are predictions of dramatic losses (>50%) of tropical cloud forest cover due to climate warming and increase in cloud-base heights [predictions for 2052 by IPCC 5th assessment reports; as well as studies by (Los et al., 2019)]. Another independent simulation study predicts significant loss of tropical cloud forests in Mexico by 2080 if temperatures were to rise by >4°C and surrounding lowland forests were lost (Ponce-Reyes et al., 2012). We found that fog water made little contribution to tree and epiphyte communities in the wettest month, reasons of which need further investigations, which are out of scope of this report. However, in the peak of the dry season, fog appears to be important for water safety, hence the importance of maintaining cloud immersion for cloud forest persistence (Wu et al., 2018).

Forest ecosystems provide the most sustainable and highest quality freshwater (Vose, 2019) and soil water content appears to be the key determinant of freshwater supply from forest ecosystems (Neary et al., 2009). Sustaining this important ecohydrological process involves maintaining the structural and functional integrity of the cloud forest ecosystem and avoiding serious climatic changes (Zhan et al., 2020).





5 Conclusions

We conclude that both rainfall and aerial water such as fog, are important components of water budget safety for tree and epiphyte species in the cloud forests of Hainan Island. Further, reductions in solar radiation and atmospheric temperature, and a strong dry season results in two key ecosystem hydraulic responses: (i) reduced photosynthesis and transpiration, which might induce a large reduction in soil water uptake, and (ii) enhanced leaf hydraulic capacitance and foliar water uptake. These are the crucial factors that help tropical cloud forest plant species to operate within the hydraulic safety margins and maintain adequate water under seasonal changes in water supply. This ecohydrological relationship should be preserved in order to ensure freshwater supply across the wettest and driest months. The sensitivity of cloud-base heights to climate changes puts the cloud forest at great risk (Bruijnzeel et al., 2011; Sarmiento and Kooperman, 2019). Precise data on ecophysiological responses of tree and epiphyte species to changing climatic conditions are urgently needed to be incorporated in climate-vegetation models for tropical cloud forest.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

QY: Conceptualization, Formal analysis, Methodology, Writing – original draft, Writing – review & editing. ZZ: Writing – original draft. HZ: Writing – original draft, Writing – review & editing. HY: Writing – review & editing. SP: Writing – original draft. RJ: Writing – original draft.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was funded by the National Natural Science Foundation of China (U22A20449), the Hainan Provincial Natural Science Foundation of China (422CXTD508), the specific research fund of the Innovation Platform for Academicians of Hainan Province, Research project of Hainan academician innovation platform (YSPTZX202017), the Hainan Province Science and Technology Special Fund (ZDYF2022SHFZ320), and by a start-up funds from Lanzhou Universities.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor XL declared a past co-authorship with the author HZ.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1488163/full#supplementary-material




References

 Acosta-Rangel, A., Ávila-Lovera, E., De Guzman, M. E., Torres, L., Haro, R., Arpaia, M. L., et al. (2018). Evaluation of leaf carbon isotopes and functional traits in avocado reveals water-use efficient cultivars. Agric. Ecosyst. Environ. 263, 60–66. doi: 10.1016/j.agee.2018.04.021

 Aiba, S.-I., and Kitayama, K. (2002). Effects of the 1997-98 El Niño drought on rain forests of mount Kinabalu, Borneo. J. Trop. Ecol. 18, 215–230. Available at: http://www.jstor.org/stable/3068732.

 Alan Pounds, J., Bustamante, M. R., Coloma, L. A., Consuegra, J. A., Fogden, M. P. L., Foster, P. N., et al. (2006). Widespread amphibian extinctions from epidemic disease driven by global warming. Nature 439, 161–167. doi: 10.1038/nature04246

 Alvarado-Barrientos, M. S., Holwerda, F., Asbjornsen, H., Dawson, T. E., and Bruijnzeel, L. A. (2014). Suppression of transpiration due to cloud immersion in a seasonally dry Mexican weeping pine plantation. Agric. For Meteorol. 186, 12–25. doi: 10.1016/j.agrformet.2013.11.002

 Anchukaitis, K. J., and Evans, M. N. (2010). Tropical cloud forest climate variability and the demise of the Monteverde golden toad. PNAS 107, 5036–5040. doi: 10.1073/pnas.0908572107

 Anderegg, W. R. L., Berry, J. A., Smith, D. D., Sperry, J. S., Anderegg, L. D. L., and Field, C. B. (2012). The roles of hydraulic and carbon stress in a widespread climate-induced forest die-off. PNAS 109, 233–237. doi: 10.1073/pnas.1107891109

 Bartlett, M. K., Scoffoni, C., and Sack, L. (2012). The determinants of leaf turgor loss point and prediction of drought tolerance of species and biomes: a global meta-analysis. Ecol. Lett. 15, 393–405. doi: 10.1111/j.1461-0248.2012.01751.x

 Bartlett, M. K., Zhang, Y., Kreidler, N., Sun, S., Ardy, R., Cao, K., et al. (2014). Global analysis of plasticity in turgor loss point, a key drought tolerance trait. Ecol. Lett. 17, 1580–1590. doi: 10.1111/ele.12374

 Benettin, P., Nehemy, M. F., Cernusak, L. A., Kahmen, A., and McDonnell, J. J. (2021). On the use of leaf water to determine plant water source: A proof of concept. Hydrol Process. 35, e14073. doi: 10.1002/hyp.14073

 Berry, Z. C., Emery, N. C., Gotsch, S. G., and Goldsmith, G. R. (2019). Foliar water uptake: Processes, pathways, and integration into plant water budgets. Plant Cell Environ. 42, 410–423. doi: 10.1111/pce.13439

 Berry, Z. C., Johnson, D. M., and Reinhardt, K. (2015). Vegetation-zonation patterns across a temperate mountain cloud forest ecotone are not explained by variation in hydraulic functioning or water relations. Tree Physiol. 35, 925–935. doi: 10.1093/treephys/tpv062

 Binks, O., Mencuccini, M., Rowland, L., da Costa, A. C. L., de Carvalho, C. J. R., Bittencourt, P., et al. (2019). Foliar water uptake in Amazonian trees: Evidence and consequences. Glob Chang Biol. 25, 2678–2690. doi: 10.1111/gcb.14666

 Brinkmann, N., Seeger, S., Weiler, M., Buchmann, N., Eugster, W., and Kahmen, A. (2018). Employing stable isotopes to determine the residence times of soil water and the temporal origin of water taken up by Fagus sylvatica and Picea abies in a temperate forest. New Phytol. 219, 1300–1313. doi: 10.1111/nph.15255

 Brodribb, T. J., and Holbrook, N. M. (2003). Stomatal closure during leaf dehydration, correlation with other leaf physiological traits. Plant Physiol. 132, 2166–2173. doi: 10.1104/pp.103.023879

 Bruijnzeel, L. A., Mulligan, M., and Scatena, F. N. (2011). Hydrometeorology of tropical montane cloud forests: emerging patterns. Hydrol Process. 25, 465–498. doi: 10.1002/hyp.7974

 Bruijnzeel, L. A., Scatena, F. N., and Hamilton, L. S. (2010). Tropical montane cloud forests: science for conservation and management (Cambridge: Cambridge University Press).

 Bruijnzeel, L. A., and Veneklaas, E. J. (1998). Climatic conditions and tropical montane forest productivity: the fog has not lifted yet. Ecology 79, 3–9. doi: 10.2307/176859

 Burgess, S. S. O., and Dawson, T. E. (2004). The contribution of fog to the water relations of Sequoia sempervirens (D. Don): foliar uptake and prevention of dehydration. Plant Cell Environ. 27, 1023–1034. doi: 10.1111/j.1365-3040.2004.01207.x

 Buzzard, V., Hulshof, C. M., Birt, T., Violle, C., and Enquist, B. J. (2016). Re-growing a tropical dry forest: functional plant trait composition and community assembly during succession. Funct. Ecol. 30, 1006–1013. doi: 10.1111/1365-2435.12579

 Carins Murphy, M. R., Jordan, G. J., and Brodribb, T. J. (2012). Differential leaf expansion can enable hydraulic acclimation to sun and shade. Plant Cell Environ. 35, 1407–1418. doi: 10.1111/j.1365-3040.2012.02498.x

 Cavallaro, A., Carbonell Silleta, L., Pereyra, D. A., Goldstein, G., Scholz, F. G., and Bucci, S. J. (2020). Foliar water uptake in arid ecosystems: seasonal variability and ecophysiological consequences. Oecologia 193, 337–348. doi: 10.1007/s00442-020-04673-1

 Cernusak, L. A., Ubierna, N., Winter, K., Holtum, J. A. M., Marshall, J. D., and Farquhar, G. D. (2013). Environmental and physiological determinants of carbon isotope discrimination in terrestrial plants. New Phytol. 200, 950–965. doi: 10.1111/nph.12423

 Cheng, Y., Zhang, H., Zang, R., Wang, X., Long, W., Wang, X., et al. (2020). The effects of soil phosphorus on aboveground biomass are mediated by functional diversity in a tropical cloud forest. Plant Soil. 449, 51–63. doi: 10.1007/s11104-020-04421-7

 Choat, B., Brodribb, T. J., Brodersen, C. R., Duursma, R. A., López, R., and Medlyn, B. E. (2018). Triggers of tree mortality under drought. Nature 558, 531–539. doi: 10.1038/s41586-018-0240-x

 Dawson, T. E., and Goldsmith, G. R. (2018). The value of wet leaves. New Phytol. 219, 1156–1169. doi: 10.1111/nph.15307

 de Meyer, A. P. R. R., Ortega-Andrade, H. M., and Moulatlet, G. M. (2022). Assessing the conservation of eastern Ecuadorian cloud forests in climate change scenarios. Perspect. Ecol. Conserv. 20, 159–167. doi: 10.1016/j.pecon.2022.01.001

 Diaz, H. F., Giambelluca, T. W., and Eischeid, J. K. (2011). Changes in the vertical profiles of mean temperature and humidity in the Hawaiian Islands. Glob Planet Change. 77, 21–25. doi: 10.1016/j.gloplacha.2011.02.007

 Eller, C. B., Lima, A. L., and Oliveira, R. S. (2013). Foliar uptake of fog water and transport belowground alleviates drought effects in the cloud forest tree species, Drimys brasiliensis (Winteraceae). New Phytol. 199, 151–162. doi: 10.1111/nph.12248

 Eller, C. B., Lima, A. L., and Oliveira, R. S. (2016). Cloud forest trees with higher foliar water uptake capacity and anisohydric behavior are more vulnerable to drought and climate change. New Phytol. 211, 489–501. doi: 10.1111/nph.13952

 Ellsworth, P. Z., and Cousins, A. B. (2016). Carbon isotopes and water use efficiency in C4 plants. Curr. Opin. Plant Biol. 31, 155–161. doi: 10.1016/j.pbi.2016.04.006

 Farquhar, G. D., Ehleringer, J. R., and Hubick, K. T. (1989). Carbon isotope discrimination and photosynthesis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 40, 503–537. doi: 10.1146/annurev.pp.40.060189.002443

 Farrell, C., Szota, C., and Arndt, S. K. (2017). Does the turgor loss point characterize drought response in dryland plants? Plant Cell Environ. 40, 1500–1511. doi: 10.1111/pce.12948

 Fisher, M. C., and Garner, T. W. J. (2020). Chytrid fungi and global amphibian declines. Nat. Rev. Microbiol. 18, 332–343. doi: 10.1038/s41579-020-0335-x

 Garnier, E., Cortez, J., Billès, G., Navas, M.-L., Roumet, C., Debussche, M., et al. (2004). Plant functional markers capture ecosystem properties during secondary succession. Ecology 85, 2630–2637. doi: 10.1890/03-0799

 Gerlein-Safdi, C., Gauthier, P. P. G., and Caylor, K. K. (2018). Dew-induced transpiration suppression impacts the water and isotope balances of Colocasia leaves. Oecologia 187, 1041–1051. doi: 10.1007/s00442-018-4199-y

 Giambelluca, T. W., and Gerold, G. (2011). “Hydrology and biogeochemistry of tropical montane cloud forests,” in Forest Hydrology and Biogeochemistry. Eds.  D. Levia, D. Carlyle-Moses, and T. Tanaka (Ecological Studies, 216. Springer, Dordrecht). doi: 10.1007/978-94-007-1363-5_11

 Goldsmith, G. R., Matzke, N. J., and Dawson, T. E. (2013). The incidence and implications of clouds for cloud forest plant water relations. Eco. Lett. 16, 307–314. doi: 10.1111/ele.12039

 Gotsch, S. G., Asbjornsen, H., Holwerda, F., Goldsmith, G. R., Weintraub, A. E., and Dawson, T. E. (2014). Foggy days and dry nights determine crown-level water balance in a seasonal tropical montane cloud forest. Plant Cell Environ. 37, 261–272. doi: 10.1111/pce.12151

 Gotsch, S. G., Dawson, T. E., and Draguljić, D. (2018). Variation in the resilience of cloud forest vascular epiphytes to severe drought. New Phytol. 219, 900–913. doi: 10.1111/nph.14866

 Gotsch, S. G., Nadkarni, N., Darby, A., Glunk, A., Dix, M., Davidson, K., et al. (2015). Life in the treetops: ecophysiological strategies of canopy epiphytes in a tropical montane cloud forest. Ecol. Monogr. 85, 393–412. doi: 10.1890/14-1076.1

 Helmer, E. H., Gerson, E. A., Baggett, L. S., Bird, B. J., Ruzycki, T. S., and Voggesser, S. M. (2019). Neotropical cloud forests and páramo to contract and dry from declines in cloud immersion and frost. PloS One 14, e0213155. doi: 10.1371/journal.pone.0213155

 Hildebrandt, A., and Eltahir, E. A. B. (2007). Ecohydrology of a seasonal cloud forest in Dhofar: 2. Role of clouds, soil type, and rooting depth in tree-grass competition. Water Resour. Res. 43, 19–26. doi: 10.1029/2006WR005262

 Holwerda, F., Burkard, R., Eugster, W., Scatena, F. N., Meesters, A. G. C. A., and Bruijnzeel, L. A. (2006). Estimating fog deposition at a Puerto Rican elfin cloud forest site: comparison of the water budget and eddy covariance methods. Hydrol Process. 20, 2669–2692. doi: 10.1002/hyp.6065

 Hu, J., and Riveros-Iregui, D. A. (2016). Life in the clouds: are tropical montane cloud forests responding to changes in climate? Oecologia 180, 1061–1073. doi: 10.1007/s00442-015-3533-x

 Jarvis, A., and Mulligan, M. (2011). The climate of cloud forests. Hydrol Process 25, 327–343. doi: 10.1002/hyp.7847

 Johnson, D. M., and Smith, W. K. (2008). Cloud immersion alters microclimate, photosynthesis and water relations in Rhododendron catawbiense and Abies fraseri seedlings in the southern Appalachian Mountains, USA. Tree Physiol. 28, 385–392. doi: 10.1093/treephys/28.3.385

 Karger, D. N., Kessler, M., Lehnert, M., and Jetz, W. (2021). Limited protection and ongoing loss of tropical cloud forest biodiversity and ecosystems worldwide. Nat. Ecol. Evol. 5, 854–862. doi: 10.1038/s41559-021-01450-y

 Krishnaswamy, J., John, R., and Joseph, S. (2014). Consistent response of vegetation dynamics to recent climate change in tropical mountain regions. Glob Chang Biol. 20, 203–215. doi: 10.1111/gcb.12362

 Laughlin, D. C. (2014). Applying trait-based models to achieve functional targets for theory-driven ecological restoration. Ecol. Lett. 17, 771–784. doi: 10.1111/ele.12288

 Lavorel, S., and Garnier, E. (2002). Predicting changes in community composition and ecosystem functioning from plant traits: revisiting the Holy Grail. Funct. Ecol. 16, 545–556. doi: 10.1046/j.1365-2435.2002.00664.x

 Li, H.-J., Lo, M.-H., Juang, J.-Y., Wang, J., and Huang, C.-y. (2022). Assessment of spatiotemporal dynamics of diurnal fog occurrence in subtropical montane cloud forests. Agric. For Meteorol. 317, 108899. doi: 10.1016/j.agrformet.2022.108899

 Limm, E. B., Simonin, K. A., Bothman, A. G., and Dawson, T. E. (2009). Foliar water uptake: a common water acquisition strategy for plants of the redwood forest. Oecologia 161, 449–459. doi: 10.1007/s00442-009-1400-3

 Liu, W. J., Zhang, Y. P., Li, H. M., and Liu, Y. H. (2005). Fog drip and its relation to groundwater in the tropical seasonal rain forest of Xishuangbanna, Southwest China: a preliminary study. Water Res. 39, 787–794. doi: 10.1016/j.watres.2004.12.002

 Long, W.-X., Ding, Y., Zang, R., Yang, M., and Chen, S.-W. (2011c). Environmental characteristics of tropical cloud forests in the rainy season in Bawangling National Nature Reserve on Hainan Island, South China. Chin. J. Plant Ecol. 35, 13–17. doi: 10.3724/SP.J.1258.2011.00137

 Long, W., Schamp, B. S., Zang, R., Ding, Y., Huang, Y., and Xiang, Y. (2015). Community assembly in a tropical cloud forest related to specific leaf area and maximum species height. J. Veg. Sci. 26, 513–523. doi: 10.1111/jvs.12256

 Long, W., Zang, R., and Ding, Y. (2011a). Air temperature and soil phosphorus availability correlate with trait differences between two types of tropical cloud forests. Flora 206, 896–903. doi: 10.1016/j.flora.2011.05.007

 Long, W., Zang, R., Schamp, B. S., and Ding, Y. (2011b). Within- and among-species variation in specific leaf area drive community assembly in a tropical cloud forest. Oecologia 167, 1103–1113. doi: 10.1007/s00442-011-2050-9

 Los, S. O., Street-Perrott, F. A., Loader, N. J., and Froyd, C. A. (2021). Detection of signals linked to climate change, land-cover change and climate oscillators in Tropical Montane Cloud Forests. Remote Sens Environ. 260, 112431. doi: 10.1016/j.rse.2021.112431

 Los, S. O., Street-Perrott, F. A., Loader, N. J., Froyd, C. A., Cuní-Sanchez, A., and Marchant, R. A. (2019). Sensitivity of a tropical montane cloud forest to climate change, present, past and future: Mt. Marsabit N. Kenya. Quat Sci. Rev. 218, 34–48. doi: 10.1016/j.quascirev.2019.06.016

 Muñoz-Villers, L. E., and McDonnell, J. J. (2013). Land use change effects on runoff generation in a humid tropical montane cloud forest region. Hydrol Earth Syst. Sci. 17, 3543–3560. doi: 10.5194/hess-17-3543-2013

 Nadkarni, N. M., and Solano, R. (2002). Potential effects of climate change on canopy communities in a tropical cloud forest: an experimental approach. Oecologia 131, 580–586. doi: 10.1007/s00442-002-0899-3

 Nair, U. S., Asefi, S., Welch, R. M., Ray, D. K., Lawton, R. O., Manoharan, V. S., et al. (2008). Biogeography of tropical montane cloud forests. Part II: mapping of orographic cloud immersion. J. Appl. Meteorol Climatol. 47, 2183–2197. doi: 10.1175/2007JAMC1819.1

 Neary, D. G., Ice, G. G., and Jackson, C. R. (2009). Linkages between forest soils and water quality and quantity. For. Ecol. Manage. 258, 2269–2281. doi: 10.1016/j.foreco.2009.05.027

 Nogueira, A., Martinez, C. A., Ferreira, L. L., and Prado, C. H. B. A. (2004). Photosynthesis and water use efficiency in twenty tropical tree species of differing succession status in a Brazilian reforestation. Photosynthetica 42, 351–356. doi: 10.1023/B:PHOT.0000046152.05364.77

 Oliveira, R. S., Eller, C. B., Bittencourt, P. R. L., and Mulligan, M. (2014). The hydroclimatic and ecophysiological basis of cloud forest distributions under current and projected climates. Ann. Bot. 113, 909–920. doi: 10.1093/aob/mcu060

 Parnell, A. C., Phillips, D. L., Bearhop, S., Semmens, B. X., Ward, E. J., Moore, J. W., et al. (2013). Bayesian stable isotope mixing models. Environmetrics 24, 387–399. doi: 10.1002/env.2221

 Ponce-Reyes, R., Reynoso-Rosales, V.-H., Watson, J. E. M., VanDerWal, J., Fuller, R. A., Pressey, R. L., et al. (2012). Vulnerability of cloud forest reserves in Mexico to climate change. Nat. Clim Change 2, 448–452. doi: 10.1038/nclimate1453

 Pounds, J. A., Fogden, M. P. L., and Campbell, J. H. (1999). Biological response to climate change on a tropical mountain. Nature 398, 611–615. doi: 10.1038/19297

 Ray, D. K., Nair, U. S., Lawton, R. O., Welch, R. M., and Pielke, R. A. Sr. (2006). Impact of land use on Costa Rican tropical montane cloud forests: Sensitivity of orographic cloud formation to deforestation in the plains. J. Geophys. Res. Atmos. 111. doi: 10.1029/2005JD006096

 Ritter, A., Regalado, C. M., and Aschan, G. (2009). Fog reduces transpiration in tree species of the Canarian relict heath-laurel cloud forest (Garajonay National Park, Spain). Tree Physiol. 29, 517–528. doi: 10.1093/treephys/tpn043

 Sack, L., Cowan, P. D., Jaikumar, N., and Holbrook, N. M. (2003). The ‘hydrology’ of leaves: co-ordination of structure and function in temperate woody species. Plant Cell Environ. 26, 1343–1356. doi: 10.1046/j.0016-8025.2003.01058.x

 Sanford, W. W. (1968). Distribution of epiphytic orchids in semi-deciduous tropical forest in southern Nigeria. J. Ecol. 56, 697–705. doi: 10.2307/2258101

 Sarmiento, F. O., and Kooperman, G. J. (2019). A socio-hydrological perspective on recent and future precipitation changes over tropical montane cloud forests in the Andes. Front. Earth Sci. 7. doi: 10.3389/feart.2019.00324

 Scatena, F. N., Bruijnzeel, L. A., Bubb, P., and Das, S. (2011). “Setting the stage,” in Tropical Montane Cloud Forests: Science for Conservation and Management. Eds.  F. N. Scatena, L. A. Bruijnzeel, and L. S. Hamilton (London: Cambridge University Press), 38–63. doi: 10.1017/CBO9780511778384.003

 Schihada, H., Vandenabeele, S., Zabel, U., Frank, M., Lohse, M. J., and Maiellaro, I. (2018). A universal bioluminescence resonance energy transfer sensor design enables high-sensitivity screening of GPCR activation dynamics. Commun. Biol. 1, 105. doi: 10.1038/s42003-018-0072-0

 Schmid, S., Burkard, R., Frumau, K. F. A., Tobón, C., Bruijnzeel, L. A., Siegwolf, R., et al. (2011). Using eddy covariance and stable isotope mass balance techniques to estimate fog water contributions to a Costa Rican cloud forest during the dry season. Hydrol Process. 25, 429–437. doi: 10.1002/hyp.7739

 Scholl, M., Eugster, W., and Burkard, R. (2011). Understanding the role of fog in forest hydrology: stable isotopes as tools for determining input and partitioning of cloud water in montane forests. Hydrol Process. 25, 353–366. doi: 10.1002/hyp.7762

 Schreel, J. D. M., and Steppe, K. (2020). Foliar water uptake in trees: negligible or necessary? Trends Plant Sci. 25, 590–603. doi: 10.1016/j.tplants.2020.01.003

 Schultz, N. M., Griffis, T. J., Lee, X., and Baker, J. M. (2011). Identification and correction of spectral contamination in 2H/1H and 18O/16O measured in leaf, stem, and soil water. Rapid Commun. Mass Spectrom. 25, 3360–3368. doi: 10.1002/rcm.5236

 Staal, A., Fetzer, I., Wang-Erlandsson, L., Bosmans, J. H. C., Dekker, S. C., van Nes, E. H., et al. (2020). Hysteresis of tropical forests in the 21st century. Nat. Commun. 11, 4978. doi: 10.1038/s41467-020-18728-7

 Still, C. J., Foster, P. N., and Schneider, S. H. (1999). Simulating the effects of climate change on tropical montane cloud forests. Nature 398, 608–610. doi: 10.1038/19293

 Suding, K. N., Lavorel, S., Chapin, F. S., Cornelissen, J. H. C., Díaz, S., Garnier, E., et al. (2008). Scaling environmental change through the community level: a trait-based response-and-effect framework for plants. Glob Chang Biol. 14, 1125–1140. doi: 10.1111/j.1365-2486.2008.01557.x

 Vose, J. M. (2019). Forest and water in the 21st century: A global perspective. J. For. 117, 80–85. doi: 10.1093/jofore/fvy054

 Wang, J., Lu, N., and Fu, B. (2019). Inter-comparison of stable isotope mixing models for determining plant water source partitioning. Sci. Total Environ. 666, 685–693. doi: 10.1016/j.scitotenv.2019.02.262

 Wang, Y.-Q., Ni, M.-Y., Zeng, W.-H., Huang, D.-L., Xiang, W., He, P.-C., et al. (2021). Co-ordination between leaf biomechanical resistance and hydraulic safety across 30 sub-tropical woody species. Ann. Bot. 128, 183–191. doi: 10.1093/aob/mcab055

 Weathers, K. C., Ponette-González, A. G., and Dawson, T. E. (2020). Medium, vector, and connector: fog and the maintenance of ecosystems. Ecosystems 23, 217–229. doi: 10.1007/s10021-019-00388-4

 Werner, W. L. (1988). Canopy dieback in the upper montane rain forests of Sri Lanka. GeoJournal 17, 245–248. doi: 10.1007/BF02432929

 Wu, F., Qi, Y., Yu, H., Tian, S., Hou, Z., and Huang, F. (2016). Vanadium isotope measurement by MC-ICP-MS. Chem. Geol. 421, 17–25. doi: 10.1016/j.chemgeo.2015.11.027

 Wu, Y., Song, L., Liu, W., Liu, W., Li, S., Fu, P., et al. (2018). Fog water is important in maintaining the water budgets of vascular epiphytes in an Asian tropical karst forests during the dry season. Forests 9, 260. doi: 10.3390/f9050260

 Wyka, T. P., Oleksyn, J., Żytkowiak, R., Karolewski, P., Jagodziński, A. M., and Reich, P. B. (2012). Responses of leaf structure and photosynthetic properties to intra-canopy light gradients: a common garden test with four broadleaf deciduous angiosperm and seven evergreen conifer tree species. Oecologia 170, 11–24. doi: 10.1007/s00442-012-2279-y

 Yang, Y., Xiao, C., Wu, X., Long, W., Feng, G., and Liu, G. (2021). Differing trade-off patterns of tree vegetative organs in a tropical cloud forest. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.680379

 Zhan, L., Chen, J., Zhang, C., Wang, T., Xin, P., and Li, L. (2020). Fog interception maintains a major waterfall landscape in southwest China revealed by isotopic signatures. Water Resour. Res. 56, e2019WR025628. doi: 10.1029/2019WR025628

 Zhang, H., Chen, H. Y. H., Lian, J., John, R., Ronghua, L., Liu, H., et al. (2018). Using functional trait diversity patterns to disentangle the scale-dependent ecological processes in a subtropical forest. Funct. Ecol. 32, 1379–1389. doi: 10.1111/1365-2435.13079

 Zhao, L., Wang, L., Cernusak, L. A., Liu, X., Xiao, H., Zhou, M., et al. (2016). Significant difference in hydrogen isotope composition between xylem and tissue water in Populus euphratica. Plant Cell Environ. 39, 1848–1857. doi: 10.1111/pce.12753

 Zotz, G., and Bader, M. Y. (2009). “Epiphytic plants in a changing world-global: change effects on vascular and non-vascular epiphytes,” in Progress in Botany. Eds.  U. Lüttge, W. Beyschlag, B. Büdel, and D. Francis (Berlin: Springer Berlin Heidelberg), 147–170. doi: 10.1007/978-3-540-68421-3_7




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Yang, Zhang, Zhang, Yang, Pandey and John. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1488163-g005.jpg
CWMof 5 3¢ %o

N February
3 July

[a

dekk

NS

VEpiphyte éommunity Tree community

CWM of TLP (MPa)

0.0
024
0.4 -
.06

-0.8

-1.0

125 NS

1.4 4

16 -

-1.8 + T T o
Epiphyte community Tree community

CWM of C (mol m? MPa’™")

5

4

3

2

1

0

‘ | *** I ***

Epiphyte community Tree community





OEBPS/Images/M2.jpg





OEBPS/Images/fpls-15-1488163-g002.jpg
5 "°0 (%o

-140

* 4 OB PXXQODBE P

Soil water in July

Rainfall in July

Fog drip in July

Leaf water for tree community in July

Leaf water for epiphyte community in July

Soil water in February

Rainfall in February

Fog drip in February

Leaf water for tree community in February

Leaf water for epiphyte community in February A

2

-120 -100 -80 -60 -40

5 “H (%)

20





OEBPS/Images/fpls.2024.1488163_cover.jpg
& frontiers | Frontiers in Plant Science

The contributions of rainfall and
fog to leaf water of tree and epiphyte
communities in a tropical cloud forest





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The contributions of rainfall and fog to leaf water of tree and epiphyte communities in a tropical cloud forest

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results and discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Study site

          



          		

            2.2 Field sampling

          



          		

            2.3 Isotope (δ2H, δ18O, and δ13C) measurements

          



          		

            2.4 Meteorological variables and soil water measurements

          



          		

            2.5 Maximum photosynthesis rate, transpiration rate and stomatal conductance, stomatal density, leaf hydraulic capacitance and leaf turgor loss point measurements

          



          		

            2.6 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Variations in four meteorological variables and soil water content in the wettest and driest months

          



          		

            3.2 Species compositions of the tree and the epiphyte communities

          



          		

            3.3 Variations of δ2H and δ18O compositions in soil water, rainfall, and fog

          



          		

            3.4 The relative contributions of soil water, rainfall, and fog to foliar water resources

          



          		

            3.5 Variations in photosynthesis rate, transpiration rate, stomatal conductance, stomatal density, δ13C, leaf turgor loss point and leaf hydraulic capacitance for the tree and epiphyte communities in the wettest and driest months

          



        



        



        		

          4 Discussion

        

          		

            4.1 The relative contributions of soil water, rainfall and fog to the tree community in the wettest and the driest months

          



          		

            4.2 The relative contributions of rainfall, fog, and soil water to epiphyte community across the wettest and driest months

          



          		

            4.3 Differences in community-level hydraulic responses between seasons and life-forms

          



        



        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1488163-g004.jpg
Tree community

Epiphyte community

o (Y L
* X
X k3
5 i * *
X £ 3
o ° <
r fr ¥ f t T 1 T T T T T T T T DU R Y N
e | L I
*
£
i x x X
* x *
x
© o [} o
Y £ =+ {1 r n 1 T T T T T T T T - r ___r T 7T
© ¥ N O o © ¥ N Oo ®©o ©O ¥ o ©O o ©o o ©o ©o oo 1’ o ’vu o »vw o
- = = - © 9 99 9O 995 o© ©o o o ® &N N = = o o
e e ©e ©e <@ ©o © o I o o o o © © © o
eale o o©o o o o o T

(,s 2w Jlowr)

V 40 ANMO

—~

.S LW ow) sjel uonelidsues Jo MO

(B2l JE3) JO , WW BIBWO)S [€)0})
Ayisuap |ejewols Jo NAMMD

(-8 ;.w joww) eaye jun Jod
90UBJONPUOD [BJeWO)S JO INAD

July

February

July

February





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1488163-g001.jpg
February

July

I ¥ g L <o wvw o°o o o O O O oW O .’ O 1’ O uw o
© oW ©o© <« O O N N — -

AN-C._ FIN) JUNOwWe uoijelpel J1ejos ues|)

1

yjuow Jad sAep Auiel |ejo |

(%) Aypiwny aiaydsowyy

o O o O o (9 O O < AN O 00O © < (N O n4u % m o
™ (Q\ [QV - <~ ~ - T ~
(wwi) |jejurel Ajlep uesyy ( D.) ainjesadwa) ues|y (%) 1USUOD JB)EM |I0S (Yuow e ui 8d0ua1in220 Hoy

Jo sAep |e10}) Aouanbauy 6o

~ before 9:00 ~ after 19:00





OEBPS/Images/fpls-15-1488163-g003.jpg
The ratio of 8 2H and 6 '*O for rainfall

The ratio of & *H and 8 "0 for fog

I Soil water

I Rainfall
[ Fog
a July b February

100 ~
SR
5
ERC
L
5 3
@ L:g 60 - B
S5
22
28 404 ol
oz
ss
TE 20+ .
@3

O sk
Tree community  Epiphyte community Tree community  Epiphyte community
July February

R?=0. 21 P=0. 36

R?=0. 61 P=0.003 d .

R2=0.31 P=0.16 T R?=0. 45 P=0. 04

" The ratio of 8H and 8 %O for soil water





OEBPS/Images/M1.jpg
RWC/a%¥; x (DW/LA) x (WW/DW)/M





