Fog induced suppressed photosynthetic water demand and foliar water uptake help the tropical cloud forest escape from drought stress
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Abstract


The importance of fog for the survival and growth of tropical cloud forests is receiving increasing interest in the context of climate change. Current knowledge on this topic is almost entirely based on studies at the species level, which can hardly reflect the response of the whole ecosystem to climate change. We evaluated community-level responses of trees and epiphytes to seasonal drought in Hainan tropical cloud forest ecosystem. We found that fog induced suppressed photosynthetic water demand and foliar water uptake help these forests escape from drought. We infer that reduction in fog due to future climate change may result in high plant mortality in these ecosystems, and artificially simulating fog may help save tropical cloud forests from vanishing worldwide. 

Introduction


Tropical cloud forests occupy just 1.4% of the world’s tropical forest area Bruijnzeel et al. 1994()
, yet their unique fog-induced horizontal precipitation and lowered evapotranspiration rates are critical for regional watersheds and freshwater supply, in particular in those (tropical) regions that encounter seasonal droughts Still et al. 1999(; Häger & Dohrenbusch 2011)
. Tropical cloud forests are also shelters for many endemic plants and animals that require significant efforts of conservation Bruijnzeel et al. 2011a()
. Compared to other tropical rain forests, fog is a frequent phenomenon in tropical cloud forests, still, drought-induced tree mortality has been widely reported in such forests Anderegg et al. 2016()
. This highlights a critical need for a better understanding of the effects of fog on plant functioning in these ecosystems. 

Plant hydraulic response is highly correlated to drought-stress induced global tree mortality  ADDIN EN.CITE 
(Anderegg et al. 2012; Choat et al. 2012; Choat et al. 2018)
. As such, the first step for predicting tree mortality is to understand fog induced specific hydraulic responses to drought stress, which up to now has been highly confined to investigations focused on a species-level studies  ADDIN EN.CITE 
(Johnson & Smith 2008; Ritter et al. 2009; Eller et al. 2013; Eller et al. 2016; Gotsch et al. 2017; Binks et al. 2019)
. Moreover, although the phenomenon of foliar water uptake, associated with fog cover, has been widely recognized, the amount of uptake varied considerably amongst species and even among the leaves of different ages Burgess & Dawson 2004(; Goldsmith et al. 2013)
. Hence, investigations at the species level can hardly reflect the response of the community or the whole ecosystem to drought.

Although fog directly increases surface humidity of soil and vegetation due to horizontal precipitation  ADDIN EN.CITE 
(Bruijnzeel et al. 2011b; Giambelluca & Gerold 2011; Binks et al. 2019)
, it can reduce solar radiation and temperature, thereby indirectly suppresses plant transpiration and reduces plant soil water uptake; this can ameliorate water stress response and maintain soil water storage Bruijnzeel et al. 2011a(; Muñoz-Villers & McDonnell 2013)
. To predict the possible consequences of reductions in fog cover under drier or warmer climates, one needs to understand the net hydrological effect of fog immersion. Yet again, studies comparing these two effects are mainly focused on specific species of planted forests and they have come up with conflicting conclusions. Some studies claimed that such indirect effects of fog might be more significant than the direct influence of fog-induced horizontal precipitation in insuring plants hydraulic safety  ADDIN EN.CITE 
(Burgess & Dawson 2004; García-Santos 2012; Alvarado-Barrientos et al. 2014; Chu et al. 2014)
, whereas opposite conclusion also emerged Häger & Dohrenbusch 2011(; Juvik et al. 2011)
. Thus, we know little about the relative importance of these two effects on helping plant escape drought stress in natural tropical cloud forest ecosystems. 

The tropical cloud forest on Hainan island is among the few undisturbed primary old growth tropical cloud forests in the world Long et al. 2011(a)
, and encounters a seasonal drought Long et al. 2011b()
. Therefore, this forest offers a unique ecosystem to study the above issues. In addition, more than 50% of the world’s tropical cloud forests are distributed in Asia, yet they are disproportionally overlooked Bruijnzeel et al. 2011b()
. Thus, the tropical cloud forest in Hainan island opens a good avenue to understanding fog induced key plant hydraulic response to drought stress. Along with the trees, tropical cloud forest also harbor a large amount of epiphyte species (mosses, bromeliads and fern), which can act as a ‘big sponge’ to absorb rains, and thus help control flood and erosion in the rainy season (Still et al. 1999). However, their hydraulic response to drought remain largely unexplored. 

 Leaf isotopes (δ2H and δ18O) are good indicators of leaf water uptake Goldsmith et al. 2017()
, whereas leaf photosynthetic and transpiration rates can reflect plant photosynthetic water demand, which determine soil water uptake  ADDIN EN.CITE 
(Tardieu & Parent 2017; Peña-Arancibia et al. 2019)
. Leaf carbon isotopic composition (δ13C) serve as a reliable proxy for long-term water use efficiency, with a significantly larger δ13C value suggesting greater water use efficiency  ADDIN EN.CITE 
(Cernusak et al. 2013; Ellsworth & Cousins 2016; Acosta-Rangel et al. 2018)
. Water use efficiency typically increases under decreased water supply Dijkstra et al. 2016()
, thus leaf δ13C can help reveal whether leaf water supply is sufficient or not. In contrast, a higher leaf turgor loss point indicates a higher hydraulic safety when facing drought stress Bartlett et al. 2012(; Eller et al. 2016)
. 

Here, we hypothesize that fog suppresses photosynthesis water demand and meanwhile enhance foliar water (fog and precipitation) uptake, to meet water supply and hydraulic safety when facing drought stress in this tropical cloud forest ecosystem. To testify these hypothesizes, we collected an extensive dataset consisting of, (i) leaf isotope (δ2H, δ18Oand δ13C) and several key leaf hydraulic traits (transpiration rate, leaf turgor loss point and photosynthesis rate) for tree and epiphyte species, (ii) isotope (δ2H and δ18O) for soil water, precipitation and fog in both wet and dry season, and (iii) species abundances for tree and epiphyte species. Employing these extensive datasets, we aim to perform community level investigations in the Hainan tropical cloud forest ecosystem to determine: 1) the relative contributions of soil water, fog and precipitation to leaf water supply between the wet and the dry seasons as well as the underlying mechanisms; 2) whether key hydraulic responses could help these ecosystems to have sufficient water supply and hydraulic safety when facing seasonal drought. 
Materials and Methods

Study site

The study was conducted in a tropical cloud forest in Bawangling Nature Reserve (BNR; 109°05′-109°25′E, 18°50′-19°05′N), located on Hainan Island in South China. This region has a monsoon climate with a mean annual precipitation of ~2500 mm. There is a distinct wet season from May to October, when about 80% of total rainfall occurs Long et al. 2011b()
. Soils in this cloud forest are classified as tropical montane meadow soils that have developed primarily from sandstone bedrocks (Cheng et al. 2020). The forests in this region are composed predominantly of primary old growth tropical cloud forests. These forests are mostly composed of mountaintop islands occurring at 1250 m above sea level, where slope steepness ranges from 3° to 65° Long et al. 2011a()
. The dominant plant species are Distylium racemosum, Syzygium buxifolium, Xanthophyllum hainanense, Camellia sinensis var. assamica and Cyclobalanopsis championii. The average tree height in these forests is 4.79 ± 2.80 m and average tree density is 9633 stems ha-1 Long et al. 2011b()
.

Field sampling

Field sampling was conducted at the peak of both the wet (July) and the dry (February) seasons in 2018. Twenty-one (21) plots, each of 20×20 m2 (an area of 400 m2 for each plot) that were at least 100-500 m apart from one another, were randomly sampled across the reserve. Specifically, since the total area of the tropical cloud forest in the reserve is around 3 hectares, these 21 plots are distributed across the landscape and have covered various microhabitat and microclimate of this tropical cloud forest. Within each plot, all freestanding trees with diameter of ≥ 1 cm at breast height (DBH) were measured and identified to species. We also followed the methodology of Sanford (1968)
 to record the species abundances (total number of individuals) for all epiphyte species that could be found in these 21 plots.

Isotope measurement


To measure the leaf isotopes (δ2H, δ18O and δ13C) for all the tree and epiphyte species observed in the plots, twenty (20) fully expanded leaves from each of the tree and epiphyte species in above-described 21 plots were sampled in dry and wet seasons respectively (as described above). We also sampled three 0-20 cm soil cores within each plot to measure isotopes (δ2H and δ18O) for determining contributions of soil water, precipitation and fog in the dry and wet seasons. Measurements of δ2H, δ18O and δ13C were made following the methods described by Yi et al. (2018)
. Further details on sampling and measurement protocol are included in the Supplementary Material.
Meteorological data and soil water measurement


An automatic weather station (YT-QXC4, Shandong, China) was set up in year 2008. This was used to procure data on four meteorological parameters (mean precipitation, total solar radiation amount, mean atmosphere temperature, and mean atmosphere humidity) in wet (July) and dry (February) seasons. We used 20 g soil for each of the 21 soil samples to measure soil water content gravimetrically. 

Maximum photosynthesis rate (Amass), transpiration rate and leaf turgor loss point (TLP) measurements 


We measured maximum photosynthesis rate (Amass; μmol S-1), transpiration rate (g cm-2 h-1) and leaf turgor loss point (TLP; Mpa) for all the tree and epiphyte species observed in the 21 plots in both wet and dry seasons. Three to five individual trees per species, whose diameter at breast height (DBH) values were comparable to the mean DBH value of that species, were sampled twice (one in the wet season and the other in the dry season). We utilzed a Li-6800 portable photosynthesis system (Li-6800, Li-Cor, Lincoln, Nebraska, USA) to measure mass and transpiration rate between 9:00 and 11:00 on sunny days. Based on preliminary trials, we set photosynthetic photon flux as 1200 μmol m-2 s-1 to ensure all the species were measured by light-saturated photosynthetic rates (Zhang et al., 2018). We set ambient CO2 and air temperature as 400 μmol mol-1 and 28 ℃, respectively. Before collecting data, we first expose 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 Amass and transpiration rate.

Leaf-bearing branches from three to five individuals of each species were harvested and transported to the laboratory where the basal ends of the branches were immersed in distilled water and re-cut. The branch samples were rehydrated until leaf water potential was greater than -0.05 MPa. We first weighed all leaves to obtain the initial fresh mass and then immediately placed them in a pressure chamber to determine the initial water potential. We also measured leaf mass and water potential periodically during slow desiccation in the laboratory. Finally, we oven-dried leaves for 72 h at 70°C to determine their dry mass. TLP was determined using a pressure-volume relationship analysis program developed by Schulte & Hinckley (1985)
.

Statistical analysis

Community weighted mean (CWM) of traits, which is defined as the mean of species functional traits weighted by their respective relative abundance (Garnier et al. 2004)
. CWM is a good measure to reveal the ecosystem response to abiotic stresses  ADDIN EN.CITE 
(Lavorel & Garnier 2002; Suding et al. 2008; Laughlin 2014)
. Thus for each of the 21 plots, community-weighted mean trait metrics (CWMjk) for the tree and epiphyte species were quantified for trait (j) (δ2H, δ18O and δ13C, Amass, transpiration rate and TLP) in site sites (k) as  ADDIN EN.CITE 
(Garnier et al. 2004; Buzzard et al. 2015)
:
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Where xik is the relative abundance of species i in plot k and tik is the isotope and leaf anatomy trait values of species i in plot k.

The Bayesian stable isotope mixing model Parnell et al. 2013()
 was applied, using the MixSIAR package in R, to quantify the respective predicting power of isotopes of δ2H and δ18O for fog, precipitation, soil water and tree and epiphyte communities in each of the 21 plots. This helped us to determine the relative contribution of fog, precipitation and soil water to the leaf water supply in the community in the dry and wet seasons. Then, a Wilcoxon rank sum test was used to test for significant differences in CWMs of Amass, and transpiration rate for both tree and epiphyte communities, the four meteorological traits (mean precipitation, total solar radiation amount, mean atmosphere temperature, and mean atmosphere humidity), and the soil water content in both, dry and wet seasons. This procedure helped us to quantify whether fog induced variation in total solar radiation amount, mean atmosphere temperature, and mean atmosphere humidity can suppress photosynthesis need and transpiration rate thereby to keep high soil storage for tropical cloud ecosystem. 

We also utilized Wilcoxon rank sum test to test the variations in CWMs of δ13C and leaf turgor loss point (TLP) for tree and epiphyte communities to determine whether the tropical cloud forest ecosystem can maintain sufficient water supply and hydraulic safety (high leaf turgor loss point) in both dry and wet seasons. In addition, we determined whether there were any significant differences in CWMs of δ13C and leaf turgor loss point between the tree and epiphyte species. 

Results

We sampled a total of 60 tree- and 30 epiphyte species, respectively across the 21 plots. Plant can acquire water either from soil or from foliar/aerial sources. These foliar water resources comprise of water in fog, and/or precipitation (rain). Results of the Bayesian stable isotope mixing model analysis indicated that during the wet season, nearly 100% of leaf water resources for tree communities came from soil, whereas nearly 100% of leaf water resources for epiphyte communities were from precipitation inputs (Fig. 1). Fog did not contribute to foliar water uptake for neither tree- or epiphyte- communities in wet season (Fig. 1). On the contrary, the contribution of soil water to foliar water uptake was extremely limited (<0.5%) for both trees and epiphytes in the dry season (Fig. 1). Nearly 100% of leaf water resources for both the tree- and epiphyte- communities came from fog and precipitation inputs in the dry season: fog accounted for 47.3% and 51.2% for the leaf water resources for tree and epiphyte communities, respectively, whereas precipitation contributed 52.4% and 48.4% for the same set of tree and epiphyte communities, respectively (Fig. 1). These results indicated that soil water and foliar water (precipitation) uptake are the only leaf water resources for tree and epiphyte communities respectively in the wet season, whereas foliar water (fog and precipitation) uptake are the only leaf water resources for both tree and epiphyte communities in the dry season. 

The mean precipitation, total solar radiation amount and mean atmospheric temperature in wet season were 1900 mm, 689 MJ m-2, and 25.46 ℃, respectively, whereas those in the dry season were merely 665 mm, 232 MJ m-2, and 17.49℃, respectively (Fig. 2). However, there were no significant differences in mean atmospheric humidity between the wet (98.63%) and the dry (91.53%) seasons (Fig. 2). Further, soil water storage did not vary between dry and wet seasons (Fig. 2). These results illustrated both limited water supply, and attenuation of total solar radiation and temperature in the dry season, but invariant soil water storage from wet to dry season. 

Subsequently, we observed suppression in photosynthetic water content/demand for both tree and epiphyte communities: CWMs of Amass in the dry season were approximately 1/3rd of those in the wet season (p<0.05, Wilcoxon signed-rank tests, Fig. 3). Similarly, CWMs of transpiration rate for both communities (trees and epiphytes) in the dry season were 1/4th of those in the wet season (p<0.05, Wilcoxon signed-rank tests, Fig. 3). However, leaf water supply and hydraulic safety were invariant for tree community as CWM of δ13C and TLP did not differ between the wet and the dry seasons (p>0.05, Wilcoxon signed-rank tests, Fig 4). In contrast, epiphyte community had higher leaf water supply and hydraulic safety in the dry season than the wet season as the CWM of δ13C was significantly lower (p<0.001, Wilcoxon signed-rank tests, Fig. 4), whereas CWM of TLP was significantly higher (p<0.001, Wilcoxon signed-rank tests) in the dry than in the wet season (Fig. 4). 

Further, no significant differences in leaf water supply and hydraulic safety were detected between tree and epiphyte communities in the dry season, as indicated by their similar CWMs of δ13C and TLPs (Fig. 5). However, in the wet season, epiphyte community had lower leaf water supply and hydraulic safety as they had significantly higher CWM of δ13C (p<0.05, Wilcoxon signed-rank tests, Fig. 5) but lower CWM of TLP than the tree community in the wet season (p<0.05, Wilcoxon signed-rank tests, Fig. 5). 

Discussion


This study reveals how fog helps a natural tropical cloud forest ecosystem successfully escape drought stress. Data presented here supports our hypothesis that on one hand, suppressed photosynthetic water needs and enhanced contribution of fog to foliar water uptake provided sufficient water supply and maintained hydraulic safety for plants when facing drought stress. On the other hand, reduced soil water uptake in the dry season could help retaining soil moisture from wet to dry seasons thereby providing stable freshwater supply. 

Species level studies have widely shown that fog can trigger foliar water uptake and suppressed transpiration rate to response to drought, but these hydraulic responses varied considerably amongst species and even among the leaves of different ages  ADDIN EN.CITE 
(Burgess & Dawson 2004; Goldsmith et al. 2013; Alvarado-Barrientos et al. 2014)
. Here, we found that overall, at the community level, fog largely affects the water budget of both trees and epiphytes from two aspects in response to drought: contributes to foliar water uptake, and suppresses plant photosynthetic water demand. In this respect, our study provided a mechanistic insight into how the whole tropical cloud forest ecosystem respond to drought. 

The role of fog induced indirect plant hydraulic responses (e.g., suppressed plant transpiration and foliar uptake of water) in sustaining safe water budget of tropical cloud forest ecosystem in the dry season has remained controversial (Dawson, 1998; García-Santos, 2007; Hildebrandt et al.,2007; Alvarado-Barrientos et al. 2012). Here we found that leaf water supply was invariant and that hydraulic safety for tree communities are maintained between wet and dry seasons, although the leaf water resources for tree communities shifted from soil water in wet season to foliar water (precipitation and fog) uptake in dry season. Further, epiphyte communities had higher leaf water supply and hydraulic safety in the dry season than those in the wet season. Moreover, soil water storage did not vary from wet to season. Finally, fog contributed to almost half of foliar water uptake in the dry season. These results indicated that fog-induced indirect plant hydraulic responses (suppressed plant photosynthetic water demand and foliar water uptake) can indeed help tropical cloud forest sustain and safeguard their water budgets in the dry season. 
Taken together, fog-suppressed photosynthesis water demand and foliar uptake of fog are the two key ecosystem responses that appear to help the tropical cloud forest ecosystem escape from drought stress. Forest ecosystems provide the most sustainable and highest quality freshwater Vose 2019()
 and soil water storage is the key to determine freshwater supply in forest ecosystems Neary et al. 2009()
. Thus, fog is also a key to provide invariant freshwater supply for tropical cloud forest ecosystems from wet to dry season. The next step in the investigation will be to explore the physiological and molecular mechanisms underlying such responses.  

Conclusion


We conclude that fog-induced reductions in solar radiation and atmospheric temperature, together with invariant atmospheric humidity result in two key ecosystem hydraulic responses to drought: suppressed photosynthetic water demand and enhanced foliar water uptake from fog. These are key factors that help tropical cloud forest ecosystems to maintain safe water budget, high hydraulic safety and invariant soil water storage when facing drought stress. This could also help provide invariant freshwater supply across wet and dry seasons. The importance of fog in maintaining water budget of tropical cloud forests also alerts that they may be vulnerable to extreme drought or warming due to future climate change. These will cause high risk of flood and freshwater scarcity for many tropical forest ecosystems worldwide Bruijnzeel et al. 2011a(; Sarmiento & Kooperman 2019)
. It is predicted that an increase of 2 °C in temperature (predictions for 2052 by IPCC 5th assessment reports) may increase the cloud-base heights by 250 m and results in a reduction of 50%–100% cover of global tropical cloud forest Los et al. 2019()
. According to another simulation study, all tropical cloud forests in Mexico might vanish by 2080 due to decrease in fog cover because of future climate change despite of possible conservation efforts Ponce-Reyes et al. 2012()
. Thus, future climate change alone may possibly cause massive extinction of tropical cloud forests even without any other anthropogenic perturbations. Thus, the efficiency of simulating fog by artificial means in tropical cloud forest ecosystem merits further investigation. Acknowledgments
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Figure legends

Fig. 1. Relative contributions of soil water, fog water, and precipitation on foliar water resources for tree and epiphyte communities. Contributions were assessed during the peak months of the wet (July) and dry (February) seasons.

Fig. 2. Evaluation of four meteorological parameters (mean precipitation, total solar radiation amount, mean atmosphere temperature, and mean atmosphere humidity) and soil water content in wet (July) and dry (February) seasons. *** indicates P<0.001 and NS (non-significant) indicates P>0.05 based on Wilcoxon signed-rank tests.
Fig. 3. Differences in community-weighted mean values (CWM) of transpiration rate (g cm-2 h-1) between peak dry and wet seasons for all tree and epiphyte species sampled. *** indicates P<0.001 based on Wilcoxon signed-rank tests. 

Fig. 4. Differences in community-weighted mean values (CWM) of δ13C and leaf turgor loss point (TLP) between peak dry and wet seasons for all tree and epiphyte species. *** indicates P<0.001 and NS (non-significant) indicates P>0.05 based on Wilcoxon signed-rank tests.

Fig. 5. Differences in community-weighted mean values (CWM) of δ13C and TLP between tree and epiphyte species during peak dry and wet seasons. *** indicates P<0.001 and NS (non-significant) indicates P>0.05 based on Wilcoxon signed-rank tests.

Fig. 1.

[image: image2.png]The relative contribution of soil water,

Tree communities in wet season

Epiphyte communities in wet season

0.8 1.0

0.6

0.4

0.2

0.0

=

=L =

l o

Tree communities in dry season Epiphyte communities in dry season

1.0

precipitation and fog to foliar water use
0.8

- o

U 0O
| &

(o

< - [ 1

<

] O

N —

o

Q _ —

© I | I
Soil water  Precipitation Fog

Soil water Precipitation Fog

Foliar Water sources





Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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Fig. 5.
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