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1 | INTRODUCTION

A hailstone of 15 mm in diameter has a mass of approximately 1 g and
a terminal velocity of 15 m s~! (Field et al, 2010), its formation

requires an adequate depth of cold, and therefore, it is most common
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Abstract

Large-diameter hail is unusual in the lowland tropics; consequently, its impact on
water flux responses of trees and lianas due to foliage loss is unknown. In December
2012, Xishuangbanna Tropical Botanical Garden (21°55’'N) in southern Yunnan,
China, experienced the most severe hailstorm in approximately 30 years, with hail-
stones of 8- to 17-mm diameter falling for 10-30 min. We assessed the effect of this
hailstorm on sap flux density (SFD) in response to foliage loss in six tree and three
liana species. Among the trees, for a given atmospheric vapour pressure deficit
(VPD), Tectona grandis and Dipterocarpus tuberculatus showed a significant reduction
in sap flux density and water use during the post-hailstorm week in comparison to
pre-hailstorm week. In contrast, a liana Ventilago calyculata showed a significant
increase in SFD during the first post-hailstorm week, whereas the other tree and liana
species showed no significant change in their SFD and water use. T. grandis also
showed visible wilting during the first 5 days post-hailstorm. However, this tree spe-
cies showed recovery from wilting and also no more reduction in SFD after
~7-9 days. D. tuberculatus also showed SFD recovery a week post-hailstorm. We
conclude that the impact of a heavy hailstorm on the water flux of tropical trees and
lianas was mild or neglectable. Our study documented a rare severe hailstorm occur-
rence and its impact on ecosystem processes of tropical forest and enhances our

understanding about water flux of tropical woody species exposed to hailstorm.

KEYWORDS
Asian tropics, hailstones, mechanical leaf damage, sap flow, woody plants

in mid-latitude. In low latitudes, the freezing level is high above gro-
und; consequently, hail tends to melt as it falls (Knight et al., 2015).
Nevertheless, hail has been widely reported from the tropics, although
largely at higher altitudes (>1000 m a.s.l.) and latitudes (>18° from the
equator), where it can cause serious damage to crops (Frisby &
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Sansom, 1967). Ground-based hail records are patchy; however, a
very large hail (>25-mm diameter) can be assessed from passive
microwave satellite data and shows a rather different geographical
distribution to that exhibited by the more common small hail (Cecil &
Blankenship, 2012). Areas with the most frequent occurrence of large
hail include a broad region in subtropical north eastern Argentina and
southern Paraguay, and smaller areas in Bangladesh and eastern India.
These areas are followed by the central United States, northern
Pakistan, north-western India, and a significant fraction of Africa.
Except Africa, large hail is very rare in the core tropics (+ with 15° lati-
tude) and but common in some mountainous regions.

Reports on the impact of hail damage to wild plants in the tropics
are rare and cover only a few species (e.g., Fernandes et al., 2012;
Houston, 1999); therefore, they do not provide an overall picture of
plant vulnerability and the effect of hail damage on ecosystem pro-
cesses in low-land tropics. The province of Yunnan, southwest China,
has a lower incidence of hail than most of southern China (Cao &
Peters, 1997; Zhang et al., 2008), and the highest frequency occurs in
the northern region of Yunnan. Consequently, tropical Xishuangbanna
in the south is considered at a ‘low risk’ of hailstorm (Li et al., 2012).
The occurrences of hail are rare in the Xishuangbanna (low altitude)
but are relatively common in high altitude area of Xishuangbanna.
Currently, tropical Xishuangbanna is considered at a ‘low risk’ of hail-
storm. However, the frequency of hailstorm has increased during the
last decade with climate change.

Canopy transpiration of woody plants can be assessed through sap
flow, which is correlated with canopy photosynthesis (Meinzer et al.,
2018). The sap flow is driven by both biotic factors such as canopy leaf
biomass, sapwood hydraulic conductivity, water storage, and so forth
(Meinzer et al., 2003; Scholz et al., 2007; Siddiq et al., 2017; Siddiq &
Cao, 2016) and abiotic factors such as vapour pressure deficit (VPD),
solar radiations, and soil water status (Siddiq et al., 2019; Zeppel et al.,
2004). The response of water flux to VPD can vary among different
species, and knowledge of this variation can assist an understanding of
canopy stomatal regulation behaviour (Oren et al., 1999).

Hailstorm can damage the various plant parts, including foliage,
branches, stems, fruits, and seeds, and extensive damage to forests,
trees, crops, vegetables, and fruits has been reported (Bal et al., 2014;
Wang, 1990; Xu, 1991). Fernandes et al. (2012) found that damages
caused by hailstorms differed among the plants based upon their
height, growth form, leaf traits, and stem type. The most visible impact
of hail is the leaf damage and loss (Dwyer et al., 1994). Reduction in
foliage due to mechanical damage or herbivory can have impacts on
the water fluxes of plants (Nabity et al., 2009). Previous studies on the
effect of hailstorm on water flux of trees have yielded variable results.
An increased rate of leaf gas exchange have been observed in some
species as a result of foliage loss (Craine et al., 2016; Pataki et al.,
1998; Reich et al, 1993), whereas other species have shown a
decrease in their photosynthetic rate (Delaney & Higley, 2006;
Ellsworth et al., 1994). There are also species that do not alter their
water fluxes after the defoliation (Peterson et al., 1992, 1996, 2004;
Snyder et al., 2010). Pattison et al. (2011) found that the foliar damage

can cause less control over water use in some species, indicating the

responses may vary across species depending the microclimatic condi-
tions of remaining leaves and the leaf anatomical features.

The low-land tropics of southwest China host tropical rainforests
(Zhu et al., 2006). Lianas are an important component of tropical for-
ests. They occupy the canopies of trees and, consequently, have
leaves exposed to the direct sunlight. This exposure also has the adap-
tive mechanisms for their stomatal regulations and water flux control
(Chen et al., 2015). Trees-lianas interactions are a characteristics of
tropical forests (Bongers et al., 2002, 2005; Liu et al., 2004), but lianas
have several advantages over trees including large xylem vessels that
enable them to have high rates of sap flow and hydraulically support a
much larger leaf area than that of the trees (Ewers et al., 1991). Lianas
also have softer and more flexible tissues than trees, which makes
them less susceptible to mechanical damage and enhances the rate of
recovery when damage occurs (Fisher & Ewers, 1989; Putz &
Holbrook, 1991). Lianas also have high canopy: stem ratio, resulting in
a higher proportion of photosynthetic leaves and thus higher stomatal
conductance and transpiration rates than trees. This is further
supported by the deeper roots of lianas than of trees, favouring them
during dry season (Chen et al., 2015).

In order to assess the impact of an unusual and severe hailstorm
on trees and lianas in the XTBG, we compared our on-going sap flow
measurements pre- and post-hailstorm. Our main questions for this
investigation were as follows: (1) How much loss of transpiration is
exhibited by trees and lianas and are lianas more affected than trees?
And (2) How long does it take for recovery of transpiration after the

hail damage?

2 | MATERIALS AND METHODS

21 | Study site and species

This study was conducted in Xishuangbanna, southern Yunnan
Province, Southwest China, in the Xishuangbanna Tropical Botanical
Garden (21°55'N, 101°15’E; 750 m a.s.l.) from 20 December 2012 to
4 January 2013. This area is a global biodiversity hotspot (Myers
et al, 2000). Liana abundance is high in Xishuangbanna (Zhu
et al., 2006) but similar to other liana-rich areas (e.g. DeWalt
et al.,, 2010; Schnitzer, 2005). XTBG was established in 1959, covering
an area over 900 ha, and displays more than 10,000 plant species in
30 living plant collections, including both indigenous and exotic spe-
cies. Trees and lianas form the most important and unique display in
the garden's natural landscape. The XTBG is a globally renowned
research and education institute of the Chinese Academy of Sciences.
Because of the exceptional display of plant diversity, plant scientists
from various parts of the globe conduct research in the XTBG (Cao
et al., 2006; Song et al., 2006).

The region has a typical tropical monsoon climate and a pro-
nounced dry season from November to April. The mean annual pre-
cipitation is approximately 1560 mm, nearly 80% of which occurs
during the wet season (May to October). The mean annual tempera-

ture is 21.7°C with a monthly mean temperatures of 15.9°C in the
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coldest month (December) and 25.7°C in the hottest month (June)
(Cao et al., 2006).

Six tree and three lianas species in the XTBG were being mea-
sured for sap flow, 6 days pre-hail and 9 days of post-hail sap flow
data were used to compare impact of the hailstorm. Details about
studied species, their scientific names, family, diameter at breast
height (DBH range) number of replicates, and comparative pre-and
post-hail sap flux density are presented in Table 1. The studied trees
are important timber species and have been widely planted in tropical
areas for timber production (ITTO, 2008).

2.2 | Measurement of sap flux density and
water use

Sap flow was measured at DBH (diameter at 1.3-m height). Each tree
was equipped with two sets of 2-cm-long lab-made thermal dissipa-
tion sap flow measuring sensors (Granier, 1987). Each liana had one
set of sap flow measuring sensors, which was installed near the base
of the plant. The sensors were connected to data loggers with the
continuous supply of electricity. The data were scanned every 30 s
and an average stored every 30 min in the data loggers. All the sen-
sors were covered with aluminium foil to protect them from any
mechanical damage and direct solar radiations. The sensors were
monitored regularly to ensure the proper functioning. The Granier
equation was used to calculate the sap flux density (Granier, 1987).
Water use was estimated by multiplying the daily integrated sap flux
density with the active sapwood area of studied species. Active sap-
wood area was determined using the dye method as described by
Siddiqg et al. (2017). We used the pre- and post-hailstorm data from
our ongoing sap flow measurements of trees and lianas for assess-
ment of the hailstorm effect. The mean water use (kg per day) per unit
of transpirational demand (VPD) was calculated by normalizing the

mean daytime water use to the mean daytime VPD.

TABLE 1

2.3 | Climatic data

The climatic data (temperature, relative humidity, and solar radiation)
was obtained from the climatic station of XTBG, which is situated
approximately 200 m away from the sap flow measurement site. The
hourly mean values of the above-mentioned climatic variables were
used in the analysis. The VPD was calculated from the values of tem-

perature and relative humidity (Campbell & Norman, 1998).

24 | Data analysis

The difference in sap flow during the pre-hailstorm 6 days and post-
hailstorm 9 days for each species was analysed using a t-test. These
above-mentioned days were selected based upon the similar climatic
conditions in both pre and post-hail duration, except the fifth and
sixth post-hail days when VPD was lower (<0.4 kPa) than that of the
other days. These 2 days were excluded during the comparison of
pre- and post-hailstorm SFD. The statistical analyses and graphics
were made using sigma plot v. 12. We used scatter plots of hourly
VPD versus hourly SFD for the comparison of each species pre- and
post-hailstorm. The recovery of water flux was estimated by the hys-
teresis of the post-hail SFD diurnal curve with the similar day's SFD
for the pre-hailstorm conditions. The leaves wilting in Tectona grandis
was absorbed by calculating the ratio between the number of wilted

and non-wilted leaves at the middle and top of the canopy.

3 | RESULTS

3.1 | Pre-and post-hail climatic variables

The mean daytime VPD during the pre-hailstorm week was

0.57 (£0.04) kPa, whereas during in the post-hailstorm week, it was

The tree and liana species that were measured for sap flow and their abbreviations, family, the diameter at breast height (DBH)

range, number of replicates, and mean daily integrated sap flux density (g m~2 s™1, +SE) recorded over six of pre-hail and nine post-hailstorm days

Sr Species abbreviations DBH range

no. Scientific name and family (cm)

Trees

1. Beilschmiedia BB, Lauraceae 23-25
brachythyrsa

2. Dipterocarpus alatus DA, Dipterocarpaceae 30-55

3. Dipterocarpus DT, Dipterocarpaceae 19-39
tuberculatus

4. Hopea hainanensis HH, Dipterocarpaceae 19-30

5. Tectona grandis TG, Verbenaceae 17-57

6. Vatica guangxiensis VG, Dipterocarpaceae 16-24

Lianas

1. Celastrus peniculatus CP, Celasteraceae

2. Dregea volubilis DV, Apocynaceae

3. Ventilago calyculata VC, Rhamnaceae

Height P
Replicates  (m) Pre-hail Post-hail value
2 19-20 261.1 £ 28.5 285.7 £ 11.0 0.39
27-33 2124 +16.3 216.6 +10.3 0.94
4 24-29 188.32+£11.86 15146 +7.57 0.04
18-24 210.3+17.3 194.89 £ 9.0 0.08
4 18-20 143.44 + 6.44 101.89 + 6.44 0.007
13-17 24245 +13.36 222.68 +10.56 0.1
2 7229 +46.7 888.74 + 67.33 0.09
2 275.2 +10.8 318.5+17.5 0.2
2 508.7 + 22.6 709.82 +34.65 <0.001
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0.53 (+0.02) kPa. The mean photosynthetically active radiation (PAR)
during the pre-hailstorm week was 561.91 (+54.1) umol m2 s~
whereas in the post-hailstorm week, it was
595.13 (+23.65) pmol m~2 s~* (Figure 2). Neither VPD nor PAR was
significantly different between the pre- and post-hailstorm days

(P>0.05).

3.2 | Hailstorm foliage damage

In the late afternoon of 26 December 2012, the XTBG experienced a
severe hailstorm that lasted for 10-30 min, with hailstones 8-17 mm
in diameter. Both native and cultivated plants were damaged.

Outside the XTBG, the storm damaged 900 ha of crops, particu-
larly vegetables, bananas, and maize, causing an estimated 8 million-
yuan renminbi loss due to crop damage (Xishuangbanna Civil Affairs
Bureau). In the XTB, the presence of near-pristine limestone forest,
disturbed tropical seasonal forest, forest regrowth, and >10,000 culti-
vated plant species closely monitored by experienced horticulturalists
provided an exceptional opportunity to observe the susceptibility of

tropical plants to hail damage. The hail damage in the tree plantation

stands was observed from the fallen foliage on the ground (Figure 1).

The leaves of some plants were completely removed, and holes were
observed in the surfaces of leaves on the ground. Greater foliage
damage and loss was observed in stands of T. grandis (teak) plantation
than in the other tree plantation stands. Approximately 40% of the
top canopy and 25% of mid-canopy leaves of T. grandis exhibited
wilting in the initial five to seven post-hailstorm days.

3.3 | Hailstorm impact on water flux

The comparison of daily integrated SFD in the pre- and post-hailstorm
weeks also showed the hailstorm did not significantly affect the water
flux of the most studied species except for a reduction in two of the
tree species (Dipterocarpus tuberculatus, and T. grandis) and an
increase in one liana species (Ventilago calyculata). Among the trees,
the difference in mean daily integrated water flux pre- and post-
hailstorm ranged from 2.5% to 27%. A minimum and non-significant
reduction was observed in Vatica gaunagxiensis, while the maximum
reduction was observed in T. grandis, (-27%) followed by
D. tuberculatus (—21%). The other three species, Beilschmiedia
brachythyrsa, Dipterocarpus alatus, and Hopea hainaniensis did not

show the significant difference in water flux after the hailstorm as

FIGURE 1 The morning of
post-hailstorm Day 1 at the study
site. (a) Fallen Tectona grandis
leaves along the hailstones, (b) a
hole in the surface of T. grandis
leaf made by hailstone, (c) foliage
damage at the sap flow
measuring site in T. grandis stand.
(d) Foliage damage at the sap
flow measuring site in a
dipterocarp stand
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compared to the pre-hailstorm week. Both D. tuberculatus and
T. grandis showed the significant post-hailstorm reduction, especially
during the initial post-hailstorm days (from Days 1 to 5), where the
SFD was 40% lower during the first day in T. grandis, and 15% lower
in D. tuberculatus than the pre-hailstorm values. However, on Day
9, the SFD was reduced by 4% and 5% for both T. grandis and
D. tuberculatus, respectively. Following this recovery from the reduc-
tion of the SFD of T. grandis, the wilted leaves resumed their normal
position as the days progressed. Hence, with the passage of time,
gradual increase in SFD was observed, and it approached the mean
pre-hail SFD value (Figures 2 and 3).

The hourly mean SFD was non-linearly correlated with hourly
mean VPD for both trees and lianas during the pre- and post-

hailstorm weeks, respectively (Figure 4). At a given VPD, two tree spe-
cies D. tuberculatus and T. grandis showed reduced SFD during the
post-hailstorm week as compared to the pre-hailstorm week, whereas
a liana species V. calyculata showed increased SFD during the post-
hailstorm week as compared to pre-hailstorm week. Other species
showed the overlapped regression lines for the relationship of SFD
against VPD between the pre- and post-hailstorm weeks.

All the three lianas species showed an increase in their daily inte-
grated water flux after the hailstorm, ranging from 8% to 39%; the
minimum increase was observed in Dregea volubilis, whereas the maxi-
mum was observed in V. calyculata (39.7%; Figure 2). Our further anal-
ysis of water use (kg) per unit of transpirational demand (kPa) also
indicated the same results (Figure 5).
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4 | DISCUSSION According to Nadine et al. (2019) plants can be more responsive to

This study provides the first report on the different water flux
response between tropical trees and lianas exposed to a severe hail-
storm. Given that climatic drivers of water flux (VPD and PAR) were
not significantly different during the pre-hailstorm 6 days and post-
hailstorm 9 days, it appeared that the observed differences in water
flux are due to the foliage damage from hail. The observed recovery
from damage of two species (T. grandis and D. tuberculatus) was grad-
ual, and complete recovery of SFD had occurred by the ninth post-
hailstorm day. Our observation of a post-hailstorm increase in water
flux in the liana species could be because of the occurrence of these
liana species on the top of tree canopies; consequently, the lianas
leaves might have been more exposed to hailstorm than the tree
leaves and hence incurred more damage. The lianas may be more
responsive to injuries by increasing sap flux through physiological
changes that help with repair or regrowth after foliage damage, as its
leaves are potentially more frequently attacked by insects because of
their location in the upper canopies of trees. Further, the damaged
leaves and the canopy leaf losses could potentially have increased the
exposure of the less-exposed lower canopy leaves to the solar radia-
tions, which partly compensated for the leaf loss. Pattaki et al. (1998)
observed 45% increase in water flux in Pinus taeda due to artificial leaf
damage. Another factor contributing to such a response could be
cuticular water loss, because when the leaves were injured, their cuti-
cle layer would have been damaged (Aldea et al., 2006). Although the
loss of foliage was evident from the freshly fallen leaves on the gro-
und but the supply of water through the xylem was not affected,
hence the water flux may have increased because of the increased

exposure of the rest of the foliage to light (Pieruschka et al., 2010).

achieving the recovery of their water status after the tissue damage if
the water is available. Our previous study showed that water poten-
tials of trees at the study site was the same during the dry season and
the rainy season because of the access of their roots to ground water
sources (Siddig & Cao, 2016). Different levels of hail damage on plants
and their non-uniform responses to such damage have also been
reported by Fernandes et al. (2012). Our finding of a higher water flux
in response to foliage damage by hail in a liana species is consistent
with the study of Craine et al. (2016), who reported increased water
consumption in Tamarix species resulting from defoliation. Similar
findings of increased canopy photosynthetic activity after foliage loss
were observed by Turnbull et al. (2007).

5 | CONCLUSION

We conclude that the effects of a heavy hailstorm on the canopy
physiology of tropical woody plants were mild or neglectable as
assessed through different short-period responses of water flux
between trees and lianas. Tree species with large leaf sizes were more
affected for a short duration. Whereas one of the liana species
showed short-duration increase water flux during the post-hailstorm
days. Our findings provide novel information on the effect of a severe
hailstorm on physiological processes of a tropical forest.
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