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Abstract
1. Leaf temperature exerts an important impact on the microenvironment and physi-

ological processes of leaves. Plants from different habitats have different strategies 
to regulate leaf temperature. The relative importance of physical traits and transpi-
ration for leaf temperature regulation in the hot habitat is still unclear.

2. We investigated 22 leaf physical traits, transpiration, and thermal properties of 38 
canopy species of seedlings in a greenhouse, including 18 dominant species from a 
hot wet habitat (HW) and 20 dominant species from a hot dry habitat (HD). To 
separate the impact of transpiration and leaf physical traits on leaf temperature, we 
measured the diurnal courses of leaf temperatures with and without transpiration. 
The temperature of a reference leaf beside each individual was measured simulta-
neously to render temperatures comparable.

3. Generally, the species from HD showed lower leaf temperatures than the species 
from HW under the same conditions. Both transpiration capacity and cooling effect 
of leaf physical traits were stronger for the plants from HD. Active transpiration 
provides a suitable thermal environment for photosynthesis, while xeromorphic 
leaves can dampen heat stress when transpiration is suppressed. Higher vein den-
sity and stomatal pore area index (SPI) facilitated higher transpiration capacity of 
the plants from HD. Meanwhile, shorter leaves and thinner lower epidermis of the 
plants from HD were more efficient in heat transfer, although relationships were 
much weaker than the synergic effect of all the physical traits.

4. Our results confirmed that transpiration and leaf physical traits provided double 
insurance for avoiding overheating, particularly for plant from HD. We emphasize 
that transpiration is a more effective way to cool leaves than physical traits when 
water is sufficient, which may be an important adaptation for plant from HD where 
rainfall is sporadic. Our results provide further insight into the relationship between 
physical traits and transpiration for the regulation of leaf temperature, and the  
co- evolution of gas exchange and thermal regulation of leaves.
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1  | INTRODUCTION

Leaf temperature is a proxy for the energy balance between the leaf 
interior and the ambient environment (Campbell & Norman, 1998; 
Gates, 2003). It influences enzyme activity and the metabolic pro-
cesses of leaves. Incoming solar radiation absorbed by a leaf is partly 
used for biochemical reactions (e.g. photosynthesis), but a larger pro-
portion is converted to the thermal energy of leaves. Leaf temperature 
may be very different from the air temperature, and varies between 
species owing to the physical and physiological differences in plants 
(Martin, Hinckley, Meinzer, & Sprugel, 1999; Stokes, Morecroft, & 
Morison, 2006). For example, the leaf temperature of pineapple was 
7.6°C higher than the air temperature when exposed to direct sun-
light, while the leaf temperature of papaya was lower than the air tem-
perature under the same conditions (Noffinger, 1961).

Leaf temperature is predominately determined by ambient tem-
perature, but also regulated by leaf physical traits and transpiration 
(Defraeye, Verboven, Ho, & Nicolai, 2013; Lambers, Chapin, & Pons, 
1998; Scheffers et al., 2016). When plants are exposed to hot condi-
tions, they can reduce the amount of accepted radiation through re-
flection and movement and can dissipate excessive heat via radiation 
emission, heat convection, and transpiration. However, the relative 
contribution of each of these processes differs greatly in different hab-
itats or between different plant groups. For the plants in arid habitats, 
physical adjustments are commonly believed to be the main means 
by which plants achieve heat dissipation, while the contribution of 
transpiration to leaf cooling is often ignored (Ansari & Loomis, 1959; 
Lambers et al., 1998). For example, some plants from arid habitats have 
often evolved leaf hairs that reflect radiation (Lang & Schindler, 1994; 
Lang, Schindler, & Lichtenthaler, 1995; Ye et al., 2011), smaller leaves 
for better heat convection (Schuepp, 1993; Yates, Verboom, Rebelo, & 
Cramer, 2010), have developed thorn- like or succulent leaves to min-
imize transpiration. However, some arid habitat species use another 

strategy that they rapidly fix carbon in the short period when water 
is available (Tomlinson et al., 2013), during which they may have high 
transpiration. In this case, transpiration cooling is beneficial for achiev-
ing high rates of photosynthesis.

The relationship between leaf physical traits and leaf temperature 
can be simulated theoretically (Gates, 2003), tested in wind tunnels, 
or using replica leaves (Leigh et al., 2012; Sinclair, 1970; Vogel, 2009). 
However, the interaction between traits makes it difficult to measure 
the thermal impact of physical traits and transpiration separately for 
real leaves. Some previous studies only analysed the effects of one 
or several leaf physical traits on leaf temperature (Monteiro, Blanusa, 
Verhoef, Hadley, & Cameron, 2016), while there are many physical 
traits that could be associated with leaf temperature. In addition, the 
thermal effects of all the physical traits may differ from the individual 
contribution of a trait.

In this study, we planted seedlings of 38 canopy species originat-
ing from contrasting hydrothermal habitats in a greenhouse, including 
18 dominant species from a tropical seasonal rainforest (HW) and 20 
dominant species from a hot dry valley (HD) in southwestern China. 
We measured 22 leaf physical traits, transpiration, and the thermal 
properties of all the species. To separate the thermal effects of tran-
spiration and physical traits, we monitored the diurnal temperatures 
of controlled leaves and vaselined leaves (transpiration prohibited) 
using a thermal camera. The temperature of the reference leaf beside 
each individual was measured simultaneously to exclude differences in 
thermal environment between measurements and individuals. The aim 
of our study was to: (1) assess the temperature differences between 
the plants from HD and HW in a greenhouse environment; (2) assess 
the relative importance of transpiration and leaf physical traits in leaf 
temperature regulation; (3) determine leaf temperature regulation 
strategies for the plants from HW and HD.

2  | MATERIALS AND METHODS

2.1 | Site and study species

We collected the first- year germinant seedlings of 18 dominant can-
opy species from the tropical seasonal rainforest in Xishuangbanna 
(HW, 21°57′41″N, 101°12′0″E, 750 m a.s.l.) and the first- year 
seedlings of 20 dominant canopy species from a hot dry valley in 
Yuanjiang, China (HD, 23°28′40″N, 102°10′56″E, 481 m a.s.l.). All 
HW species were trees, and HD species were trees, shrubs, and lianas 
(see Table S1). These sites are 200 km apart in the Yunnan province, 
southwestern China. All seedlings (four individuals for each species) 
were planted in separate pots (height: 32 cm, diameter: 30 cm) in a 
greenhouse located 8 km away from the tropical seasonal rainforest. 
The annual mean temperature at the HW site was 19.9°C and the 
average maximum air temperature was 34.6°C. Annual precipitation 
averaged 1,557 mm/year, 85% of which occurred during the rainy 
season (May–October) (Cao, Zou, Warren, & Zhu, 2006). The annual 
mean temperature at the HD site was 24.9°C, while the maximum air 
temperature reached 42°C. The average precipitation was 666.4 mm/
year with most precipitation occurring from May to October (Figure 1).

F IGURE  1 Monthly total precipitation and average air 
temperature in the hot wet habitat (HW) and the hot dry habitat (HD)
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2.2 | Meteorological measurements

All the measurements were carried out in the third year of planting. 
During the experiment, we exposed the plants under a transparent 
roof. Solar radiation (R, measured by S- LIB- M003, HOBO, USA), 
photosynthetically active radiation (PAR, measured by S- LIA- M003, 
HOBO, USA), air temperature, relative humidity (Ta and RH, measured 
by S- THB- M002, HOBO, USA), and barometric pressure (Pressure, 
measured by S- BPA- CM10, HOBO, USA) were measured every 5 s, 
and 5 mins averages were saved on a data logger. Monitoring was car-
ried out from 15 to 20 April 2015. It was sunny on 15 to 17 April, 
while 18 to 20 April were cloudy in the afternoon. Wind was negligi-
ble in the greenhouse. Detailed information regarding the weather is 
presented in Figure S2.

2.3 | Leaf temperature and transpiration 
measurements

The analysis of anatomy showed that all the studied plants only had 
stomata on the abaxial surfaces of leaves, and it has been shown that 
transpiration can be reduced 95%–98% by a thin coating of Vaseline 
(Curtis, 1936), so we evenly vaselined the abaxial surface of 2–3 leaves 
for each individual to suppress transpiration. The adaxial side of leaf 
was controlled to minimize changes to the emissivity and reflectance 
of each leaf. Leaf temperature was measured with an infrared cam-
era (T420bx, Flir, USA), which records 7.5–13 μm infrared spectrum 
with a thermal sensitivity of 0.045°C. The emissivity of leaf was set to 
0.95 (Aerts et al., 2004). Transpiration was measured with a portable 
gas exchange system (LI- 6400; Li- Cor Inc., Lincoln, NE, USA), with the  
exception of five species from HD with tiny leaves.

All plants were watered in the evening prior to the day measure-
ment. Thermal and transpiration measurements were carried out 
every 1 hr from 8:30 to 16:30. We were not able to measure all 38 
species on the same day, and hence the measurement environment 
varied from day to day. To standardize temperature, we put a unified 
elliptical iron leaf (length: 15 cm, width: 9.4 cm, thickness: 0.5 mm) 
beside each individual as a reference. The iron leaf was coated with 
a white paper on the adaxial side to enhance emissivity similar to real 
leaves. For each individual, we measured the temperatures of two con-
trolled leaves (Tl), two to three vaselined leaves (Tn) and the reference 
leaf (Tref). Meanwhile, we measured the transpiration of one of the two 
controlled leaves on each individual.

2.4 | Leaf traits

All the controlled leaves used for transpiration measurements 
were harvested for analyses of leaf physical traits. Leaf area and 
perimeter were measured via a flatbed- scanned image or digital 
photograph (for large leaves) using ImageJ. Hand- cut transverse 
sections were taken from middle- lamina sections, avoiding the 
midribs. These sections were cleared in commercial bleach (49.9% 
g/L sodium hypochlorite, 12% g/L sodium hydroxide), rinsed thor-
oughly, and stained with 1% safranin solution. The thickness of the 
adaxial epidermis, palisade, sponge mesophylls, the abaxial epider-
mis and lamina were measured with a Leica DM2500 light micro-
scope (Leica Microsystems Vertrieb GmbH, Wetzlar, Germany). 
Leaf vein density was measured using paradermal sections. 
Paradermal sections were cut from the middle part of the leaf and 
boiled in a 5% NaOH aqueous solution until they became soft and 
disintegrated. Subsequently, they were removed and rinsed care-
fully in clean water. The size and density of stomata were meas-
ured using a razor to slice the abaxial epidermis. All the sections 
were mounted on slides and observed under a Leica DM2500  
microscope. The values for each leaf were averaged from five fields 
of the same laminar section. Leaf hair was classified into three cat-
egories according to the density of the hair. Ten to twenty leaves 
were collected for each individual to measure fresh weights, then 
oven dried at 80°C to constant weight. Leaf density was calcu-
lated by the fresh weight divided by the product of leaf area and 
leaf thickness. The water content of each leaf was calculated by 
the ratio of the difference in fresh weight and dry weight to fresh 
weight. Reflectance, transmittance and absorbance were measured 
using a spectrometer (USB2000, Ocean Optics, USA) at wave-
length from 400 to 700 nm (the abbreviate names of leaf traits are 
summarized in Table 1).

2.5 | Data analysis

Because Tl and Tn varied with Ta, and we were not able to make all 
the measurements simultaneously, and this change in Ta could poten-
tially have impact on the comparison of Tl and Tn between species. To 
solve this problem, we compared the increasing rates of Tl and Tn with 
Tref, (i.e. slopel: dTl/dTref and slopen: dTn/dTref, instead of comparing 

F IGURE  2 Regression relationships of temperatures of 
controlled leaves (Tl) and vaselined leaves (Tn) against reference 
leaf temperatures (Tref). Fitted regression lines from ANCOVA are 
indicated as Tl = 0.91 + 0.95Tref (R

2 = .98, n = 162) for controlled 
leaves from the hot wet habitat (HW), Tn = 0.31 + 1.013Tref (R

2 = .98, 
n = 162) for leaves from HW without transpiration, Tl = 2.24 + 0.87Tref 
(R2 = .96, n = 180) for controlled leaves from the hot dry habitat (HD), 
Tn = 0.70 + 0.98Tref (R

2 = .98, n = 180) for leaves from HD without 
transpiration. The slopes of all the regression lines were significantly 
different except for the regression slope of Tl against Tref of the plants 
from HW and Tn against Tref of the plants from HD



     |  2205Functional EcologyLIN et aL.

Tl and Tn directly. We used the measured maximum transpiration 
rate (Emax) to represent transpiration capacity. The temperature dif-
ferences between the vaselined leaves and the reference leaves |Tn 
− Tref| were induced by physical differences, and the temperature dif-
ferences between the controlled leaves and vaselined leaves |Tn − Tl| 
were determined by transpiration. The contribution of transpiration to 
temperature regulation was therefore calculated as:

and the contribution of physical traits was calculated as:

The effects of each leaf physical traits on Tn were further ana-
lysed by multiple linear regression model. We firstly classified the 
physical traits into three groups: shape related traits (area, perime-
ter, length, width, L/W, and P /A), thickness related traits (UE, P, S, 
S/P, LE, SLA and T), material property related traits (WC and density), 
and optical traits (reflectance, transmittance, and absorbance). The 

(1)
Tn − Tl

|
|Tn − Tl

|
| +

|
|
|
Tn − Tref

|
|
|

× 100

(2)
Tn − Tref

|
|Tn − Tl

|
| +

|
|
|
Tn − Tref

|
|
|

× 100

No. Full name Unit Abbreviation Significance

1 Area cm2 Area *

2 Perimeter mm Perimeter *

3 Perimeter/ Area \ P/A *

4 Length cm Length **

5 Width cm Width

6 The radio of length to 
width

\ L/W *

7 Maximum 
evapotranspiration

mmol m−2 s−1 Emax
*

8 Maximum stomatal 
conductance

mol H2O m−2 s−1 gsmax
*

9 Upper epidermis 
thickness

μm UE

10 Lower epidermis 
thickness

μm LE

11 Palisade thickness μm P

12 Sponge thickness μm S

13 Thickness ratio of sponge 
to palisade

\ S/P *

14 Leaf thickness μm T

15 Hair \ H

16 Stomata density No mm−2 SD

17 Stomata size μm SS

18 Stomatal pore area index No mm SPI *

19 Vein density μm mm−2 VD *

20 Water content % WC

21 Specific leaf area cm g−1 SLA

22 Leaf density kg m−2 Density

23 Reflectance % Reflectance *

24 Transmittance % Transmittance *

25 Absorbance % Absorbance *

26 Temperature of the 
controlled leaf

°C Tl
*

27 Temperature of 
Vasline- coated leaf 

°C Tn

28 Temperature of the 
reference leaf

°C Tref

29 Increasing slope of Tl \ Slopel
**

30 Increasing slope of Tn \ Slopen
*

*p < .05, **p < .01

TABLE  1 Abbreviation names of leaf 
traits and the statistic results of the 
differences between the leaf traits of the 
two groups
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variables that were not normally distributed were log transformed. 
We excluded the highly correlated traits (correlation coefficient >0.7) 
within each group according to the correlation between traits and 
slopen. We regressed the remaining traits against slopen, and used 
Akaike’s information criterion (AIC) to select the best model. The 
independent variables in the final model were considered to exert 
impacts on Tn.

Aerodynamic boundary layer resistance ra (s/m) was calculated as:

where ρ is air density (kg/m3), cp is specific heat of air at constant 
pressure (kJ kg−1°C−1). E is transpiration (kg m−2 s−1), λ is latent heat 
of evaporation of water (kJ/kg). Rn (w/m2) is net radiation which was 
estimated by energy balance:

Incoming longwave radiation (Lin, w/m2) was estimated 
from the air temperature, using Swinbank formula (Monteith & 
Unsworth, 2008). Outgoing longwave radiation (Lout, w/m2) was 
calculated by Stephan- Bolzman law, assuming emissivity was 0.95. 
Incoming shortwave radiation (Sin, w/m2) was measured from the 
 pyranometer data. Outgoing shortwave radiation (Sout, w/m2) was 
calculated by Sin × reflectance. Total leaf resistance (rt, s/m) was 
calculated as:

γ is the psychrometric constant (kPa/°C). Then stomata conductance 
(rs, s/m) can be calculated as:

The decoupling coefficient was a measure of the degree of sto-
matal control of transpiration. It ranges from 0 to 1. Stomatal control 
of transpiration grows progressively weaker as Ω approaches 1. It is 
calculated according to McNaughton and Jarvis (1983):

where s is the slope of the saturated vapour pressure versus tempera-
ture curve (kPa/°C) and γ is the psychrometer constant (kPa/°C).

3  | RESULTS

3.1 | Comparison of leaf temperatures between 
species from HW and HD

Leaf temperature increased linearly with Tref, and the increasing rates 
were different between the plants from HW and HD (p < .01). The in-
creasing rates of Tl and Tn of the plants from HW were significantly 
higher than the plants from HD (Figure 2; p < .001). The plants from 
HW therefore showed higher Tl and Tn than the species from HD under 
identical conditions. The magnitude of the temperature difference be-
tween the two groups of plant leaves amplified with increasing Tref 
(Figure 2).

Generally, the extent of cooling induced by transpiration was 
larger for the plants from HD than for the plants from HW. In com-
parison with the reference leaves, the leaf physical traits of the plants 
from HW showed warming effect, especially at noon. Leaf tempera-
tures of the plants from HD were close to Tref when transpiration was 
suppressed (Figure 3).

3.2 | Impact of transpiration and leaf physical traits 
on leaf temperature

Transpiration contributed more to the temperature difference be-
tween the controlled leaves and reference leaves than leaf physical 
traits for both of the two groups of plants, and more notably in the 
plants from HD (Figure 4).

Transpiration rates and stomatal conductance were significantly 
different between the plants from HW and HD at all time points ex-
cept for 15:30 (Figure 5a,b). The average maximum transpiration rate 
of plants from HD was 1.5 times that of plants from HW. The average 
transpiration rate peaked at 10:30 for the plants from HW, while the 
rate peaked 1 hr later for plants from HD (Figure 5a). Stomatal conduc-
tances were significantly higher in the plants from HD than the plants 
from HW at most time points, especially in the late morning and at 
noon (Figure 5b). Excluding transpiration, the plants from HW had sig-
nificantly higher leaf aerodynamic resistances than the plants from HD 
at 9:30 and 11:30 (Figure 5c). Ω showed similar diurnal pattern with gs, 
except for a mild peak value of plants from HW at 10:30. Ninety one 
percent of Ω was lower than 0.5. Eighteen percent of species from 

(3)ra =

ρcp(Tl − Ta)

Rn − λE

(4)Rn = Lin − Lout + Sin − Sout

(5)rt =
ρcp(el − ea)

λEγ

(6)rs = rt − ra

(7)Ω=
s∕γ + 2

s∕γ + 2 + rs∕ra

F IGURE  3 Diurnal temperature 
differences compared with the reference 
leaves for the plants from hot wet habitat 
(HW, n = 18) and hot dry habitat (HD, 
n = 20). Tl is the temperature of the 
controlled leaf, Tn is the temperature of the 
vaselined leaf, and Tref is the temperature 
of the reference leaf. The data are 
mean ± SE
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HW had Ω higher than 0.4, while this percentage was much higher for 
species from HD (34%) (Figure 5d).

Of the 33 species for which transpiration measurements were 
made, 19 species (9 species from HW and 10 species from HD) 
showed positive linear relationship between Tn − Tl and transpiration 
rates. The extents of cooling ranged from 0.61°C to 2.12°C per unit 
of transpiration (mmol m−2 s−1). Forty five percent of the species from 
HW had slopes higher than 1 compared with 25% for the species from 
HD.

The leaves of HD species showed xeromorphic properties. The 
shape and thickness related traits (area, perimeter, L, L/W and S/P) 
were significantly larger in the plants from HW in comparison to the 
plants from HD. The ratio of the perimeter to area of plants from HW 
was significantly smaller than in the plants from HD. Transpiration- 
related traits (Emax, SPI, and vein density) were significantly higher in 
the plants from HD than in the plants from HW. The plants from HD 
absorbed less radiation as a result of higher reflectance and transmit-
tance in comparison to the plants from HW (Figure 6; Table 1). Of all 

F IGURE  5 Diurnal course of (a) 
transpiration rates (E), (b) stomatal 
conductances (gs), (c) aerodynamic 
resistances (ra) of the leaves without 
transpiration, and (d) decoupling 
coefficients (Ω). HW: plants from hot wet 
habitat, n = 18; HD: plants from hot dry 
habitat, n = 15. *p < .05; **p < .01
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the physical traits, leaf length and the thickness of lower epidermis 
had significantly positive impacts on Tn.

4  | DISCUSSION

Our results confirmed that the plants from HD dissipated heat more 
efficiently than the plants from HW via higher rates of transpiration 
and synergistic thermal effects of leaf physical traits. Thus, the plants 
from HD showed lower leaf temperatures than the plants from HW 
under identical environmental conditions. Moreover, transpiration 
contributed more to leaf cooling than physical traits when there was 
no water limitation.

Leaf cooling via transpiration are commonly believed to be greatly 
inhibited due to frequent soil water shortage (Monteith & Unsworth, 
2013). An extreme example is the crassulacean acid metabolism 
(CAM) plants, mostly evolved with succulent structure, the transpira-
tion related traits were degraded to save water. However, our results 
showed that there was an increase in transpiration capacity and al-
lied traits including vein density, SPI, and maximum stomatal conduc-
tances in the plants from HD. Decoupling coefficients also showed 
transpiration of HW species were more restricted by stomatal conduc-
tances than those of HD species. Although the cooling efficiency of 

transpiration (cooling extent per unit of transpiration) was higher for 
plants from HW, transpiration contributed more to leaf cooling due to 
the higher transpiration rates of plants from HD. Increasing stomatal 
conductances in response to high temperature have been reported 
in desert plants (Althawadi & Grace, 1986; Schulze, Lange, Kappen, 
Buschbom, & Evenari, 1973). Taken together, these results revealed 
that HD plants performed a wider range of stomatal regulation and 
were more efficient in water transport than HW plants. Plants reduce 
stomatal opening under drought to save water, thereby reducing CO2 
exchange. In this case, leaf cooling mainly relies on physical traits. 
Some species even shed leaves in the dry season. To compensate for 
the reduction in carbon synthesis during the dry season, plants need 
an efficient system to fix carbon when water is available. Larger vein 
density, SPI, and stomatal conductance enable a suitable leaf tem-
perature and high photosynthesis (Hill, Guerin, Hill, & Watling, 2014). 
Transpiration, in turn, dominates leaf cooling. The hot dry valley in 
Yuanjiang, China has a shorter growing season than the tropical sea-
sonal rainforest, and most of the HD species are deciduous (Zhang, 
2007). Moreover, the temperature is very high in the hot dry valley 
(Figure 1) with a peak air temperature greater than 40°C even during 
the rainy season. It has been reported that the heat tolerance tem-
peratures of those plants from HD ranged from 44°C to 47°C (Zhang, 
Poorter, Hao, & Cao, 2012), thus, photosystems II of these plants 

F IGURE  6 Histograms of leaf traits 
that were significantly different between 
the plants from the hot wet habitat 
(HW) and the hot dry habitat (HD). P/A: 
perimeter/ area; S/P: thickness of sponge 
tissue/thickness of palisade tissue; SPI: 
stomatal pore area index; Emax: maximum 
evapotranspiration rate

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)
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cease to function optimally if the temperature differences between 
the leaves and air exceeded 4°C. Accordingly, 19 out of 20 HD spe-
cies in this study would be threatened in the absence of transpiration; 
while this number would be reduced to eight out of twenty, with the 
use of transpiration. Hence, transpiration provides a safe microenvi-
ronment for photosynthesis in plants from HD when water is avail-
able. Field measurements also showed that most species in the hot dry 
valley had higher photosynthesis capacity and stomatal conductances 
than HW plants during the growing season (Chen, 2014; Hill et al., 
2014; Zhu, 2010). Many studies reported that high vein density was 
often associated with higher drought resistance (Blackman, Brodribb, 
& Jordan, 2010; Nardini, Peda, & La Rocca, 2012; Scoffoni, Rawls, 
McKown, Cochard, & Sack, 2011; Sommerville, Gimeno, & Ball, 2010). 
High temperature can also increase stomatal conductances (Althawadi 
& Grace, 1986) and transpiration capacity (Crawford, McLachlan, 
Hetherington, & Franklin, 2012). Therefore, the hot and dry environ-
ment can improve the vigour of water transferring structures of leaves.

Leaf physical traits exerts impacts on leaf temperature through 
the influence on heat transfer, storage and received radiation (Gates, 
2003; Monteith & Unsworth, 2008). The leaf physical traits of the 
plants from HD were more efficient in leaf cooling than the plants 
from HW as a result of their xerophytic characteristics (Figures 2–4). 
Plants from HD had smaller leaves than plants from HW. Generally, 
smaller leaves are more coupled to air temperature owing to smaller 
aerodynamic resistance (Figure 5c) which have been demonstrated 
by previous studies (Fetcher, 1981; Leuzinger & Korner, 2007; Nobel, 
1974). However, the effect of leaf size could be lower in the field due 
to wind (Defraeye et al., 2013). Although the transpiration capacity 
in the species from HD is higher than in the species from HW, they 
are not likely to lose more water via transpiration even when water is 
sufficient because of the smaller total leaf area. Therefore, small leaves 
are not only beneficial for heat convection but also for water saving. 
Higher P/A in plants from HD than plants from HW provided longer 
edges for heat convection. Plants from HD also received less radia-
tion via higher reflectance and transmittance. There have no enough 
evidences for the thermal effect of the abaxial epidermis. We spec-
ulate that it functions as an insulation layer for the leaf and extends 
the vapor path from stomata to air, so there is a positive correlation  
between its thickness and leaf temperature.

Generally, we did not detect a high correlation between any one 
specific physical trait and leaf temperature, because leaf temperature 
was affected by multiple traits. According to previous studies, the im-
pact of leaf physical traits on leaf temperature maybe positive, e.g. 
leaf size (Fetcher, 1981; Yates et al., 2010), negative, e.g. leaf thick-
ness (Leigh et al., 2012), reflectance and water content (Schymanski, 
Or, & Zwieniecki, 2013), and transferable depending on the status, 
e.g. leaf hair (Parkhurst, 1976; Ripley, Pammenter, & Smith, 1999; 
Woodman & Fernandes, 1991; Wuensche, 1970; Ye et al., 2011). The 
interaction of all the positive and negative effects might weaken the 
thermal effect of one specific trait in the statistic analysis. For exam-
ple, in this study, most of the leaves with high water content were 
large leaves (e.g. Myristica yunnanensis, Horsfieldia tetratepala, and 
Horsfieldia pandurifolia), and thus the negative effect of heat capacity 

on leaf temperature was muted by the positive thermal impact of leaf 
size. Likewise, it is difficult to isolate the thermal effect of one spe-
cific leaf trait when a study involves multiple species with diverse leaf 
traits. In this situation, the thermal effect of the combination of all the 
physical traits is more meaningful. Thus, our methods are especially 
useful for comparing the thermal effects between plant groups. On 
the other hand, the range of leaf traits can also have an impact on the 
analysis of the thermal effects of leaf traits, as some leaf traits may 
exert a limited influence on leaf temperature within a certain range. 
For example, increasing water content by 50% would not significantly 
reduce leaf temperature, while a 20- fold increase in leaf water con-
tent (e.g. from 0.05 to 1 kg/m2), could reduce peak leaf tempera-
tures by 5°C (Schymanski et al., 2013). In addition, leaf movement 
also have influence on leaf temperature (Levizou & Kyparissis, 2016). 
For example, in the present study, Bauhinia brachycarpa folded their 
leaves at noon, and Tarenna depauperata curled its leaves when there 
was water stress. Deep root systems of the HD species are also bene-
ficial for water gain. It was reported that the length ratio and biomass 
ratio of above- ground to below- ground reached to one for most of 
the species in the Yuanjiang valley (Zhang, 2007). To avoid further 
heat damage by drought, some plants shed leaves or stay dormancy 
during dry season.

Although physical and transpiration cooling can be solved theo-
retically or experimentally using heat balance (Kitano & Eguchi, 1989; 
Leuning & Foster, 1990; Martin et al., 1999; Monteith & Unsworth, 
2013), replica leaves (Daudet, Le Roux, Sinoquet, & Adam, 1999; 
Daudet, Silvestre, Ferreira, Valancogne, & Pradelle, 1998; Katsoulas, 
Baille, & Kittas, 2007) and numeric simulation (Roth- Nebelsick, 2001; 
Roy, Vidal, Fargues, & Boulard, 2008), there is still challenge of sep-
arating the convective processes of heat and vapour, and accurate 
calculation of aerodynamic resistance under changing environment. 
Furthermore, heterogeneous boundary conditions render experi-
mental and theoretical analysis difficult (Defraeye et al., 2013). In the 
present study, the thermal effects of the suite of physical traits, were 
reflected by Tn − Tref as a whole, where only three temperatures (Tl, Tn, 
Tref) were needed to accurately separate the cooling effects of physi-
cal traits and transpiration. We call this method as three- temperature 
method. Note that our model is different from the three- temperature 
model proposed by Qiu et al. (2002) who used Tl, Tn, and Ta to estimate 
transpiration.

Studying the strategies of leaf temperature regulation in dif-
ferent plant groups can improve our understanding of leaf design 
and the adaptation of plants to various environments. Our results 
demonstrate that a hot and dry environment could enhance the 
cooling capacity of plants via increasing transpiration capacity and 
synergic physical traits. The xeromorphic syndrome of the leaves 
can alleviate the heat stress to a certain extent when transpiration is 
suppressed. When water is sufficient, physical traits and transpira-
tion provide double protection in avoiding heat damage and enable 
high photosynthesis at a suitable temperature. Stomatal indices and 
leaf veins always couple together to determine gas exchange charac-
teristics of leaves (Brodribb, Feild, & Sack, 2010). Thus, the develop-
ment of hydraulic structure should follow the highest transpiration 
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rates of the plants rather than the average rates (Brodribb, McAdam, 
& Carins Murphy, 2017). The adaptation of plants to hot and dry 
environment conditions perfectly reflected the coordinated evolu-
tion of transpiration capacity, stomatal indices, and leaf temperature 
regulation.

5  | CONCLUSIONS

Leaf temperature can differ between plant groups even under identi-
cal environment. Compared with the plants from HW, the plants from 
HD developed higher leaf vein densities, and larger SPIs to facilitate 
greater transpiration, while their leaf physical traits, most notably 
the shorter leaf and thinner lower epidermis dissipate heat more ef-
ficiently. Transpiration is a predominant way of leaf cooling both for 
the plants from HD and HW. Our results provide further insight into 
the relationship between leaf physical traits and transpiration in leaf 
temperature regulation, and the co- evolution of gas exchange and 
thermal regulation of leaves.
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