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a b s t r a c t
Understanding the impact of slope positions on stand transpiration of a plantation is necessary for 
assessing the hydrological effect of the plantation and furtherly, quantifying the watershed water 
budget. In this study, we analyzed the variations in hourly, daily, and monthly stand transpira-
tion of a 25 y old Zenia insignis plantation at different slope positions, and its response to climate 
factors, soil water content, and leaf area index in a karst catchment of north Guangdong province, 
south China. Results showed that all plots for different slope positions exhibit the same sequence 
sorted by hourly, daily, and monthly stand sap flux density (Js), which is upper-slope, foot-slope, 
and mid-slope in descending order. Meanwhile, all plots for different slope positions exhibit the 
same sequence sorted by hourly, daily, and monthly stand-scale transpiration (E), which is foot-
slope, upper-slope, and mid-slope in descending order. Hourly Js values are positively correlated 
with solar radiation (Rs), air temperature (Ta), vapor pressure deficit (VPD) (p < 0.001), and negatively 
correlated with relative humidity (RH) (p < 0.001). Daily Js values are positively correlated with Rs, 
Ta, VPD (p < 0.001). Monthly Js is mainly affected by LAI. Generally, there is no significant correlation 
between Js and soil moisture at all hourly, daily, and monthly scale, but there is a strong positive 
relation between hourly Js and soil moisture in moist days. The findings of this study will assist in 
evaluating local water budgets in Z. insignis dominated karst catchments of South China.
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1. Introduction

Transpiration, as a significant component of the water 
budget and hydrothermal process, has a considerable 
impact on regional water resources and is related to eco-
system productivity, species distribution, and ecosystem 
sustainability [1–4]. In karst mountain ecosystems, tem-
porary drought caused by the special geological structure 
will result in disharmony among water, soil, and vegetation 
systems [5], and furtherly threaten ecosystem health and 
ecological security. Previous studies have improved our 
knowledge about plant transpiration in karst ecosystems 
at both leaf scale and individual scale [6–8]. Nonetheless, 

few studies have examined spatial variations in stand 
transpiration in karst mountain regions [3]. Therefore, it’s 
an urgent task to understand variations in and controls of 
plant water use at stand scale in karst ecosystems.

Rocky desertification is the most serious eco-envi-
ronmental problems in karst mountain regions [9]. Zenia 
insignis is one of the most important species for rocky 
desertification control. It has played a significant role in 
vegetation restoration in karst mountain regions of south-
western China. However, general knowledge about the 
long-term adaptability of Z. insignis plantation to frag-
ile karst environment is still unavailable. Huang et al. [6] 
reported Z. insignis has good eco-physiological adaption 
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to dry and hot karst environment and is an excellent pio-
neer plant for karst rocky desertification control. While 
some literature showed that cultivation of Z. insignis was 
not an effective method for soil productivity improve-
ment and ecosystem restoration [10,11]. Clearly, more 
studies are needed to rigorously examine the variations 
in transpiration of Z. insignis to accurately evaluate the 
sustainability of Z. insignis plantation in karst environment.

As an important factor influencing spatial heterogene-
ity in ecological ecosystems, topographic gradients cause 
variations in ecological process and plant growth patterns 
along a slope by reallocating the heat, water, and nutri-
ent [3,12], and, accordingly, significant spatial variations in 
tree transpiration [13,14]. Previous studies have revealed 
the relationship between transpiration and topography at 
a leaf scale using eddy covariance technique [15], and also 
at a regional scale using remote sensing technique [16–18]. 
Yet the responses of stand transpiration to different slope 
positions and the variations in controlling factors are still 
poorly understood. Therefore, this study made an attempt to 
include topographic factors to properly describe plant tran-
spiration at a stand scale, which is important for the accu-
rate evaluation of catchment or landscape scale transpiration.

Thus, understanding the variations in transpiration of 
Z. insignis with different slope positions in karst ecosys-
tems is important not only for regional water budgets, but 
also for karst rocky desertification control, and sustainable 
management of plantation. To provide scientific basis for 
modifying water balance equation in karst areas, this study 
aimed to clarify variations in stand transpiration at differ-
ent slope positions of a karst hill covered with Z. insignis, 
one of the most important plantation species for rocky 
desertification control in karst ecosystems.

2. Materials and methods

2.1. Study area description

This study was conducted in a 25-year-old Z. insignis 
plantation (24°26′N, 112°43′E) located in the north of 
Guangdong, China. It is an eco-demonstration region for 
rocky desertification control with an area of 7.06 km2. 
The altitude ranges from 50 to 250 m and the slope var-
ies from 5° to 60°. The average annual temperature was 
20.8°C in 2016, with maximum and minimum monthly 
temperature of approximately 28.7°C in July and 11.0°C 
in January, respectively. The annual rainfall was 2,022 m 
in 2016 and was unevenly distributed with about 
76% occurred during March to September.

2.2. Sample plots and sample trees

We installed three sample plots along a slope in a 
Z. insignis plantation enclosed for afforestation without any 
management practices after planting. The three plots are 
on the same slope of a typical karst hill with similar rock 
bareness (>80%; Table 1). The slope degrees of the plots for 
upper, middle, and lower-slope positions are about 46°, 
33°, and 7°, respectively. The area of each plot is 10 × 10 m2. 
We selected three sample trees in each plot and measured 
their height, diameter at breast height (DBH; cm; i.e., 1.3 m 

aboveground), and leaf area index (LAI; m2/m2). We also 
calculated their sapwood depth (Ts; cm) and sapwood area 
(As; cm2) using a regression equation between DBH and 
As to avoid injuring sample trees.

All the mean height, mean DBH, mean Ts, mean As, LAI 
of sample trees increased from up-slope to down-slope 
(Table 1). The mean height was 7.50, 8.50, and 10.73 m, 
the mean DBH was 14.67, 15.17, and 20.37 cm, the mean Ts 
was 0.81, 0.84, and 1.12 cm, the mean As was 37.45, 39.99, 
and 66.56 cm2, the average LAI was 2.63, 2.89, and 3.07, 
respectively, for upper, middle, and lower-slope plots.

2.3. Sapwood determination

Sapwood is the most important water-conducting tis-
sue of trees [19], so As is closely related to sap flow and 
transpiration. We selected 24 sample trees beside the sam-
ple plots and took an increment core at breast height for 
each sample tree. We estimated the bulk thickness (Tb; cm), 
Ts, and heartwood thicknesses (Th; cm) visually in the field 
by different color and then confirmed in the lab by soak-
ing the core in 0.005% ferric chloride solution to make the 
sapwood boundary more easily visible [20]. The relation-
ship between DBH and As was determined using a power 
regression [21] and the equation is expressed as Eq. (1):

As = 0.3897DBH1.6997 (1)

2.4. Sap flow measurement

The thermal dissipation probes (TDP) were used to 
determine Fd for Z. insignis trees at each plot. A TDP sensor 
consists of two needles with 10 mm in length and 1.2 mm 
in diameter. Heated upper needle temperature is compared 
to lower ambient temperature needle. The temperature 
difference between two needles was measured every 30 s 

Table 1
Characteristics of the study plot and sample trees for sap flow 
measurement

Characteristics Upper-slope Mid-slope Foot-slope

Sample number 3 3 3
Rock coverage (%) >80 >80 >80
Elevation (m) 120.1 101.7 72.5
Slope degree (°) 46 33 7
Age (a) 25 25 25
Mean height (m) 7.5 8.5 10.73
Mean DBH (cm) 14.67 15.17 20.37
Mean Ts (cm) 0.81 0.84 1.12
Mean As (cm2) 37.45 39.99 66.56
LAI (m2/m2) 2.63 2.89 3.07

Note: DBH, diameter at breast height; Ts, sapwood depth; As, sap-
wood area; LAI, leaf area index. LAI was derived from the average 
monthly values from May to October during the growing season 
of 2016. Mean Ts and mean As were measured at breast height 
of the stem (1.3 m aboveground).
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and recorded the mean value every 10 min in a CR10XTD 
data logger (Campbell Scientific Inc., Logan, UT, USA). 
Maximum temperature difference occurs when sap flow rate 
is zero, and it decreases with the increase of sap flow [22].

Fd (g/m2 s) was calculated using the empirical equation 
based on temperature difference between the two needles 
developed by Granier [23]:

F
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Td

m= × ×
−







86 4 119
1 231

.
.

∆ ∆
∆

 (2)

where ΔT (°C) is the temperature difference between the 
heated needle and the reference needle, and ΔTm (°C) is the 
maximum temperature difference at zero sap flow usually 
occurring at night.

If the needle length is longer than Ts, ΔT was calibrated 
according to the study of Clearwater et al. [24]:
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∆
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where ΔTsw (°C) is the temperature difference in the 
sapwood; a is the proportion of needle in the sapwood; and 
b is the proportion of needle in the inactive xylem (b = 1 – a).

2.5. Stand-scale E estimates

We scaled up individual tree measurements to stand 
scale using the following equation [25,26]:

E
J A
A
s

G

= ST  (4)

where E (kg/d) is the stand-scale transpiration, Js (kg/m2 d) 
is stand sap flux density computed as the area weighted 
mean Fd of all sample trees in a plot [26,27], AST (m2) is total 
sapwood area in study plot and AG (m2) is the ground area.

2.6. Meteorology and soil moisture

Solar radiation (Rs), relative humidity (RH), and air tem-
perature (Ta) were monitored at intervals of 10 min using 
weather sensors (AV-20P, AV-10TH, AVALON, USA) in the 
experimental field. Precipitation (P) data were obtained from 
China meteorological data service center (http://data.cma.
cn). Vapor pressure deficit (VPD) was calculated from air 
temperature and relative humidity [28–30]:
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where es(Ta) is saturated water vapor pressure (kPa), Ta is 
air temperature (°C), and RH is relative humidity (%).

Soil water content (SWC) data for the top 20 cm soil 
layer was monitored for each plot using soil moisture probes 
(AV-EC5, AVALON, USA) and recorded at intervals of 

10 min in a CR10XTD data logger (Campbell Scientific Inc., 
Logan, UT, USA).

3. Results

3.1. Climate and soil water conditions

The variations in climate variables and SWC over the 
study period were shown in Fig. 1. Daily Rs ranged from 
21.7 to 366.4 Wm–2, with the average of 161.3 ± 83.7 W/m2. 
Daily T ranged from 3.7°C to 31.1°C, with the average of 
20.8°C ± 7.0°C. Daily RH ranged from 53.8% to 100%, with 
the average of 87.9% ± 9.0%. Daily VPD ranged from 0.00 to 
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Fig. 1. Variations in climate variables and soil water content over 
the study period.
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1.13 kPa, with the average of 0.31 ± 0.26 kPa. The total pre-
cipitation of the year was 2,080 mm, with the maximum of 
326 mm occurring in June. Mean daily SWC of three sample 
plots varied in a similar pattern over the study period, with a 
valley value occurring in early and middle October.

3.2. Hourly Js, E, and influence factors

For the three plots at different slope positions, hourly 
Js and E on three randomly selected sunny days (16th 
September to 18th September) in growing season showed 
a similar pattern over the course of a day. Transpiration 
began at about 7:00–8:00 in the morning, increased quickly, 
and reached the maximum value during 11:00–14:00, 
dropped sharply at 17:00–18:00, then decreased slowly 
after 19:00, and approached zero at midnight (Fig. 2). 
Hourly Js of Z. insignis plantation was highest at the upper-
slope and lowest at the mid-slope. However, hourly E was 
higher at foot-slope than at upper-slope. Hourly Js is pos-
itively correlated with Rs, Ta, and VPD (p < 0.001), and 
negatively correlated with RH (p < 0.001), but not signifi-
cantly correlated with SWC (Table 2), which indicates that 
the transpiration of Z. insignis is greatly influenced by 
meteorological factors at hourly scale.

3.3. Daily Js, E, and influence factors

The average daily Js in growing season was, in 
descending order, 1,232.73 kg/m2 d for upper-slope plot, 

1,049.10 kg/m2 d for foot-slope plot, and 621.40 kg/m2 d 
for mid-slope plot. The average daily E in growing sea-
son was, in descending order, 1.57 kg/d for foot-slope plot, 
0.85 kg/d for upper-slope plot, and 0.52 kg/d for mid-slope 
plot. The date on which peak Js occurred was different for 
different slope position plot (Fig. 3). It occurred in June on 
the upper-slope, in July on the foot-slope, and in August 
on the middle-slope. Daily Js is positively correlated with 
Rs, Ta, and VPD (p < 0.001), but not significantly correlated 
with RH, P, and SWC (Table 3).

3.4. Monthly E and influence factors

The average monthly E was, in descending order, 
32.28 kg/month for foot-slope plot, 18.20 kg/month for 
upper-slope plot, and 13.55 kg/month for mid-slope plot. 
Calculated by different seasons (Fig. 4), the average monthly 
E for all plots was, in descending order, 31.35 kg/month 
in summer, 19.02 kg/month in autumn, 13.37 kg/month 
in spring, and 11.53 kg/month in winter. Mean E during 
vigorous growth season of Z. insignis (May to October) 
accounted for 71% of the whole year. At monthly scale, 
LAI is the only factor significantly correlated (p < 0.001) 
to sap flux density for all plots on different slope posi-
tion (Table 4). For upper-slope plot, sap flux density is 
also greatly influenced by Rs. For foot–slope plot, sap flux 
density is also significantly correlated to Rs, Ta, and VPD.

4. Discussion

4.1. Variations in Js and E on different slope positions

Our data showed that Js values are various on different 
slope positions. All at hourly, daily, and monthly scales, the 
sequence sorted by Js in descending order is upper-slope, 
foot-slope, and mid-slope. This result was in consistent 
with the study conducted in a karst Platycladus orientalis 
forest in China [31], while it was in contrast to the results 
derived in a Japanese cedar forest by Kumagai at al. [32] 
which showed Js values were similar in the up-slope plot 
and low-slope plot in the growing season. Meanwhile, 
Kume et al. [3] found Js values in up-slope plot were lower 
those in low slop plot in a Japanese cypress plantation. All 
these studies were conducted in a homogenous plantation, 
but the species and stand structure such as tree age, height, 
and DBH were different, which might cause the variations 
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Fig. 2. Variations in hourly stand sap flux density and hourly 
stand-scale transpiration of the sample plots on upper-slope, 
middle-slope, and foot-slope, respectively.

Table 2
Correlation coefficients between hourly Js and Rs, Ta, RH, VPD, 
and SWC

Factors Upper-slope Mid-slope Foot-slope

Rs (W/m2) 0.8741a 0.8807a 0.8879a

Ta (°C) 0.8505a 0.8841a 0.8338a

RH (%) –0.8486a –0.8871a –0.8355a

VPD (kPa) 0.8512a 0.8922a 0.8380a

SWC (m3/m3) 0.1036 0.0822 0.0859

Note: n = 366. aindicates significant at 0.001 level. Js, stand sap flux 
densities; Rs, solar radiation; Ta, air temperature; RH, relative 
humidity; VPD, vapor pressure deficit; SWC, soil water content.
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in Js among these studies. In addition, it was reported 
that Rs, which is significant positively related to Js, was 
higher on upper-slope than that on lower-slope [33–35].

Different from Js, the sequence sorted by E in descend-
ing order, at all hourly, daily, and monthly scales, is foot-
slope, upper-slope, and mid-slope, which is mainly caused 
by the differences both in sapwood area and Js among the 
three plots (Table 1, Fig. 5). Kume et al. [3] showed the 
similar results derived in a Japanese cypress plantation, 
while Kumagai et al. [32] and Ford et al. [36] reported the 
differences in E between upper-slope and lower-slope was 
mainly caused by sapwood area. Thus, the main causes 
of the variations in E for different slope position cannot 
be simply generalized. It depends on the scales of spatial 
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Table 3
Correlation coefficients between daily Js and Rs, Ta, RH, VPD, P, 
and SWC

Factors Upper-slope Mid-slope Foot-slope

Rs (W/m2) 0.6388a 0.44508a 0.6698a

Ta (°C) 0.69418a 0.3888a 0.7706a

RH (%) –0.1094 –0.1613 –0.0921
VPD (kPa) 0.5270a 0.4278a 0.5520a

P (mm) –0.0815 –0.1118 –0.0682
SWC (m3/m3) 0.0435 0.0132 0.0055

Note: n = 366. aindicates significant at 0.001 level. Js, stand sap 
flux densities; Rs, solar radiation; Ta, air temperature; RH, 
relative humidity; VPD, vapor pressure deficit; P, precipitation; 
SWC, soil water content.
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Fig. 4. Average monthly stand-scale transpiration of all 
sample plots in different seasons.

Table 4
Correlation coefficients between monthly Js and Rs, Ta, RH, VPD, 
P, SWC, and LAI

Factors Upper-slope Mid-slope Foot-slope

Rs (W/m2) 0.8319a 0.7241 0.9512a

Ta (°C) 0.778 0.678 0.8972a

RH (%) 0.235 0.1091 0.1628
VPD (kPa) 0.6264 0.5754 0.8141a

P (mm) 0.3613 –0.0096 0.2962
SWC (m3/m3) 0.16658 0.629 –0.0651
LAI 0.835a 0.8124a 0.9023a

Note: n = 12. aindicates significant at 0.001 level. Js, stand sap flux 
densities; Rs, solar radiation; Ta, air temperature; RH, relative 
humidity; VPD, vapor pressure deficit; P, precipitation; SWC, 
soil water content; LAI, leaf area index.
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variations both in sapwood area and Js. Comparing the rela-
tionship between Js and E in upper-slope and foot-slope, the 
regression trend line in foot-slope is above the 1:1 line while 
that in upper-slope is under the 1:1 line (Fig. 5), indicating 
that E values in foot-slope increased more quickly with Js 
values than in upper-slope. This could be explained by the 
bigger sapwood area in foot-slope than that in upper-slope.

4.2. Influence factors for Js on different slope positions

Our data showed that hourly Js values are positively 
correlated with Rs, Ta, and VPD (p < 0.001), and negatively 
correlated with RH (p < 0.001). In upper-slope and foot-
slope plots, hourly Js values are most strongly related to Rs, 
while in mid-slope plot, hourly Js values are most strongly 
related to VPD. Daily Js values are also positively cor-
related with Rs, Ta, and VPD (p < 0.001), and they are also 
most strongly related to Rs in upper-slope and foot-slope 
plots, while most strongly related to Ta in mid-slope plot. 
Monthly Js values are positively related with LAI (p < 0.001) 
in all plots on different slope position. In upper-slope plot, 
monthly Js is also greatly influenced by Rs. In foot-slope 
plot, monthly Js are also significantly correlated to Rs, Ta, 
and VPD. On the whole, hourly and daily Js is mainly 
controlled by climate factors, and monthly Js is mainly 
affected by LAI. This result was in consistent with our 
study about the influence factors for Js of Z. insignis under 
different rock bareness rate [20], and it was also in accor-
dance with the results derived in a black locust plantation 
on the semi-arid Loess Plateau of China [37].

Our data also showed that there is no significant 
correlation between Js and soil moisture at all hourly, 
daily, and monthly scale (Table 5). This may partly due to 
the thin and discontinuous soil layer in karst ecosystems 
[20], and just as Huang et al. [8] and Jackson et al. [38] 
reported, deep roots of rock plants can extract water from 
stable source such as epikarst water and cave streams. 
However, the data during moist days (RH = 100%) showed 
a strong positive relation between hourly Js and soil mois-
ture for all plots of different slope positions (Table 5) [39–41]. 
The possible reason may be the phenomenon of plant water 
spitting caused by root pressure.

4.3. Limitations

The main limitation of our research was the limited data-
set. An entire dataset for a longer period of time could lead 
to a higher generalization of our results. Although we have 
continuously measured Js for 3 y, the datasets for 2017 and 
2018 are incomplete due to some broken probes. However, 
from the results of the limited dataset for 1 y, we could also 
find a clear pattern which exhibits the correlation between 
stand transpiration and slope positions.

5. Conclusions

This study aimed to reveal the relationship between 
slope positions and stand transpiration of a Z. insignis 
plantation in southern China and to analyze the influ-
ence factors at different temporal scales. The sequence 

sorted by Js in descending order is upper-slope, foot-
slope, and mid-slope all at hourly, daily, and monthly 
scales. The sequence sorted by E in descending order is 
foot-slope, upper-slope, and mid-slope at all hourly, daily, 
and monthly scales. Hourly Js values are positively cor-
related with Rs, Ta, and VPD (p < 0.001), and negatively cor-
related with RH (p < 0.001). Daily Js values are positively 
correlated with Rs, Ta, and VPD (p < 0.001). Monthly Js is 
mainly affected by LAI. Generally, there is no significant 
correlation between Js and soil moisture at all hourly, daily, 
and monthly scale, but there is a strong positive relation 
between hourly Js and soil moisture in moist days.
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