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ARTICLE

Simple model of evapotranspiration by Eucalyptus plantations for data poor areas
and tested using water balance data from a small catchment in Guangxi, China
S. Rena,b, D. A. Whitec,d,e, D. Xianga, T. M. Shortc, W. Xiaob, J. Chena, Z. Denga and Z. Yangf

aGuangxi Forestry Research Institute, Guangxi Nanning Eucalypt Plantation Ecosystem Observation and Research Station, Nanning, China;
bResearch Institute of Forest Ecological Environment and Protection, Chinese Academy of Forestry, Beijing, China; cWhitegum Forest and
Natural Resources Pty Ltd, Midland, Australia; dSchool of Plant Science, University of Tasmania, Hobart, Australia; eSchool of Veterinary and Life
Sciences, Murdoch University, Murdoch, Australia; fGuangxi State Owned Qipo Forest Farm, Nanning, China

ABSTRACT
Measurements of catchment and stand water balance were made in a small, upland catchment in
Guangxi province, China that was covered with a plantation of a Eucalyptus urophylla × Eucalyptus
grandis hybrid. These data were used to investigate the relationship between streamflow and the
net stand water balance and to test the efficacy of a relationship between the crop factor (ratio of
evapotranspiration to potential evaporation) and relative plant available soil water for predicting
evapotranspiration. The model was then used to quantify the effect of afforestation with Eucalyptus
plantations on the water balance of (1) upland catchments with shallow soils and (2) catchments
with deeper soil profiles such as those that can occur in lowland catchments in Guangxi.

During the experiment, the plantation experienced a dry year in 2014, when rainfall was
1095 mm, and a year with approximately average rainfall in 2015 (1493 mm). In 2014, plantation
evapotranspiration was 779 mm or 71% of rainfall while during 2015 the annual plantation
evapotranspiration was 931 mm or 61% of rainfall. Measured streamflow for a full year was only
18 mm (2%) less than the difference between rainfall and estimated evapotranspiration. The
relationship between measured streamflow and the net stand water balance was also strong
(r2 = 0.8) and unbiased (slope of 1.006).

A model that predicted the crop factor as a function of relative plant available soil water explained
more than 78% of the variation in observed evapotranspiration and had a model efficiency of 0.73. It
also provided an unbiased prediction of monthly evapotranspiration. When used to model the effect of
a change from grassland to a plantation of E. urophylla, it predicted an average annual decrease in
drainage of 70 mm and a 5% increase in the number of months with zero flow.
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Introduction

Water use by plantations of Eucalyptus is an important nat-
ural resource management issue throughout Southeast Asia
and also in southern China (Watanabe et al. 2004; Liu et al.
2017). The Australian Centre for International Agricultural
Research (ACIAR) commissioned a synthesis of unpublished
and published results from the region. An analysis of some
unpublished measurements of plantation and catchment
water balance (from the Guangxi Forest Research Institute,
Nanning, Guangxi Province, South-west China) that was
included in ACIAR Technical Report 89 (White et al. 2016) is
presented here in more detail. We aim to inform debate
about the water use of the plantations of Eucalyptus (Zhu
et al. 2015) that now occupy more than 50% of all land in
the Nanning region. Just under half of the region are
uplands that are completely covered by plantations of
Eucalyptus. These plantations replaced perennial grasslands,
plantations of Chinese Fir and Pinus species as well as some
cropping and horticulture. In recent years, local television
and print media in Guangxi have described Eucalyptus plan-
tations as ‘green deserts’ and the trees as ‘water pumping
machines’. There is a need for tools and local data that
quantify water use by these plantations.

There are important differences between plantations
established in upland and lowland areas in the Guangxi

region. Upland plantations occupy small, steep catchments,
typically less than 100 ha and with local groundwater sys-
tems while lowland catchments are usually flatter, larger,
have deeper soils and are associated with regional ground-
water systems and larger rivers. In the lowland catchments,
local people often collect woody debris and there is very
little weed growth. The upland catchments are steep and
inaccessible so that there is often a vigorous weed layer or
understorey. For regional communities without well-
developed water storage infrastructure, the effect of planta-
tions on low- or dry-season flow in these small, upland
catchments is an important water security issue (Khan et al.
2009). In these catchments, a small change in flow that
increases the risk of reduced water availability in the dry
season may be more important than a large change where
there is good storage. A capacity to predict the effect of
plantations on the dynamics of flow is crucial in this part of
rural China and throughout Southeast Asia.

Concern about the effect of plantations on water
resources has arisen wherever in the world large-scale estab-
lishment of Eucalyptus plantations has occurred (Dye 2000;
Albaugh et al. 2013; Greenwood 2013; Zhou et al. 2015).
Public interest in water use by exotic Eucalyptus dates to
the first half of the 20th century (Gevers 1950). Since then
a lot of research has been undertaken on the effects of
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plantations on water balance that has been summarised in
a number of excellent reviews and meta-analyses (Zhang
et al. 2001; Whitehead & Beadle 2004; Brown et al. 2005;
Farley et al. 2005; Dye & Versfeld 2007; van Dijk & Keenan
2007). The majority of the data summarised in these reviews
is from temperate climates with winter dominant rainfall. Of
the published studies from summer rainfall climates in Brazil
and China (Lane et al. 2004; Gerten et al. 2008; Li et al. 2014;
Almeida et al. 2016), only a few provide a complete water
balance (Lane et al. 2004).

Rapidly growing plantations use more water per year in
a given location than annual crops or pastures (Zhang et al.
2001; Zhang et al. 2004). On average, plantations also use
more water than native forest, although the difference is
smaller and there are exceptions. For example, in a study is
southern China, Zhou et al. (2002) found that more surface
runoff was generated from a young Eucalyptus plantation
than from a native forest of the same age. It is not totally
clear that Eucalyptus plantations use more water than alter-
native tree crops. Eucalyptus plantations have been reported
to transpire more than alternative plantation species (Myers
et al. 1998; Maier et al. 2017). In a paired catchment study in
South Africa, Scott and Lesch (1997) observed that planta-
tions of Eucalyptus grandis Hill ex Maiden reduced stream-
flow more than plantations of Pinus patula Schiede ex
Schltdl and Cham. In contrast, the only stand-scale study to
compare the total water balance of a eucalypt (Eucalyptus
globulus Labill.) with an alternative plantation species (Pinus
radiata D.Don), concluded that evapotranspiration by these
two species was similar on sites with and without shallow
groundwater (Benyon & Doody 2015).

Studies of the water balance of Eucalyptus plantations in
tropical environments have reached contrasting conclusions
about the likely effect of Eucalyptus plantations on water
resources. On the Leizhou Peninsula, Lane et al. (2004) con-
cluded that plantations would not have an important effect on
local water security. In Brazil, Almeida et al. (2007) found that
a plantation of a similar species had an important effect on
local streams. The apparently contradictory nature of these
results can be explained by the differences between the cli-
mate in the two locations. On the Leizhou Peninsula, average
monthly evaporation only exceeds potential evaporation in
one or two months a year; plantation growth and water use
is energy, rather than water limited (Lane et al. 2004). In the
region of Brazil, where Almeida et al. (2007) did their work, the
opposite is true; monthly potential evaporation nearly always
exceeds rainfall. This highlights the limitations of water balance
studies in one location for quantifying the effect of plantations
in another region. Models of plantation water balance offer the
opportunity to quantify the potential impact of plantations in
new locations and for assessing the effect of species, site and
climate on this water balance.

In areas without detailed soils, growth and climate data,
such as in much of Southeast Asia and rural China, it is
difficult to provide input data and parameter sets for pro-
cess-based models of plantation growth and water balance.
In these locations, simpler and more transparent models of
plantation water balance are needed as the basis for
a constructive and informed debate about water use by
plantations. One simple approach for quantifying water bal-
ance is to estimate the ratio of evapotranspiration to poten-
tial evaporation (the crop factor) as a function of relative
plant available soil water. The parameters of this type of

model are very similar for commercial Eucalyptus plantations
in temperate and tropical environments (White et al. 2001;
White et al. 2016). The only inputs required are monthly
rainfall and potential evaporation (average or real) and an
estimate of maximum plant available soil water; these mod-
els are a realistic option for quantifying the water balance of
plantations in data poor environments.

This paper quantifies evapotranspiration and streamflow
in a small catchment planted to Eucalyptus urophylla Blake ×
E. grandis in Guangxi province in South-west China (just
across the border from Vietnam). The water balance was
quantified using catchment scale estimates of streamflow
and a stand-scale estimate of evapotranspiration. The data
were used to (1) quantify the monthly evapotranspiration of
an upland plantation of E. urophylla × E. grandis over a 30-
month period, (2) test the hypothesis that changes in sto-
rage have a negligible effect of estimates of monthly and
annual stream flow and (3) to test a simple model of planta-
tion evapotranspiration based on prediction of the crop
factor as a function of relative plant available soil water.
This model was then used with a historical climate record
to quantify the probability of change in monthly evapotran-
spiration and streamflow.

Methods

Site description

All measurements were made in a small catchment approxi-
mately 60 km from the city of Nanning in Guangxi province,
China (22°41ʹ10.89ʺN, 108°11ʹ44.58ʺE). Located in the Nanning
Forest Ecosystem Observation and Research Station, at an
altitude of 616 m above sea level, the experimental catchment
was planted with a hybrid of E. urophylla and E. grandis in
August of 2004. In October 2010, the original crop was har-
vested and regenerated by re-sprouting from the cut stumps.
The resultant stand was reduced to a single stem per stump in
March 2011. The nominal stand spacing was 4m between rows
and 2 m within rows or 1248 trees ha−1. The actual density of
stems in the coppiced stand was approximately 1062 stems
ha−1 after reduction to a single stem per stump in 2011. The
catchment faces north-west and is very steep; the average
slope exceeds 30%.

The soil in the catchment is a latosol with an average depth
of between 80 cm and 100 cm. Using a steel ring, three soil
samples of known volume were collected from each of four
depths (0–20, 20–40, 40–60 and 60–80 cm) and from three
locations giving a total of nine samples for each depth. The
sampling locations were at the top of the catchment within the
forest plot described below, mid-slope and in a lower location
near to the weir. The samples were collected towards the end
of the wet season in 2014 and were weighed after draining for
two days in a cool room. They were then drained to permanent
wilting point (1.5 MPa) in a suction plate before being
reweighed. The volumetric water content was calculated as
the product of density and gravimetric water content. The
volumetric water fraction varied from 0.16 in the surface sam-
ples to 0.09 at 60–80 cm below the surface (Table 1). The
average plant available volumetric soil water content was
0.12 mm or 120 mm rainfall equivalent per m of soil. Given
that the soil was approximately 100 cm deep, we estimate that
the maximum plant available soil water was approximately
120 mm.
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In 2013, a v-notch weir was installed in the catchment
(the details of these measurements are described below) and
a measurement plot established on a north-facing slope in
the upper third of the catchment. This plot was ten rows
(40 m) by ten trees (20 m) covering an area of 800 m2. The
area of the catchment upstream of the weir was 15.6 ha.

The measurements described here were made between
July 2013 and April 2016. A number of symbols are used
throughout the paper. Table 2 provides a list of these sym-
bols, the quantities they represent and their units.

Stand characteristics

The height (h, m) and over bark diameter at breast height
(d, cm) of all trees in the measurement plot was measured
on six occasions between July 2013 and March 2016. For
each measurement, the volume of each tree (Vtree) was
calculated using Equation 1 while stand volume (Vplot) and
basal area (BAplot) were calculated on a per hectare basis
with Equation 2.

Vtree ¼ π

12

� � d
100

h
h� 1:3

� �� �2
h (1)

V; BAplot ¼ 10000
800

Xn
i¼1

V; BAtree (2)

In June 2013, 30 trees were harvested from an area with
comparable aspect and position to the measurement plot.
A little pure water was applied to the cross sections at breast
height to distinguish between heartwood and sapwood. The
depth and area of the sapwood was estimated for all of
these sample trees and the linear regression between sap-
wood area and basal area was calculated. This relationship
was used to estimate stand sapwood area per hectare
(SAplot) using the tree data from within the measurement
plot.

Weather variables

The weather conditions outside and inside the plantation
were measured using a pair of automatic weather stations
(Campbell Scientific, Logan, UT, USA) installed according to
the ‘Observation Methodology for long-term Forest
Ecosystem Research’, a National Standard of the People’s
Republic of China (GB/T 33027–2016). The first weather sta-
tion was situated in a 25 m x 25 m clearing at the top of the
catchment. In this clearing the grass was cut at least twice
a year. This station recorded temperature (T), humidity (RH),
total solar radiation (R), net radiation (Rn), barometric pres-
sure (Pa), rainfall (P) and wind-speed and direction.

The second, situated inside the plantation, had nearly all of
the same sensors as the first station, except for the net
radiometer. Measurements at both stations were made
every ten minutes. Daily and average monthly values for
minimum (Tmin) and maximum temperature (Tmax) and
humidity (RH), total rainfall (P), net (Rn) and total incident
radiation (R) were derived from these data.

Soil water content

The volumetric soil water fraction (θ) was measured outside
the plantation at 5, 10, 20 and 40 cm below ground and
inside the plantation at 5, 10 and 20 cm below ground.
These measurements were made using capacitance sensors
(CS161, Campbell Scientific). The total soil water content at
each location (S, mm) was calculated in mm as a sum of the
water content calculated for each depth as the product of
the volumetric soil water fraction measured at each depth

Table 1. Bulk density and maximum plant available soil water content by soil
depth. The numbers are the average ± standard error for three landscape
positions, the top and bottom of the catchment and a mid-slope position

Soil depth
range (cm)

Bulk density
(g cm−3)

Maximum plant available volumetric
soil water fraction

0–20 1.03 ± 0.11 0.16 ± 0.012
20–40 1.30 ± 0.06 0.13 ± 0.012
40–60 1.35 ± 0.04 0.11 ± 0.015
60–80 1.35 ± 0.06 0.09 ± 0.033
Profile average 1.26 ± 0.08 0.12 ± 0.015

Table 2. List and description of symbols used in this paper and their units

Symbol Description Units

h Tree height m
d Diameter at breast height, over bark cm
Vtree The volume of a tree m3

BAtree The basal area, at 1.3 m above ground, of a tree m2

Vplot The standing volume in a plot expressed per
hectare

m3 ha−1

BAplot The total basal area of a stand expressed as cross-
sectional area per hectare

m2 ha−1

SAplot The total sapwood area of the plot expressed as
a cross sectional area per hectare

m2 ha−1

T Air temperature °C
RH Relative humidity %
R Solar radiation Wm−2

Rn Net radiation Wm−2

Pa Atmospheric pressure kPa
P Rainfall mm
Tmin Minimum daily temperature °C
Tmax Maximum daily temperature °C
θ Volumetric soil water fraction Dimensionless
S Total soil water content of the soil profile mm
W Relative soil water content Dimensionless
Q Streamflow mm
E0 Reference evaporation calculated using the

Priestley-Taylor equation
mm

s Slope of the relation between saturated vapour
pressure and temperature

kPa °C−1

γ Psychrometric constant kPa °C−1

λ The latent heat of vapourisation of water kJ kg −1

cp Specific heat of dry air kJ kg °C−1

ε Ratio of the molecular weight of water to dry air
E Evapotranspiration (total evaporation) mm
v Sap velocity cm h−1

ΔTd The difference in temperature between the
heater and reference probes

°C

ΔTd,max The maximum temperature difference between
the heater and the reference probes recorded

during the previous 24 hours

°C

v’ Mean sap velocity for all measurement trees cm h−1

Et Transpiration by the plantation mm
Ei Canopy interception of the plantation mm
TF Throughfall or rainfall measured underneath the

plantation canopy
mm

Eu Understorey evaporation (includes soil
evaporation and interception and transpiration

of the understorey)

mm

Eeq Equilibrium evaporation rate mm
W0 A parameter in the equation for predicting the

crop factor (k) as a function of plant available
soil water. This parameter is the value of W for

which k is 0.5

Dimensionless

aw The maximum slope of the relation (Equation 11)
between the crop factor and relative plant

available soil water

Dimensionless
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(θi) and the depth of soil associated with that sensor (zi)
(Equation 3).

S ¼
Xn
i¼1

θizi (3)

The relative soil water content (W) was calculated as the
ratio of the ith measurement and the maximum value
recorded during the experimental period (Equation 4).

W ¼ Si
Smax

(4)

The absolute and relative water contents were both calcu-
lated for assumed soil depths of 0.5 m and 1 m. The soil
depth in the catchment varied between 50 cm and 100 cm.
This means that the total available soil water varies between
120 mm and 75 mm based on the measured water storage
values provided in Table 1.

Streamflow (Q, mm)

The flow at the main catchment outlet was measured in
a v-notch weir with a filter tank and a stilling pond.
A small building was erected at the weir in which
a logging well was established with hydraulic connectivity
to the stilling pond. An automatic depth gauge (ONSET, U20,
USA) was installed in the well. This gauge recorded water
level at ten-minute intervals. Flow (Q) was calculated after Eli
Robert (1986) as a function of the height of the v-notch
above the bottom of the stilling pond and the height of
the water in the v-notch.

Net and solar radiation

Solar (R) and net radiation (Rn) were measured outside the
plantation while only solar radiation was measured inside
the plantation. Total daily solar radiation measured under-
neath the plantation and in the nearby clearing were
strongly correlated (r2 of 0.92). Daily total solar radiation (R)
measured underneath the plantation was 38% of the value
in the clearing. This relationship was used to fill gaps in the
daily record of solar radiation both outside and inside the
plantation.

Similarly, a strong relationship was observed between net
and solar radiation in the clearing; net radiation was 69% of
total solar radiation. Given that the vegetation in the clear-
ing was similar to that in the understorey, the same relation-
ship between net and total solar radiation was assumed to
apply under the plantation.

Using these correlations, a complete record of daily total
and net solar radiation outside the plantation and under-
neath the Eucalyptus canopy but above the understorey was
constructed.

Potential evaporation (E0, mm)

Potential or reference evaporation (E0) was calculated using
the Priestley-Taylor equation (Priestley & Taylor 1972). This
method calculates reference evaporation as a product of
equilibrium evaporation and a coefficient which reflects the
vegetation roughness (1.26 in this case, Equation 5),

λE0 ¼ 1:26
s

sþ γ

� �
Rn (5)

where Rn is net radiation in kJ m−2, λ is the latent heat of
vapourisation of water (2245 kJ kg −1), s is the slope of the
relationship between saturated vapour pressure and tem-
perature (kPa °C−1) and γ is the psychrometric constant or
slope of the relationship between actual vapour pressure
and temperature (kPa °C−1). The ‘constants’ are temperature
dependent; s was calculated using the empirical model in
Equation 6 (Hahn & Landeck 1998) and γ was calculated
using Equation 7 in which Ta and Pa are air temperature
and atmospheric pressure measured at the site, cp is the
specific heat of dry air (1.013 kJ kg °C−1) and ε is the ratio
of the molecular weight of water to dry air (0.622).

s ¼ 0:04145e0:06088Ta (6)

γ ¼ cpPa
ελ

(7)

Ta is air temperature measured at the weather station, Pa is
atmospheric pressure (kPa), cp is the specific heat of dry air
(1.013 kJ kg °C−1) and ε is the ratio of the molecular weight
of water to dry air (0.622).

Evapotranspiration

The components of evapotranspiration were measured or
estimated within the measurement plot.

Stand transpiration (T, mm)

Six sample trees were selected from within the measure-
ment plot to represent the range of tree sizes in the plot.
Heat dissipation probes (Dynamax Inc., Houston, Texas, USA)
were installed in each of these trees in March 2013. These
probes were installed at breast height on a northerly aspect
using the protocol described in Baker and van Bavel (1987).
A heater probe provided a constant input of energy and
every 30 min the temperature at the heater probe and
a reference probe 10 mm downstream of the heater was
recorded. Sap velocity was calculated after Granier and
Loustou (1994) as:

v ¼ 0:000119
ΔTd � ΔTd;max

ΔTd;max

� �
106 (8)

where ΔTd was the difference in temperature between the
heater and reference probes and ΔTd,max was the maximum
temperature difference recorded during the previous 24 hours.

Sap velocity measurements of this kind are subject to
errors due to the sensitivity of the temperature sensors to
electrical interference. These erroneous measurements were
removed from the data by plotting the data from each
sensor against sensor one and removing data that deviated
from the relationship between the sensors by more than one
standard deviation. This resulted in the removal of sap velo-
cities in excess of about 65 cm h−1 and less than 4 cm h−1.
Mean sap velocity for the six trees (v’) was calculated for
each measurement time and was the mean of between two
and six measurements.
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Transpiration or water use for the stand (Et, mm) was
calculated as the product of the mean sap velocity (v’,
numerical equivalent of sap flux density) and the area of
sapwood of the stand per hectare. As for the other variables,
stand transpiration (Et, mm) was calculated on a daily and
monthly basis.

Canopy interception (Ei)

Throughfall (TF) and rainfall (P) were measured using a pair of
tipping bucket rain gauges situated, respectively, inside and
outside the plantation. Interception (Ei), on a daily time step,
was calculated as the difference between rainfall measured
outside the plantation (P) and throughfall measured inside the
plantation. A simple linear model was developed from the
data that calculated throughfall as a function of rainfall mea-
sured outside the plantation. Interception was then calculated
as the difference between rainfall and throughfall.

Stemflow was not measured in this study. The error intro-
duced by this omission is between 2% and 5% of annual
rainfall based on published results for E. globulus in Portugal
(2.7%) (de Almeida & Riekerk 1990) and Eucalyptus in general
for which Crockford and Richardson (1990) found that stem-
flow was about half of that observed for Pinus species.

Understorey water use (Eu)

For this water balance, understorey water use Eu was
assumed to include interception by the understorey plants,
transpiration by the same plants and evaporation from the
soil surface. The understorey was very dense in this planta-
tion and was approximately 2 m tall. In most places it was
too dense to walk through without first clearing a path with
a machete. This was not the case in the cleared plot where
the grass was cut regularly.

Understorey evaporation was calculated (Equation 9) as
a product of a crop factor (ku), and equilibrium evaporation
(Eeq, Equation 10).

Eu ¼ kuEeq (9)

λEeq ¼ s
sþ γ

� �
Rn (10)

To account for variations in resistance within the soil and
vegetation, the model of Battaglia and Sands (1997), with
parameter values from White et al. (2016), was used to
calculate ku as a function of relative plant available soil
water (Equation 11). For the calculation of W, it was assumed
that the dense weed layer could access 1 m of soil.

k ¼ W2eawW

w0
2eaww0 þW2eawW

(11)

The parameters in this model are the value of W for which
k is 0.5 (w0) and the maximum slope (aw) and were, respec-
tively, given values of 0.5 and 6 after Benyon and Doody
(2015). In this case net radiation (Rn) is that estimated for
underneath the plantation which was 38% of the value
measured outside the plantation.

Evapotranspiration (E)

Evapotranspiration was calculated as the sum of transpira-
tion (Et), interception (Ei) and understorey evaporation (Eu).

E ¼ Et þ Ei þ Eu (12)

Modelling evapotranspiration

A simple, three parameter model was parameterised using
data from between July 2013 to June 2014 and then used to
estimate monthly evapotranspiration from July 2014 to
March 2016. This model calculates evapotranspiration using
Equation 13, as the product of a crop factor (k) and potential
evaporation (E0, see Equation 5).

E ¼ kE0 (13)

Potential evaporation was estimated using the Priestley-
Taylor method (Priestley & Taylor 1972), and the crop factor
was estimated using the same model used by Battaglia and
Sands (1997) with parameters as modified by White et al.
(2016). The model calculated the crop factor as a function of
relative plant available soil water (W, from Equation 4). As
noted above, the parameters of this model are the value of
plant available soil water (W) for which k is 0.5 (w0) and the
maximum slope of the relationship (aw). The values of 0.5 for
w0 and 6 for aw used were derived by White et al. (2016)
using measurements in this study made between July 2013
and June 2014 and the data reported by Lane et al. (2004). In
this case net radiation used in the Priestley-Taylor equation
is that estimated for outside the plantation.

Quantifying the effect of land-use change from grass to
plantations

Monthly evapotranspiration was then modelled using
monthly climate data for Nanning from 1901 to 2014, down-
loaded from the East Anglia Climate Research Unit. This data
does not include either solar or net radiation. The average of
total solar radiation (MJ day−1) was therefore calculated from
average monthly maximum and minimum temperatures
using Equation 14 after Hargreaves and Samani (1985) and
as described in Allen et al. (1998).

R ¼ 0:16
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tmax � Tmin

p� �
Ra (14)

where Ra is extraterrestrial radiation (the radiation received
by the outer atmosphere) which is in turn a function of time
of year (declination angle of the sun) and latitude (see Allen
et al. 1998). Net radiation (Rn) was calculated after Green
et al. (1995) and Alados et al. (2003) as 0.7 times total solar
radiation and potential evaporation was calculated after
Priestley and Taylor (1972).

Although the plantation in this study replaced sparse
plantings of Chinese Fir and local species, the water use of
plantations was compared to water use by catchments or
plots covered with grass. This was done to maximise the
difference between the plantation and the modelled alterna-
tive or to provide a worst-case scenario for land-use change. It
would also have been difficult to parameterise the model for
the previous mixed land use. The evapotranspiration of grass
was also estimated using Equation 13. It was assumed that the
maximum value of the crop factor (k) was 0.8 for grass and
0.92 for the plantation. This is because of the greater
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turbulence and aerodynamic conductance of plantations
compared to grass. It was assumed that the maximum plant
available soil water fraction was 0.1 and that the grass could
access only 1 m of soil. The model was run from January 2001
to December 2015. The residual or net water balance, again
from Equation 14, was calculated for every month and a flow
duration curve, the relationship between a calculated flow
and the probability of exceedance, was plotted under differ-
ent soil depth scenarios. The values of the model parameters
represent a ‘worst-case scenario’ and will tend to maximise
the predicted difference between the evapotranspiration
from plantations of Eucalyptus and grass.

Data analysis

To test hypothesis 1, that storage is negligible in small
upland catchments, streamflow was calculated from
a simple catchment water balance in which flow (Q) is the
net water balance or rainfall (P) less, evapotranspiration (E)
and the change in soil water content (DS) (Equation 15).

Q ¼ P� E � ΔS (15)

Streamflow estimated in this way, and assuming zero
change in storage, was compared with measured streamflow
and linear regression was used to quantify bias. This was
done for monthly and weekly time steps.

The model was tested by calculating the Nash-Sutcliffe
model efficiency (Nash & Sutcliffe 1970) for the period from
November 2014 to December 2015 (Equation 16).

Efficiency ¼ 1�
Pn

i¼1 EM;i � EO;i
	 
2

Pn
i¼1 EO;i � �E

	 
2 (16)

Where EM,i is modelled evapotranspiration in month i of
n months, EO,i is observed evapotranspiration for the same
month and �E is average evapotranspiration. Values of the
Nash-Sutcliffe model efficiency (ENS) between 0 and 1 indi-
cate that the model is a better predict than the sample
mean. Values closer to 1 indicate superior model efficiency.

Results

Climate and weather

The average annual rainfall in nearby Nanning (60 km from the
field site) is 1466 mm, average annual potential evaporation is
1030 mm, and the rainfall is summer dominant. January is the
coolest month with an average minimum air temperature of
9.8°C and maximum of 24.7°C. During July, which is the warm-
est month, the average minimum and maximum air tempera-
ture are, respectively 17.4°C and 31.7°C (Fig. 1).

At the research site the rain gauge did not function
correctly during June and July 2014. A relationship between
the rainfall at the nearby Nanning climate station and the
experimental site was used to estimate the rainfall for these
months. After these corrections, rainfall measured in the
catchment was much lower than the long-term average
during 2014 (1095 mm) and a little more than average in
2015 (1493 mm) (Fig. 1).

Soil water content

The relative water content was similar in the grassed area
outside the plantation and under the plantation for much of
the study period. The water content was lower under the
plantation than outside the plantation for a period of three
months between March and June 2015. During this period
the relative plant available water content decreased to
approximately 0.4 under the plantation (Fig. 2).

Evapotranspiration and components, a bottom up
water balance

The maximum monthly evapotranspiration, calculated as the
sum of interception, soil evaporation and transpiration, was
observed between July and September in each of 2013, 2014
and 2015 and was between 130 mm and 147 mm (Fig. 3).
During the subsequent months of each year, evapotranspira-
tion decreased and was between 30 mm and 60 mm per
month during the cooler and drier months between January
and April (Fig. 3). Total annual evapotranspiration was esti-
mated to be 779 mm in 2015 or 78% of potential evaporation

Figure 1. Average monthly rainfall, potential evaporation, maximum and minimum temperature for the location of Nanning. Data are average values for the
period from 1901 to 2014 from the East Anglia climate research unit. Also shown are observed monthly rainfall during 2014 and 2015
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and 71% of annual rainfall (Fig. 3). In 2015, during which rainfall
was close to the long-term average, the estimated total evapo-
transpiration was 939 mm. This was also 78% of potential
evaporation and 61% of rainfall (Fig. 3).

During the wet months of July and August, interception
was as much as 60% of evapotranspiration. In the dry
months between December and April, interception was
between 3% and 10% of evapotranspiration. The absolute
value of understorey evaporation was also largest during the
warm, wet months and lowest when there was less radiation
and the soil was dry. Monthly transpiration was less variable
than either soil evaporation or interception and varied
between 17 mm and 40 mm (Fig. 3). Total annual transpira-
tion, interception and understorey evaporation were, respec-
tively, 327, 213 and 239 mm in 2014 and 338, 340 and
260 mm in 2015. Over this two-year period, transpiration,

interception and understory evaporation were, respectively,
39%, 32% and 29% of evapotranspiration.

The seasonal patterns suggest that radiation was
a stronger determinant of evapotranspiration and transpira-
tion than available soil water. This observation was con-
firmed by analysis of the data. While neither monthly
transpiration nor evapotranspiration were strongly corre-
lated with plant available soil water content (coefficient of
correlation less than 0.2), there was a significant positive
relationship (r2 of 0.62) between transpiration and radiation.
This can be seen in Figure 2 where the seasonal pattern of
transpiration corresponds much more closely to that of
radiation than soil water content. Although radiation was
the primary determinant of transpiration there were prob-
ably short periods during which transpiration was limited by
water, particularly during 2014 (Fig. 2).

Figure 2. Normalised monthly transpiration and radiation shown with relative available plant available soil water (W) measured inside and outside the
plantation for the period from July 2013 to March 2016. The soil water content is estimated from 0 cm to 100 cm from soil water measurements between 0 cm
and 40 cm in the grass plot and 0 cm and 20 cm in the plantation plot. In each case the deepest sensor is extrapolated to 100 cm. For all variables the
normalised value is calculated as the ratio of the measure value and the maximum observed during the experiment. There is a much closer correspondence
between transpiration and radiation (correlation coefficient 0.62) than between transpiration and soil water content

Figure 3. Monthly potential evaporation, transpiration, interception and understorey evaporation from July 2013 to March 2016
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Streamflow, measured and determined from the water
balance
During the course of this experiment there were a number of
periods when the streamflow gauge did not record reliably.
The most reliable continuous year of streamflow data was
recorded between the beginning of November 2014 and
the end of October 2015. During this period, 536 mm of
flow were recorded at the gauge while the net water balance,
the difference between rainfall and evapotranspiration, was
estimated to be 554 mm. The cumulative difference between
these measures is very small and indicates a net increase in
storage of 18 mm over this period of 12 months. The inclusion
of stemflow in the throughfall would have increased this
disparity between measured streamflow and the net water
balance by between 30 mm and 45 mm.

During the same period, monthly streamflow measured at
the gauge was strongly correlated with the net water bal-
ance of the measurement plot. Even when the change in soil
water storage was assumed to be zero, the net water bal-
ance explained 88% of the variation in measured streamflow
and the relationship has a slope of 1.005 (Fig. 4), indicating
that the net water balance was an unbiased predictor of

monthly streamflow. Notwithstanding the strength of the
relationship there were a number of months when the net
water balance was zero or negative and a positive stream-
flow was recorded, and several months when streamflow
was zero and the net water balance indicated some net
drainage (Fig. 4). Allowing for the observed change in soil
water content did not improve the relationships. When the
time period was reduced to weekly the correlation between
streamflow and net water balance was reduced to 0.6 and
net water balance underestimated streamflow by 10% (rela-
tionship not shown). This analysis indicates that annual
change in storage was approximately zero but that over
shorter time periods it can be an important component of
the water balance.

When monthly streamflow (measured) was plotted as
a function of the rainfall the relationship was very strong and
indicated that flow occurred inmonths where rainfall exceeded
potential evaporation by more than 75 mm (Fig. 5). This is of
the same order as the estimated total storage in the unsatu-
rated zone (120 mm). An even stronger relationship was evi-
dent when monthly runoff was plotted as a function of the
difference between rainfall and potential evaporation (Fig. 6).

Figure 4. Monthly streamflow, between November 2014 and October 2015, estimated as the difference between rainfall and evapotranspiration as a function of
streamflow measured at the gauge

Figure 5. Monthly runoff as a function of monthly rainfall. Two linear relationships are shown. One is fitted to all the data (solid line) while the other (dashed
line) is fitted only to data from months with non-zero streamflow
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The slope of this relationship was 0.96 indicating that flow is
very nearly 100% of the surplus of rainfall over potential eva-
poration. This is consistent with the earlier observation that
estimated evapotranspiration was approximately equal to
potential evaporation in most months (Fig. 3).

Modelled evapotranspiration

During 2014, based on the published data of Lane et al.
(2004) and measurements in this study from July 2013 to
June 2014, White et al. (2016) modified the parameters of
the relationship between the crop factor (k, ratio of evapo-
transpiration to potential evaporation) and available soil
water that was developed for E. globulus by Battaglia and
Sands (1997). The modifications indicated stronger leaf shed-
ding and stomatal closure in response to drought by
E. urophylla × E. grandis than was the case for E. globulus.
The relationships for E. globulus and E. urophylla × E. grandis
are plotted in Figure 7 alongside data for E. globulus
(Honeysett et al. 1996) and E. urophylla × E. grandis (this
study). These data indicate that the E. urophylla × E. grandis

did not experience severe water stress between July 2013
and March 2016 (Fig. 7).

During the period from July 2014 to March 2015, mod-
elled evapotranspiration was strongly correlated with evapo-
transpiration estimated as the sum of transpiration,
interception and understorey evaporation and the Nash-
Sutcliffe model efficiency was 0.73; the model was a good,
unbiased predictor of plantation water use and therefore of
streamflow (Fig. 8).

The effect of land use change in small upland
catchments

The model was then applied, assuming continuous plantation
cover and using the climate data downloaded from the East
Anglia Climate Research Unit for the period between 1900 and
2014. This modelling assumed amaximum crop factor for grass
and plantation of 0.8 and 0.92, respectively. When the soil
depth was only 1 m, similar to the situation in the experimental
catchment at Qipo, predicted annual streamflow was always
greater than 250 mm for both the plantation of E. urophylla ×
E. grandis and the grassland (Fig. 9). Predicted annual drainage

Figure 6. Monthly runoff as a function of the difference between rainfall and potential evaporation. The line shown is a linear regression

Figure 7. The crop factor (rainfall/potential evaporation) as a function of relative plant available soil water at the end of the month, calculated assuming both
a 50 cm and 100 cm deep soil profile. The curve is from White et al. (2016) and was fitted derived as a fit to the upper boundary of the 2013/2014 data using
the function described in Battaglia and Sands (1997)
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was more than 500 mm for both grass and plantations in more
than half of the years. The establishment of the plantation
increased the number of months with zero flow by 5% (Fig.
10). The effect was much larger when the soil profile was
increased to a depth of 5 m (Fig. 11) and the probability of
zero monthly flow was increased by 10%. Importantly, increas-
ing soil depth beyond 5 m, to 6, 10 and 20 m had no further
effect on the relationship between drainage or runoff and the
probability in exceedance over what is shown in Figure 11. This
is because 5 m of storage is sufficient to buffer the difference
between rainfall and potential evaporation in all years so that
plantations are never water limited.

Discussion

This paper presents measurements of evapotranspiration and
streamflow for a 15-ha catchment planted with a hybrid of
E. urophylla × E. grandis. The measurement period included
a dry year (2014, 1095 mm annual rainfall) and a year with
approximately average rainfall (2015, 1493mm annual rainfall).
Streamflow in these two years was, respectively, 289 mm

(estimated from water balance) and 523 mm (measured
directly) while evapotranspiration was 779 mm and 939 mm.
In 2014, the runoff to rainfall coefficient was 0.26 and increased
to 0.35 in 2015. In 2014, the difference between measured
streamflow and the residual of rainfall after evapotranspiration
was only 3%. Moreover, the simple model (ramp function)
developed in White et al. (2016) based on the relationship
between the crop factor and relative plant available soil
water was an unbiased predictor of net water balance (stream-
flow) at a monthly timestep.

Evapotranspiration was 779 mm in a dry year (2014) and
939 mm in an average year (2015). Although direct measure-
ments of evapotranspiration by Eucalyptus plantations are
rare, there are sufficient published results to suggest that
these observations are broadly similar to previous observa-
tions in tropical E. urophylla × E. grandis plantations. In
neighbouring Guangdong province, evapotranspiration by
plantations of E. urophylla × E. grandis was measured over
two years and at two sites. The range for annual evapotran-
spiration was 969–1150 mm (Lane et al. 2004). Further east
in sub-tropical Fujian province, Liu et al. (2017) measured

Figure 8. Predicted monthly evapotranspiration as a function of the observed evapotranspiration during the experiment. The Nash-Sutcliffe model efficiency is 0.73

Figure 9. Annual drainage (or streamflow) for a plantation of Eucalyptus urophylla × E. grandis and a grass as a function of the probability of exceedance (for
a 1 m deep soil with a maximum plant available water fraction of 0.1)
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annual evapotranspiration rates of between 877 mm and
1001 mm. Across the three provinces the runoff to rainfall
ratio was between 0.26 and 0.55. Considered together with
the work of Liu et al. (2017) and Lane et al. (2004), this study
provides further evidence that even in dry years evapotran-
spiration by a Eucalyptus plantation is less than 70% of
annual rainfall throughout southern China.

In this study, transpiration was only 39% of annual evapo-
transpiration. Although this is lower than previously observed in
temperate E. globulus and P. radiata plantations (52%) (Benyon &
Doody 2015), it is comparable to the values observed by Lane
et al. (2004) and Liu et al. (2017) in tropical and sub-tropical
China. Plantations of Eucalyptus and Pinus have been observed
to partition energy and rainfall so that in a given climate the sum
of soil evaporation and interception are quite conservative
(Benyon & Doody 2015). The leaf area index of tropical planta-
tions is generally lower than for temperate plantations and they
therefore develop strong weed growth (White et al. 2016). This

results in more evaporation from the understorey. Management
of weeds under the relatively open canopies of tropical
Eucalyptus plantations represents an opportunity to improve
the water use efficiency of these plantations by increasing the
ratio of crop tree transpiration to evapotranspiration (White et al.
2014).

Monthly streamflow was strongly correlated with net
water balance (drainage) estimated from a plot water
balance. At the annual timestep the change in catchment
water storage was negligible compared to the other com-
ponents of the water balance. Together, these results
indicate that this small upland catchment in Guangxi
was very responsive to rainfall. For the period from
July 2015 to March 2016, a simple model based on
a relationship between the crop factor and relative plan-
tation soil water was an unbiased predictor of evapotran-
spiration and therefore streamflow. The Nash-Sutcliffe
model efficiency (Nash & Sutcliffe 1970) of 0.73.

Figure 10. Monthly drainage (or streamflow) for a plantation of Eucalyptus urophylla × E. grandis and a grass as a function of the probability of exceedance (for
a 1 m deep soil with a maximum plant available water fraction of 0.1)

Figure 11. Monthly drainage (or streamflow) for a plantation of Eucalyptus urophylla × E. grandis and a grass as a function of the probability of exceedance (for
a 5 m deep soil with a maximum plant available water fraction of 0.1)
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The correlation between monthly streamflow measured
at the gauge and calculated as the residual in a water bal-
ance suggests that in the Qipo catchment, the lag in the
response of the stream to rainfall is generally less than one
month. The relationship between runoff and rainfall also
indicates that between 50 mm and 100 mm of rain are
required in any given month to generate runoff. This is
very similar to the estimate of maximum storage in the
unsaturated zone made from the soil samples collected in
the catchment (120 mm). Moreover, monthly runoff also
showed close to one to one correspondence with the
monthly surplus of runoff over potential evaporation. The
responsiveness of this catchment makes it possible to repre-
sent streamflow in the catchment at a monthly time step
using a simple model of evapotranspiration. This greatly
simplifies the task of representing the dynamics of flow in
small upland catchments with shallow soils. This is important
for predicting the effect of plantations throughout South-
east Asia. In many of the important plantation regions of
Northern Thailand, Northern and Central Vietnam and Lao
and South-west China, small upland catchments with shal-
low soils are commonly planted with Eucalyptus (Hardiyanto
2003; Wongprom et al. 2012; Nambiar & Harwood 2014).

A relationship between the crop factor and plant available
soil water from White et al. (2016) was used here to estimate
monthly evapotranspiration for an E. urophylla × E. grandis
plantation. This model of evapotranspiration was used in the
process-based model, ProMod (Battaglia & Sands 1997) and
was derived from the data of Honeysett et al. (1996). The
features of this relationship are a plateau where the crop factor
is approximately 1.0 and a rapid decline once a threshold water
content is reached. The relationship used in Figure 7 predicted
a maximum crop factor of one and a greater sensitivity of the
crop factor to soil drying than was been observed for tempe-
rate species (White et al. 2001). This is consistent with our
current understanding of the coordination of leaf and stem
hydraulic traits and the relationship between these traits and
the growing climate (Bartlett et al. 2014; Zhu et al. 2015). In this
study, the E. urophylla × E. grandis were not exposed to severe
water stress. The minimum crop factor observed here was 0.5.
In other studies of the water relations of Eucalyptus plantations
in tropical China a number of authors have observed that trees
rarely, if ever, experience severe water stress (Morris et al. 1998;
Lane et al. 2004; Zhu et al. 2015). Plantation species and trees
exposed to more severe water stress will regulate water use
through leaf shedding and stomatal closure among a range of
other drought responses. This will result in reduced stem
hydraulic conductivity in a coordinated response to water
stress (Thomas & Eamus 1999; Zhang & Cao 2009). Trees that
grow in a moist environment would be expected to have
a high maximum conductance and xylem that is vulnerable
to cavitation. Eucalyptus saligna Sm., E. grandis and other sub-
tropical Eucalyptus species have been shown to behave in this
way (Dye 2000). Similar behavior has also been observed in
temperate species from the symphyomyrtus sub-genus of
Eucalyptus such as E. globulus and Eucalyptus nitens (H. Deane
& Maiden) Maiden (White et al. 1999; White et al. 2003; White
et al. 2009).

The climate in southern China is characterised by a summer
dominant rainfall. The period without rain coincides with
reduced radiation and evaporative demand (Fig. 1). These
features of the climate near Nanning and on the Leizhou
Peninsula result in plantations experiencing very little water

stress during the dry season. In an unusually dry year, the
minimum crop factor observed here was 0.5. These environ-
ments have lower annual rates of potential evaporation than
might be experienced by plantations in temperate and
Mediterranean climates (e.g. between 1400 mm and
1600 mm in south-western Australia; White et al. 2014). In
this study transpiration and evapotranspiration were better
correlated with radiation than with available soil water. The
growth and water use of plantations in these environments is
energy limited in summer because rainfall exceeds potential
evaporation and in winter because while there is less rain than
in summer, potential evaporation is also quite low. In these
environments, radiation imposes an absolute limit on potential
water use by plantations.

This ramp function developed for E. urophylla × E. grandis
was used to model monthly evapotranspiration and drainage
from plantations and grass between 1900 and 2014 at
Nanning. Two scenarios were simulated, a shallow soil profile
typical of small upland catchment and a deeper profile more
typical of a lowland catchment. The model predicted a 5%
increase in the likelihood of months with zero drainage in the
upland scenario and a 10% increase in the lowland scenario.
Increasing the soil depth beyond 5 m did not increase the
impact of plantations as a 5 m soil was sufficient to buffer the
difference between rainfall and potential evaporation in all
rainfall years between 1900 and 2014.

This modelling suggests that plantations of Eucalyptus
catchments are unlikely to have a large effect on annual
streamflow or catchment water balance in the upland planta-
tions near Nanning, especially on shallow soils. The soil in the
experimental catchment at Qipo forest farm is estimated to
be between 0.5 m and 1 m deep. Under these circumstances
both grass, annual or perennial, and the plantation would
occupy the entire soil profile. The main difference between
the plantation and shorter statured crops and pastures is that
the plantation presents a rougher profile to wind resulting in
greater turbulence and exchange of moist air from inside to
outside the canopy. White et al. (2001) observed that the
maximum rate of evapotranspiration from agricultural crops
was approximated by the equilibrium rate of evaporation or
was approximately 0.8 times the Priestley-Taylor potential
evaporation while commercial Eucalyptus plantations have
a maximum crop factor of about 0.95 of Priestley-Taylor
potential evaporation. These were the values used for model-
ling the difference between land uses here. The result was
a prediction of about a 70 mm reduction in annual average
runoff and a 5% increase in the likelihood of a month without
drainage. Even in dry years, such as one that occurred during
this study, more than 250 mm of runoff would be expected.

When soil depth was progressively increased to simulate
the maximum potential impact of plantations in the Nanning
climate, the annual reduction in runoff increased to approxi-
mately 200 mm and the likelihood of dry month was increased
by 10% due to the establishment of plantations on grassland.
Increasing soil depth to 6, 10 and then 20 m did not result in
any further change in the flow duration curves compared to
the simulation for a 5 m deep soil profile. This is because a 5 m
soil profile is sufficient to buffer the difference between poten-
tial evaporation and rainfall in all years so that the plantation
becomes totally energy limited. This represents the maximum
possible water use by the plantation and under these circum-
stances neither access to groundwater nor irrigation would
increase the rate of water use by the plantation.
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Thus, depending on soil depth, the annual impact of
a plantation on stand and catchment water balance was
estimated to be between 50 mm (on shallow soils) and
200 mm. This range is consistent with previous observations
at catchment scale in southern China (Zhu et al. 2015; Liu
et al. 2017).

Conclusions

(1) Streamflow in the study catchment was very respon-
sive to rain and to periods without rain. Annual
change in catchment storage was negligible, even in
a dry year.

(2) The empirical and modelled results of this study sug-
gest that plantations of E. urophylla × E. grandis are
unlikely to have a large impact on the annual water
balance in the small upland catchments in southern
Guangxi catchments.

(3) On deeper soils, large-scale planting may reduce drai-
nage, but in general these catchments will be larger,
and the proportional impact of plantations will be
diluted by the presence of other land uses.

(4) The modelling impact of plantation establishment
increased as a function of soil depth up to a soil
depth of 5 m. Access to more soil and water did not
cause further changes in modelled drainage.

(5) A simple model, with three parameters, did a good
job of representing the water balance of stands and
catchments of Eucalyptus.

Acknowledgement

The study was funded by Guangxi Major Science and Technology
Project [AA17204087-9], Guangxi Natural Science Foundation
(2013GXNSFBA019082), Guangxi Key Laboratory of Superior Timber
Trees Resource Cultivation [15-B-04-01] and supported by CFERN &
TECHNO Award Funds on excellent academic achievements. The
authors would like to thank CX Lu, DQ Guo and YF Liang for assistance
with data collection and trail management.

The contribution of Dr DA White to the analysis of the data and
drafting of the manuscript was supported financially by both the
Australian Centre for International Agricultural Research (Project SRA
FST/2014/016) and the Guangxi Forestry Research Institute.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by Guangxi Major Science and Technology
Project [AA17204087-9], Guangxi Natural Science Foundation
[2013GXNSFBA019082]; Guangxi Key Laboratory of Superior Timber
Trees Resource Cultivation [15-B-04-01].

References

Alados I, Foyo-Moreno I, Olmo FJ, Alados-Arboledas L. 2003.
Relationship between net radiation and solar radiation for semi-arid
shrub-land. Agricultural and Forest Meteorology. 116:221–227.

Albaugh J, Dye P, King J. 2013. Eucalyptus and water use in South Africa.
International Journal of Forestry Research. 2013:11.

Allen RG, Pereira LS, Raes D, Smith M. 1998. Crop evapo-transpiration:
guidelines for computing crop water requirements. Rome: Food and

Agriculture Organization of the United Nations. FAO Irrigation and
Drainage Paper 56.

Almeida A, Soares J, Landsberg J, Rezende G. 2007. Growth and water
balance of a Eucalyptus grandis hybrid plantation in Brazil during
a rotation for pulp production. Forest Ecology and Management.
251:10–21.

Almeida AC, Smethurst PJ, Siggins A, Cavalcante RBL, Borges N. 2016.
Quantifying the effects of Eucalyptus plantations and management
on water resources at plot and catchment scales. Hydrological
Processes. 30:4687–4703.

Baker JM, van Bavel CHM. 1987. Measurement of mass flow of water in
the stems of herbaceous plants. Plant, Cell and Environment.
10:777–782.

Bartlett MK, Zhang Y, Kreidler N, Sun S, Ardy R, Cao K, Sack L,
Gurevitch J. 2014. Global analysis of plasticity in turgor loss point,
a key drought tolerance trait. Ecology Letters. 17:1580–1590.

Battaglia M, Sands P. 1997. Modelling site productivity of Eucalyptus
globulus in response to climatic and site factors. Australian Journal of
Plant Physiology. 24:831–850.

Benyon RG, Doody TM. 2015. Comparison of interception, forest floor
evaporation and transpiration in Pinus radiata and Eucalyptus globu-
lus plantations. Hydrological Processes. 29:1173–1187.

Brown AE, Zhang L, McMahon TA, Western AW, Vertessy RA. 2005.
A review of paried catchment studies for determining changes in
water yield resulting from alterations in vegetation. Journal of
Hydrology. 310:28–61.

Crockford RH, Richardson DP. 1990. Partitioning of rainfall in a eucalypt
forest and pine plantation in southeastern Australia: II stemflow and
factors affecting stemflow in a dry sclerophyll eucalypt forest and
a Pinus radiata plantation. Hydrological Processes. 4:145–155.

de Almeida AP, Riekerk H. 1990. Water balance of Eucalyptus globulus
and Quercus suber forest stands in south Portugal. Forest Ecology and
Management. 38:55–64.

Dye P. 2000. Water use efficiency in South African Eucalyptus planta-
tions: a review. Southern African Forestry Journal. 189:17–26.

Dye P, Versfeld D. 2007. Managing the hydrological impacts of South
African plantation forests: an overview. Forest Ecology and
Management. 251:121–128.

Eli Robert N. 1986. V-Notch weir calibration using new parameters.
Journal of Hydraulic Engineering. 112:321–325.

Farley KA, Jobbagy EG, Jackson RB. 2005. Effects of afforestation on
water yield: a global synthesis with implications for policy. Global
Change Biology. 11:1565–1576.

Gerten D, Luo Y, Le Maire G, Parton WJ, Keough C, Weng E, Beier C,
Ciais P, Cramer W, Dukes JS, et al. 2008. Modelled effects of precipita-
tion on ecosystem carbon and water dynamics in different climatic
zones. Global Change Biology. 14:2365–2379.

Gevers TW. 1950. Effects of afforestation on water supplies. Journal of
the South African Forestry Association. 19:67–76.

Granier A, Loustou D. 1994. Measuring and modelling the transpiration
of a maritime pine canopy from sap flow data. Agricultural and Forest
Meteorology. 71:61–81.

Green SR, McNaughton KG, Greer DH, McLeod DJ. 1995. Measurement of
the increased PAR and net all-wave radiation absorption by an apple
tree caused by applying a reflective ground covering. Agricultural
and Forest Meteorology. 76:163–183.

Greenwood A. 2013. The first stages of Australian forest water regula-
tion: national reform and regional implementation. Environmental
Science & Policy. 29:124–136.

Hahn RH, Landeck DC. 1998. ASAE Standards 1998: standards engineer-
ing practices, data. St Joseph, Michigan: American Society of
Agricultural Engineers.

Hardiyanto E. 2003. Growth and genetic improvement of Eucalyptus
pellita in South Sumatra, Indonesia. In: Turnbull JW,
editor. Eucalypts in Asia. Proceedings of an international conference,
Zhanjiang, Guangdong, Peoples Republic of China, 2003 Apr 7–11.
ACIAR Proceedings number 111. p. 82–88

Hargreaves GH, Samani ZA. 1985. Reference crop evapotranspiration
from temperature. Applied Engineering in Agriculture. 1:96.

Honeysett JL, White DA, Worledge D, Beadle CL. 1996. Growth and water
use of Eucalyptus globulus and E. nitens in irrigated and rainfed
plantations. Australian Forestry. 59:64–73.

Khan S, Hanjra M, Mu J. 2009. Water management and crop production
for food security in China: a review. Agricultural Water Management.
96:349–360.

78 S. REN ET AL.



Lane PNJ, Morris J, Ningnan Z, Guangyi Z, Guoyi Z, Daping X. 2004.
Water balance of tropical eucalypt plantations in south-eastern
China. Agricultural and Forest Meteorology. 124:253–267.

Li S, Xu M, Sun B. 2014. Long-term hydrological response to reforesta-
tion in a large watershed in southeastern China. Hydrological
Processes. 28:5573–5582.

Liu W, Wu J, Fan H, Duan H, Li Q, Yuan Y, Zhang H, Jones JA. 2017.
Estimations of evapotranspiration in an age sequence of Eucalyptus
plantations in subtropical China. PloS One. 12:e0174208.

Maier CA, Albaugh TJ, Cook RI, Hall K, McInnis D, Johnsen KH, Johnson J,
Rubilar RA, Vose JM. 2017. Comparative water-use in short rotation
Eucalyptus benthamii and Pinus taeda trees in the Southern United
States. Forest Ecology and Management. 397:126–138.

Morris J, Mann L, Collopy J. 1998. Transpiration and canopy conductance
in a eucalypt plantation using shallow saline ground water. Tree
Physiology. 18:547–555.

Myers BJ, Benyon RG, Theiveyanathan S, Criddle RS, Smith CJ,
Falkiner RA. 1998. Response of effluent-irrigated Eucalyptus grandis
and Pinus radiata to salinity and vapor pressure deficits. Tree
Physiology. 18:565–573.

Nambiar EKS, Harwood CE. 2014. Productivity of acacia and eucalypt
plantations in South-east Asia. 1. Bio-physical determinants of pro-
duction: opportunities and challenges. International Forestry Review.
16:225–244.

Nash JE, Sutcliffe JV. 1970. River flow forecasting through conceptual
models part I — A discussion of principles. Journal of Hydrology.
10:282–290.

Priestley CHB, Taylor RJ. 1972. On the assessment of surface heat flux
and evaporation using large scale parameters. Monthly Weather
Review. 100:81–92.

Scott DF, Lesch W. 1997. Streamflow responses to afforestation with
Eucalyptus grandis and Pinus patula and to felling in the Mokobulaan
experimental catchments, South Africa. Journal of Hydrology.
199:360–377.

Thomas DS, Eamus D. 1999. The influence of predawn leaf water poten-
tial on stomatal responses to atmospheric water content at constant
C-i and on stem hydraulic conductance and foliar ABA
concentrations. Journal of Experimental Botany. 50:243–251.

van Dijk AIJM, Keenan RJ. 2007. Planted forests and water in perspective.
Forest Ecology and Management. 251:1–9.

Watanabe K, Yamamoto T, Yamada T, Sakuratani T, Nawata E,
Noichana C, Sributta A, Higuchi H. 2004. Changes in seasonal evapo-
transpiration, soil water content, and crop coefficients in sugarcane,
cassava, and maize fields in Northeast Thailand. Agricultural Water
Management. 67:133–143.

White DA, Battaglia M, Macfarlane C, Mummery D, McGrath JF,
Beadle CL. 2003. Selecting species for recharge management in
Mediterranean south western Australia – some ecophysiological con-
siderations. Plant and Soil. 257:283–293.

White DA, Battaglia M, Ren S, Mendham DS. 2016. Water use and water
productivity of Eucalyptus plantations in South-East Asia. Canberra:
Australian Centre For International Agricultural Research. ACIAR
Technical Reports 89.

White DA, Beadle CL, Battaglia M, Benyon RG, Dunin FX, Medhurst JL.
2001. A physiological basis for management of water use by tree
crops. Melbourne: AFFA, JVAP and CSIRO FFP. RIRDC Publication No
01/20 No.: Water and Salinity Issues in Agroforestry No 7.

White DA, Beadle CL, Sands PJ, Worledge D, Honeysett JL. 1999.
Quantifying the effect of cumulative water stress on stomatal conduc-
tance of Eucalyptus globulus and Eucalyptus nitens: a phenomenological
approach. Australian Journal of Plant Physiology. 26:17–27.

White DA, Crombie DS, Kinal J, Battaglia M, McGrath JF, Mendharn DS,
Walker SN. 2009. Managing productivity and drought risk in
Eucalyptus globulus plantations in south-western Australia. Forest
Ecology and Management. 259:33–44.

White DA, McGrath JF, Ryan MG, Battaglia M, Mendham DS, Kinal J,
Downes GM, Crombie DS, Hunt MA. 2014. Managing for water-use
efficient wood production in Eucalyptus globulus plantations. Forest
Ecology and Management. 331:272–280.

Whitehead D, Beadle C. 2004. Physiological regulation of productivity
and water use in Eucalyptus: a review. Forest Ecology and
Management. 193:113–140.

Wongprom J, Cachrinrat C, Srigongpan R. 2012. Water use and water
use efficiency of eucalypt intercropped with cassava in Watthana
Nakorn District, Sa Kaoe Province. Thailand Journal of Forestry.
31:78–83.

Zhang JL, Cao KF. 2009. Stem hydraulics mediates leaf water status,
carbon gain, nutrient use efficiencies and plant growth rates across
dipterocarp species. Functional Ecology. 23:658–667.

Zhang L, Dawes WR, Walker GR. 2001. The response of mean annual
evapotranspiration to vegetation changes at the catchment scale.
Water Resources Research. 37:701–708.

Zhang L, Hickel K, Dawes WR, Chiew FHS, Western AW, Briggs PR. 2004.
A rational function approach for estimating mean annual
evapotranspiration. Water Resources Research. 40. doi: 10.1029/
2003WR002710

Zhou GY, Morris JD, Yan JH, Yu ZY, Peng SL. 2002. Hydrological impacts
of reafforestation with eucalypts and indigenous species: a case
study in southern China. Forest Ecology and Management.
167:209–222.

Zhou S, Huang Y, Wei Y, Wang G. 2015. Socio-hydrological water bal-
ance for water allocation between human and environmental pur-
poses in catchments. Hydrology and Earth System Sciences.
19:3715–3726.

Zhu LW, Zhao P, Wang Q, Ni GY, Niu JF, Zhao XH, Zhang ZZ, Zhao PQ,
Gao JG, Huang YQ, et al. 2015. Stomatal and hydraulic conductance
and water use in a eucalypt plantation in Guangxi, southern China.
Agricultural and Forest Meteorology. 202:61–68.

AUSTRALIAN FORESTRY 79

https://doi.org/10.1029/2003WR002710
https://doi.org/10.1029/2003WR002710

	Abstract
	Introduction
	Methods
	Site description
	Stand characteristics
	Weather variables
	Soil water content
	Streamflow (Q,mm)
	Net and solar radiation
	Potential evaporation (E0,mm)
	Evapotranspiration
	Stand transpiration (T,mm)
	Canopy interception (Ei)
	Understorey water use (Eu)
	Evapotranspiration (E)
	Modelling evapotranspiration
	Quantifying the effect of land-use change from grass to plantations
	Data analysis

	Results
	Climate and weather
	Soil water content
	Evapotranspiration and components, abottom up water balance
	Streamflow, measured and determined from the water balance
	Modelled evapotranspiration
	The effect of land use change in small upland catchments

	Discussion
	Conclusions
	Acknowledgement
	Disclosure statement
	Funding
	References



