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Abstract:  There are numerous studies reported in literature which investigate the impacts of land use/land
cover change and climate change on catchment water availability and there is sufficient evidence that
afforestation can reduce streamflow substantially. The most commonly used methods for estimating impacts
of plantations on water availability are catchment experiment method, statistical analysis method and the
hydrological modelling method. Most of the studies reported in literature normally use either one of the
sensitivity-based approach or a hydrological model with few actually comparing the impact results from
these different approaches. This paper investigates the impacts of increase or decrease in plantations and
climate variability on streamflow using two approaches: the sensitivity-based approach (seven methods) and
the hydrological modelling approach (two models) for three medium sized catchments in Australia. The
results from the different methods show that both plantation expansion/reduction and climatic differences can
have major effects on catchment streamflow.

There is a small variability in the reduction or increase in streamflow estimated by the nine methods. The
results from hydrological modelling are compared to those from the sensitivity-based methods. For all the
three catchments, when compared to the hydrological modelling results, the Budyko based approaches
overestimate the reductions in streamflow due to increase in plantations and underestimate the streamflow
reductions due to drier climate. The results from the non-parametric approach are similar to those from
hydrological modelling for the Crawford River and Darlot Creek catchments but the non-parametric
approach underestimates the streamflow reductions due to increase in plantations and overestimates the
streamflow reductions due to drier climate for the Tinana Creek catchment. When comparing the results for
reduction in plantations for the Crawford River catchment, the Xinanjiang hydrological model
underestimates the increase in streamflow due to reduction in plantations and overestimates the streamflow
increase due to wetter climate when compared to the results from the other eight approaches. For the Darlot
Creek catchment, the results from all the nine methods are similar and for the Tinana Creek catchment, the
non-parametric approach underestimates the increase in streamflow due to reduction in plantations and
overestimates the streamflow increase due to wetter climate when compared to the results from the other
eight methods.

The results from this study show that the estimates of plantation impacts from the dynamic hydrological
models are similar to those from the commonly used sensitivity-based approaches. The sensitivity-based
approaches are only applicable where long term data sets are available and they only provide results at a
mean annual time scale. The hydrological models simulate plantation impacted streamflow time series and so
they can be used to estimate the relative contributions of land cover changes and climate change/variability at
a daily, monthly or annual time-step. The outputs from the hydrological models can also be used to
investigate the impacts of plantation expansion or reduction and climate change/variability on different
runoff characteristics.

Keywords:  Hydrological modelling, sensitivity-based approach, Runoff, Plantations, Afforestation,
Climate change
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1. INTRODUCTION

Catchment runoff is mainly controlled by climatic conditions, but it is also strongly influenced by land cover
changes because of anthropogenic activities (Stoneman, 1993). There are numerous studies reported in
literature which investigate the impacts of land use/land cover change and climate change on catchment
water availability (Tomer and Schilling, 2009; Nangia et al., 2010) and there is sufficient evidence that
afforestation can reduce streamflow substantially (Zhang et al., 2001; 2011). The total water use of
plantations depends on the climate factors affecting water demand, the amount and seasonal distribution of
rainfall, the hydrological factors affecting supply and the response of trees to climate, hydrology and
plantation management. The most commonly used methods for estimating impacts of plantations on water
availability are catchment experiment method and statistical analysis method and to a lesser extent the
hydrological modelling method. The catchment experiment method is traditionally used for estimating the
effect of forest management practices, such as afforestation and deforestation on catchment water availability
(Hewlett et al., 1969). A number of catchment afforestation and deforestation studies have been conducted
since 1960s and most of the results indicate that catchment runoff is significantly decreased after
afforestation and obviously increase after deforestation. Van Lill et al. (1980) found that runoff from
experimental catchments at Mokobulaan, Transvaal (South Africa) reduced from about the third year after
afforestation, with a maximum apparent reduction in streamflow of between 300 and 380mm/yr. Tuteja et al.
(2007) showed that increase in plantation density in a large catchment in southeast Australia leaded to
16.4%-27.8% reduction in runoff from three different subcatchments (Delegate, Little Plains and Bombala).

It is important to separate and quantify the effects of increase or decrease in plantation area and climate
variability/climate change so that it can be used for land use planning and water resources management.
Although the catchment experiment method is very useful in quantifying the impacts of plantation expansion
or reduction on catchment water yield, the method itself can not be used to partition relative contributions of
land use/land cover change and climate change to catchment water availability. To achieve this, it needs to be
combined with the statistical analysis method or the hydrological modelling method. The statistical analysis
methods are usually based on mean annual numbers and so provide generalized relationships and do not
consider species differences within the forest and grasslands, partial land use change and heterogeneity
within the catchment. The hydrological modelling approach is more complex but can consider all these
differences. The hydrological models simulate streamflow time series and so they can be used to estimate the
relative contributions of land cover changes and climate change/variability at a daily, monthly or annual
time-step. The outputs from the hydrological models (daily time series of impacted streamflow) can also be
used to investigate the impacts of plantation expansion or reduction and climate change/variability on
different runoff characteristics.

A number of studies reported in literature use fully-distributed and semi-distributed hydrological models to
simulate impacts of land use changes on catchment water balance (Bultot et al., 1990; Elfert and Bormann,
2010). The use of fully-distributed hydrological models provides the capability to investigate the
hydrological consequences with different spatial patterns of land use/land cover change. But the successful
application of these models on medium to large size catchments is constrained by the difficulties associated
with the parameterisation of these models. Compared to the distributed models, lumped conceptual rainfall-
runoff models are easier to calibrate because of simpler model structure and less number of calibration
parameters and provide a useful mean of quantifying the relative impacts of land cover change and climate
variability on catchment water yield from medium to large size catchments (Vaze et al., 2004).

This paper presents and compare results from a widely used statistical approach, the sensitivity based
approach (using seven methods, one non-parametric method, six Budyko-framework based methods) and the
hydrological modelling approach (using two hydrological models, Xinanajiang and SIMHYD) to evaluate
hydrological consequences of increase/decrease in plantations and climate variability for three medium size
experimental catchments (700 to 1200 km2), which cover wide climatic regimes from eastern to southern
Australia (Fig 1.). The first seven sensitivity based methods (non-parametric and Budyko-framework based)
only provide results at mean annual time scale where as the hydrological modelling results are at a daily scale
and they are aggregated to the mean annual time scale for comparison with those obtained from the other
seven methods. The hydrological modelling is undertaken in two ways. Firstly, the two hydrological models
are calibrated using streamflow data from the pre-afforestation period and the calibrated parameters are used
to simulate runoff for the afforested period. The difference between the observed and model simulated runoff
for the afforested period is used to quantify the impacts of the increase in plantations and climate variability
between the two periods. Secondly, the two hydrological models are calibrated using streamflow data from
the afforested period and the calibrated parameters are used to simulate runoff for the pre-afforestation
period. The difference between the observed and model simulated runoff for the pre-afforestation period is
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used to quantify the impacts of the reduction in plantations (pre-afforestation) and climate variability between

the two periods. The seven sensitivity-based models are not calibrated, and the results from them are
analysed in the same two ways as those from the two hydrological models.

2. STUDY CATCHMENTS AND DATA

c. Tinana Creek

h i

Norhtern Territory
Queensland

The three experimental catchments (Crawford River
(698km2), Darlot (760 km2) and Tinana Creek St st
(1174km2)) are located in southeast Australia, which —

covers a wide range of climatic regimes (Fig. 1). All the M\
three catchments are unregulated and they all have long- g o
term reliable streamflow records. Large areas of e N
plantations have been introduced in all the three LR Ll

catchments which make them suitable for this study. emera et I %
All the three catchments used in this study have more

than 20 years of continuous daily streamflow data
spanning across the pre-afforestation and afforested
periods. The streamflow data are checked for outliers
and errors to be usable in hydrological  Table 1. Cumulative plantation cover over time for the

modelling (Vaze et al., 2010). The source of  three study catchments
the climate data (daily precipitation (P) and

40 Kiomotors

Figure 1. Location of the study catchments.

APET used in this study is the ‘SILO Data Plantation cover

Drill’ of the Queensland Department of Cachments (oo Pre-plantation Post-plantation Chenge

Environment and Resource Management Period  Percentage Pedod  Percentage )

(www.derm.qld.gov.au/silo; Jeffrey et al., (%) )

200 1 ) . Crawford River ~ 698 1971-1997 3.6 2000-2006 24.6 21.0
Darlot Creek 760 1984-1992 0.3 2000-2007 13.7 13.4

The plantation data fOr the three Study Tinana Creek 1174 1951-1970 0.2 1990-1998 237 235

catchments are obtained from the Bureau of
Rural Science (BRS, 2009). Plantation expansion is the only significant land use change in these three
experimental catchments over the study period. Table 1 provides details of cumulative plantation cover
across the three catchments during the modelling period.

3. METHODS

3.1. General Framework

For a given catchment that is not subjected to regulation or diversion, the total change in mean annual
streamflow between two independent periods with different landuse and climate characteristics can be
estimated as

_n _?
AQ[()[ - Qubs - Qohs (1)

1 2
where 2% indicates the total change in mean annual streamflow, Ou and @w are the mean annual
measured streamflow during the first period and the second period, respectively.

The total change AQ,, in mean annual streamflow between the two independent periods is a combination of
change in streamflow caused by the climatic differences between the two periods and change in streamflow
due to the difference in catchment characteristics between the two periods. So, the total change in mean
annual streamflow can be described as

AQ, =AQ, +AQ,, 2)

where “€<indicates the change in mean annual streamflow as a result of change in catchment characteristics

between the two periods, AQuimis the change in mean annual streamflow because of climate change/climate
variability between the two periods. In the catchments where there are no dam regulations or diversions,

changes in catchment characteristics are mainly caused by changes in vegetation. Therefore, AQ. s

approximately regarded as®%, change in mean annual streamflow caused by change in vegetation
variability.
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To separate streamflow impacts caused by climate change and vegetation change, onlyAQflim or 2eneeds to
be quantified since “Zwis available. A widely used approach to quantifyAthmis the sensitivity-based
approach where 2Zeinis estimated from changes in mean annual precipitation (AP ) and mean annual APET

and their sensitivity coefficients. Another approach used to quantifyAQc"mis the hydrological modelling
approach where hydrological models are first calibrated for one period, and then are applied to another

independent period to quantifyAthm.
3.2. The Sensitivity-based approach

As described above, 2%inis estimated from AP and AAPET ysing the following expression
AQ i, = j;AP_" j::PETAAPET 3)
where /7is the sensitivity coefficient to mean annual precipitation andf 4PET j5 the sensitivity coefficient to

mean annual APET. According to Zheng el al. (2009), Eq. (3) is re-written as

AQ. i =(81’ AP/P+£APET AAPET/APET)Q’ and € T Eaper =1 4)

where €7 and €727 are elasticity of streamflow with respect to P and APET . Overbars indicate averages over

a long-term period (including both periods). To estimate AQ.im using Eq. (4), one needs to estimate
precipitation elasticity of streamflow (7). Sections 3.2.1 and 3.2.2 describe two widely used methods for
estimating £» .

3.2.1 Non-parametric estimator of €

Sankarasubramanian et al.(2001) developed a non-parametric method to estimate*» as follow

where 9 and # are annual P and annual Q for the ith year.

®)

3.2.2 Budyko-framework estimator of®»

In unregulated catchments where the average change in catchment water storage is negligible compared to
the cumulative precipitation, evapotranspiration and runoff in a long period of over 5 years (Hobbins et al.,
2001), catchment mean annual runoff can be estimated as

0=P-E (©)

vzheref is catchment mean annual evapotrans@onﬁ. In the traditional Budyko-framework (Budyko, 1958),
E is taken as a function of aridity index (4! = APET / P

E=Pf(Al) %

An analytical solution is derived to estimated ¢7according to the Budyko-framework (Arora, 2002) as follow

Alf(AI)
1-7(41) ®)

According to the Eq. (8), €r can be estimated for a given Al, once the form of J(dD)jg given (Li et al., 2012)..

3.3. Hydrological modelling approach

In this study, two lumped conceptual rainfall-runoff models, the Xinanjiang model and the SIMHYD model,
are used to investigate the effects of vegetation changes on streamflow. The inputs of these two models are
daily P and daily APET, and the output is daily runoff (Qy;,). The generalised pattern search algorithm with
linear inequality constraint in MATLAB (The Math Works, Inc.) is used to optimise the parameters of the
two models. The models are calibrated by maximising the Nash-Sutcliffe Efficiency (NSE) (Nash and
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Sutcliffe, 1970) of monthly streamflow. At the same time, a Water Balance Error (WBE) in percentage is
considered as the linear inequality constraint compelling the total simulated streamflow to be within five
percent of the total recorded streamflow (Vaze et al., 2011). The performance of both the conceptual rainfall-
runoff models is evaluated in this study using the two criteria, NSE and WBE.

To quantify the relative effects of plantation expansion or reduction and climate variability, the model
performance was evaluated for two separate cases. In case (1) the entire pre-afforestation period (before large
scale plantations were introduced) for all the three catchments is used for model calibration. The calibrated
parameter values are used to simulate streamflow for the afforested period. The observed and simulated
streamflow over the afforested period is used to quantify the change in runoff due to plantation differences
(afforestation) and climate variability between the pre-afforestation and afforested periods. In case (2) the
entire afforested period (after large scale plantations were introduced) for all the three catchments is used for
model calibration. The calibrated parameter values are used to simulate streamflow for the pre-afforestation
period. The observed and simulated streamflow over the pre-afforestation period is used to quantify the
change in runoff due to plantation differences and climate variability between the pre-afforestation and
afforested periods.

4. RESULTS AND DISCUSSION

The box and whiskers plots in Fig. 2 show the percentage reduction in streamflow during the afforested
period due to increase in plantations and drier climate estimated by the nine approaches. The reductions in
streamflow due to increase in plantations when using the nine approaches range between 32% and 42% with
a median of 40% for Crawford River catchment, between 22% and 34% with a median of 31% for Darlot
Creek catchment and between 20% and 36% with a 50
median of 32% for the Tinana Creek catchment. The

corresponding reductions in streamflows due to climatic

differences between the pre-afforestation and afforested “or E
periods when using the nine approaches range between
12% and 21% with a median of 13% for Crawford River
catchment, between 15% and 27% with a median of 18%
for Darlot Creek catchment and between 23% and 40%
with a median of 27% for the Tinana Creek catchment.
For all the three catchments, when compared to the
hydrological modelling results, the Budyko based st
approaches overestimate the reductions in streamflow ol ‘ ‘
due to increase in plantations and underestimate the Graword () Graviord Glm)  Oarot () Dt Ghm)  Tinana (.6 Tinana Gim
streamflow reductions due to the drier -climate
(afforested rainfall is slightly lower than the pre-
afforestation rainfall and the afforested APET is slightly
higher than the pre-afforestation APET). The results
from the non-parametric approach are similar to those
from hydrological modelling for the Crawford River and Darlot Creek catchments. When compared to the
hydrological modelling results for the Tinana Creek catchment, the non-parametric approach underestimates
the streamflow reductions due to increase in plantations by about 10% and overestimates the streamflow
reductions due to drier climate by about 10%. 100
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Figure 2. Percentage reduction in streamflow

during the afforested period due to increase in

plantations and drier climate estimated by the
nine approaches.
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The box and whisker plots in Fig. 3 shows the
percentage increase in streamflow during the pre-
afforestation period due to reduction in plantations and
wetter climate estimated by the nine methods. The
increases in streamflow due to reduction in plantations
when using the nine methods range between 69% and
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92% with a median of 88% for Crawford River * m»gm .
catchment, between 53% and 68% with a median of 60% * ©

for Darlot Creek catchment and between 49% and 90% T
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The corresponding increases in streamflows due to . ] )

wetter climatic in the pre-afforestation period when Figure 3. Percentage increase in streamflow
using the nine methods range between 25% and 48% during the pre-afforestation period due to
with a median of 28% for Crawford River catchment, reduction in plantations and wetter climate
between 27% and 42% with a median of 35% for Darlot estimated by the nine approaches.
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Creek catchment and between 57% and 97% with a median of 60% for the Tinana Creek catchment. For the
Crawford River catchment, the Xinanjiang model underestimates the increase in streamflow due to reduction
in plantations and overestimates the streamflow increase when compared to the results from the other eight
methods. For the Darlot Creek catchment, the results from all the nine methods are similar and for the Tinana
Creek catchment, the non-parametric approach underestimates the increase in streamflow due to reduction in
plantations and overestimates the streamflow increase when compared to the results from the other eight
methods.

There is a small variability in the reduction or increase in streamflow estimated by the nine methods with the
seven Budyko framework based methods providing very similar results. This is to be expected as these seven
methods use the same underlying concept with little differences in the way the climate elasticity coefficients
are estimated. The results from the two hydrological models are very similar for all the three catchment for
increase as well as decrease in plantations except for the Crawford River catchment where the Xinanjiang
model underestimates the increase in streamflow due to reduction in plantations and overestimates the
streamflow increase due to wetter climate when compared to the results from the other eight methods.

The analysis shows that the plantation impact results from the two hydrological models are similar to those
from the commonly used sensitivity-based approaches. The sensitivity-based approaches are only applicable
where long term data sets are available and they only provide results at a mean annual time scale. The
hydrological models simulate plantation impacted streamflow time series and so they can be used to estimate
the relative contributions of land cover changes and climate change/variability at a daily, monthly or annual
time-step. The outputs from the hydrological models (daily time series of impacted streamflow) can also be
used to investigate the impacts of plantation expansion or reduction and climate change/variability on
different runoff characteristics.

5. CONCLUSIONS

There is sufficient evidence that afforestation can reduce streamflow substantially and there are numerous
studies reported in literature which investigate the impacts of land use/land cover change and climate change
on catchment water availability. Most of the studies reported in literature normally investigate the impacts of
plantation expansion on streamflow. But there are barely any studies which investigate the impacts of
plantation expansion as well as plantation reduction for the same catchments. All these studies normally use
either one of the sensitivity-based approaches or one of the hydrological models with few actually comparing
the impact results from these different approaches. This paper investigates the impacts of land-cover change
and climate variability on streamflow using observed data and nine different methods (one non-parametric
method, six Budyko framework based methods and two conceptual hydrological models) for three medium
sized catchments in Australia. The results from the nine methods show that both plantation
expansion/reduction and climatic differences can have major effects on catchment streamflow.

The results from hydrological modelling are compared to those from the seven sensitivity-based methods.
For all the three catchments, when compared to the hydrological modelling results, the Budyko framework
based methods overestimate the reductions in streamflow due to increase in plantations and underestimate the
streamflow reductions due to drier climate. The results from the non-parametric method are similar to those
from hydrological modelling for the Crawford River and Darlot Creek catchments but the non-parametric
method underestimates the streamflow reductions due to increase in plantations and overestimates the
streamflow reductions due to climate variability for the Tinana Creek catchment. When comparing the results
for plantation reduction, for the Crawford River catchment, the Xinanjiang model underestimates the increase
in streamflow due to reduction in plantations and overestimates the streamflow increase when compared to
the results from the other eight methods. For the Darlot Creek catchment, the results from all the nine
methods are similar and for the Tinana Creek catchment, the non-parametric approach underestimates the
increase in streamflow due to reduction in plantations and over estimates the streamflow when compared to
the results from the other eight methods.

The results from this study show that the estimates of plantation impacts from the hydrological models are
similar to those from the commonly used sensitivity-based approaches. The sensitivity-based approaches are
only applicable where long term data sets are available and they only provide results at a mean annual time
scale. The hydrological models simulate plantation impacted streamflow time series and so they can be used
to estimate the relative contributions of land cover changes and climate change/variability at a daily, monthly
or annual time-step. The outputs from the hydrological models can also be used to investigate the impacts of
plantation expansion or reduction and climate change/variability on different runoff characteristics.
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