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Abstract. Most of the forested headwater catchments are an important source of water supply in many parts

of the world. A prime example is southeast Australia where forests supply major river systems and towns and

cities with water. It is critical for an informed and adaptive water resource management to understand changes

in streamflow caused by vegetation changes in these headwater forest catchments. Natural disturbances such as

bushfires and anthropogenic activities like forestation, deforestation, or logging alter vegetation, evapotranspira-

tion and soil water status, and may affect water supplies. Although catchment water yield is mainly controlled by

climatic conditions, but it is also strongly influenced by land cover changes because of natural disturbances and

anthropogenic activities. It is necessary to accurately estimate streamflow in water supply catchments subjected

to dramatic land surface changes. This paper summarises the methods commonly used to investigate the impacts

of land cover change on water resources, and provides some examples of impacts of afforestation/deforestation

and bushfire on water resources in two southeast Australian catchments.

1 Introduction

There are numerous studies reported in literature which in-

vestigate the impacts of land use/land cover change and cli-

mate variability on catchment water availability (Vertessy,

1999; Vaze et al., 2004; Zhao et al., 2010; Nangia et al., 2010)

and there is sufficient evidence that afforestation can reduce

streamflow substantially (Zhang et al., 2001; Jackson et al.,

2005; Lane et al., 2005). The total water use of plantations

depends on the climatic 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. As water use by for-

est changes as the forest ages, the streamflow in forested

catchments is also affected by the ageing of the forest. Typ-

ically, streamflow increases immediately following the de-

struction of mature forest due to the reduction in interception

and water use. The streamflow then decreases as the forest re-

grows and increases water use. This decrease in streamflow

and the temporal span varies depending on whether the forest

regrows to achieve a “full recovery” or a “partial recovery”.

There is normally an increase in streamflow immediately

following deforestation/clearing and this increase varies de-

pending on the forest type and climate zone (Fig. 1a). The

decrease in streamflow during the regrowth period follow-

ing deforestation/bushfire is also dependent on the forest type

and climate zone but the variability is much higher in the case

of bushfire as there can be either a “full recovery” or only a

“partial recovery” and it is also a function of the severity of

the disturbance and area burnt (Fig. 1b). In case of a full re-

covery after bushfire, we expect the streamflow to decrease

to be pretty much same as that of the pre-bushfire period but

the recovery time is dependent on the forest type and post-

bushfire climatic conditions.

2 Methods

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 experi-

ment method is traditionally used for estimating the effect of

forest management practices, such as afforestation and de-

forestation on catchment water availability (Hewlett et al.,

1969). A number of catchment afforestation and deforesta-

tion studies have been conducted since 1960s (Hewlett et al.,

1969; Van Lill et al., 1980; Lane et al., 2005; Tuteja et al.,

2007). Most of the results indicate that catchment runoff is
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216 J. Vaze et al.: Water dynamics under changing land cover

Figure 1. Increase/decrease in streamflow due to (a) deforesta-

tion/clearing and (b) afforestation/bushfire recovery.

significantly decreased after afforestation and obviously in-

crease after deforestation.

For a given catchment that is not subjected to regulation

or diversion, the total change in mean annual streamflow be-

tween two independent periods with different land cover and

climate characteristics can be estimated as

1Qtot =Q
1
obs−Q

2
obs (1)

where 1Qtot indicates the total change in mean annual

streamflow, Q1
obs and Q2

obs are the mean annual measured

streamflow during the first period and the second period, re-

spectively.

The total change 1Qtot in mean annual streamflow be-

tween the two independent periods is a combination of

change in streamflow caused by the climatic differences be-

tween the two periods and change in streamflow due to the

difference in catchment characteristics between the two peri-

ods. So, the total change in mean annual streamflow can be

described as

1Qtot =1Qcc+1Qclim (2)

where1Qcc indicates the change in mean annual streamflow

as a result of change in catchment characteristics between the

two periods, 1Qclim is the change in mean annual stream-

flow because of climate change/climate variability between

the two periods. In the catchments where there are no major

regulations or diversions, changes in catchment characteris-

tics are mainly caused by changes in vegetation. Therefore,

1Qcc is approximately regarded as 1Qlc, change in mean

annual streamflow caused by change in vegetation.

To separate streamflow impacts caused by climate change

and vegetation change, only 1Qclim or 1Qlc needs to be

quantified since 1Qtot is available. A widely used approach

to quantify 1Qclim is the sensitivity-based approach (Koster

and Suarez, 1999; Milly and Dunne, 2002; Sankarasubrama-

nian et al., 2001). In this approach,1Qclim is estimated from

changes in mean annual precipitation (1P ) and mean annual

APET and their sensitivity coefficients. Another approach

used to quantify 1Qclim is the hydrological modelling ap-

proach (Bultot et al., 1990; Nandakumar and Mein, 1997;

Elfert and Bormann, 2010; Li et al., 2012). In this approach,

hydrological models are first calibrated for one period, and

then are applied to another independent period to quantify

1Qclim. The following two sections provide more details

about these two approaches.

2.1 The Sensitivity-based approach

As described above, 1Qclim is estimated from 1P and

1APET using the following expression

1Qclim = f
′

P1P + f
′

APET1APET (3)

where f ′P is the sensitivity coefficient to mean annual precip-

itation and f ′APET is the sensitivity coefficient to mean annual

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

as

1Qclim =
(
εP1P/P + εAPET1APET/APET

)
Q,

and εP + εAPET = 1 (4)

where εP and εAPET are elasticity of streamflow with respect

to P and APET. Overbars indicate averages over a long-

term period (including both periods). To estimate1Qclim us-

ing Eq. (4), one needs to estimate precipitation elasticity of

streamflow (εP ). The two widely used methods for estimat-

ing εP are described below.

2.2 Non-parametric estimator of εP

Sankarasubramanian et al. (2001) developed a non-

parametric method to estimate εP as follow

εP =median

((
Qi −Q

)
/Q(

Pi −P
)
/P

)
(5)

whereQi and Pi are annual P and annualQ for the ith year.

2.3 Budyko-framework estimator of εP

In unregulated catchments where the average change in

catchment water storage is negligible compared to the cumu-

lative precipitation, evapotranspiration and runoff in a long

period of over 5 years (Hobbins et al., 2001; Teng et al.,

2012), catchment mean annual runoff can be estimated as

Q= P −E (6)

whereE is catchment mean annual evapotranspiration. In the

traditional Budyko-framework (Budyko, 1958),E is taken as

a function of aridity index (AI=APET/P )

E = Pf (AI) (7)

An analytical solution is derived to estimated εP according

to the Budyko-framework (Dooge et al., 1999; Kuhnel et al.,

1991) as follow

εP = 1+
AIf ′ (AI)

1− f ′ (AI)
(8)

According to the Eq. (8), εP can be estimated for a given

AI, once the form of f (AI) is given. Table 1 shows six

commonly used forms of f (AI) and f ′(AI), based on the

Budyko-framework.
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Table 1. The six commonly used forms of expressions and their first derivatives based on the Budyko framework.

Expression form f (AI) f ′(AI)

Schreiber (1904) 1− e−AI e−AI

Ol’dekop (1911) AI tanh(1/AI) tanh(1/AI)− 4/
[
AI(e−1/AI

+ e1/AI)2
]

Budyko (1958) AI tanh(1/AI)(1− e−AI)0.5 0.5
[
AItanh(1/AI)(1− e−AI)

]−0.5[
(tanh(1/AI)− 1/AIsech2(1/AI))(1− e−AI)

+AItanh(1/AI)e−AI
]

Turc-Pike (1964) 1/
√

1+AI−2 1/
[
AI3(1+ (1/AI)2)1.5

]
Fu (1981) 1+AI− (1+AIα)1/α,α = 2.5 1− (1+AI2.5)−0.6AI1.5

Zhang (2001) (1+wAI)/(1+wAI+ 1/AI),w = 1
(

2/AI+ 1/AI2
)
/(1+AI+ 1/AI)2

2.4 Dynamic hydrological modelling approach

Hydrological modelling is an effective approach to simulate

surface hydrological processes and to understand and inter-

pret catchment hydrological behaviours. Among variety of

hydrological models, conceptual rainfall-runoff models are

widely used for surface runoff prediction due to their simple

structure and few parameters (Zhang and Chiew, 2009; Vaze

et al., 2011; Lerat et al., 2012; Zhou et al., 2013, 2014). For

the application in afforestation/deforestation studies, the hy-

drological model is first calibrated and validated within the

afforestation and/or deforestation periods separately to make

sure that both the calibration and validation periods have a

relatively similar vegetation cover. About half to two-third of

the observed streamflow data is normally used to calibrate

the model and the calibrated parameter values are used to

simulate streamflow for the remaining one-third period. The

observed and simulated streamflow over the non-calibration

period is compared to determine the suitability of the model

for afforestation/deforestation studies. The model is consid-

ered suitable for use in afforestation/deforestation study if

the calibration/validation bias is low and the model is able to

reproduce the observed streamflow in the validation period.

Once the model is successfully calibrated, it is used to

quantify the relative effects of plantation expansion or reduc-

tion and climate variability/change on streamflow. In case of

afforestation/deforestation, the entire pre-afforestation/pre-

deforestation period is used for model calibration. The cal-

ibrated parameter values are then used to simulate stream-

flow for the afforested/deforested period. The observed and

simulated streamflow over the afforested/deforested period

is then used to quantify the change in runoff due to plan-

tation differences (afforestation/deforestation) and climate

variability between the pre-afforestation and afforested or

pre-deforestation and deforestation periods.

3 Case studies

We present the results from two case studies conducted for

catchments in southeast Australia. The first case study eval-

uates afforestation impacts on water yield and the second

study is carried out to evaluate deforestation/bushfire im-

pacts.

3.1 Afforestation case study

The Crawford River catchment is about 700 km2 and lo-

cated in Victoria, Australia. The climate is temperate, with

cool and wet winters and mild to warm and dry summers.

Mean annual rainfall is 762 mm (pre-afforestation 775 mm

and after afforestation 736 mm) and mean annual areal poten-

tial evapotranspiration (APET) is 1091 mm (pre-afforestation

1087 mm and after afforestation 1106 mm). Before 1998,

the Crawford River catchment was mostly under grazing

on sown or modified pastures with very small coverage of

hardwood (Eucalyptus globulus) and softwood (Radiata pine,

Pinus radiata) plantations. Tasmanian blue gum plantations

(E. globulus) were introduced gradually in around 25 % of

the catchment starting from 1998 until 2005 to replace the

existing pasture.

This study investigated the impacts of plantation expan-

sion and climate variability on streamflow in the Craw-

ford River catchment using observed data and above de-

scribed nine different methods (one non-parametric method,

six Budyko framework based methods and two conceptual

hydrological models (SIMHYD and Xinanjiang)). The box

and whiskers plots in Fig. 2a show the percentage reduction

in streamflow during the afforested period due to increase

in plantations and drier climate estimated by the nine ap-

proaches. The reductions in streamflow due to increase in

plantations when using the nine approaches range between

32 and 42 % with a median of 40 %. The corresponding re-
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Figure 2. Percentage (a) reduction/ (b) increase in streamflow dur-

ing the afforested/pre-afforestation period due to increase/decrease

in plantations and drier/wetter climate estimated by the nine ap-

proaches.

ductions in streamflow due to climatic differences between

the pre-afforestation and afforested periods when using the

nine approaches range between 12 and 21 % with a median

of 13 %. The box and whisker plots in Fig. 2b shows the per-

centage increase in streamflow during the pre-afforestation

period due to reduction in plantations and wetter climate es-

timated by the nine methods. The increases in streamflow

due to reduction in plantations when using the nine meth-

ods range between 69 and 92 % with a median of 88 %. The

corresponding increases in streamflow due to wetter climatic

in the pre-afforestation period when using the nine methods

range between 25 and 48 % with a median of 28 %.

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 re-

sults. 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 analy-

sis shows that the plantation impact results from the two hy-

drological models are similar to those from the commonly

used sensitivity-based approaches (although the Xinanjiang

model results are slightly different and it 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).

Although very simple and easy to apply, the sensitivity-based

approaches are only applicable where long term datasets are

available and they only provide results at a mean annual time

scale. The hydrological models simulate daily time series of

plantation impacted flows and so they are suitable for esti-

mating the relative contributions of land cover changes and

Figure 3. Summary of bushfire impact on annual streamflow from

the year 1983 to 2004 in mm (two left panels a and b) and percent-

age (two right panels c and d) for the salvation Creek catchment.

Blue boxplots are bushfire impact from the year 1983 to 1998, and

green ones are from the year 1999 to 2004. Within each of the four

panels, the yellow dash represents total streamflow change relative

to pre-bushfire period, the first boxplot represent vegetation change

impact on streamflow and the second boxplot represents climate

variability impact on streamflow.

climate change/variability at a daily, monthly or annual time-

step. The 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.

3.2 Deforestation/bushfire case study

The Starvation Creek catchment is about 31 km2 and located

in the Central Highlands of Victoria, east of Melbourne. The

climate is temperate, with cool and wet winters and mild to

warm and dry summers. The streamflow and climate records

for this catchment cover the period of 1973 to 2004. Mean

annual rainfall and mean annual areal potential evapotranspi-

ration (APET) is 1644, 1604, 1400 and 1091, 1073, 1079 mm

for 1973–1982, 1983–1998 and 1999–2004 respectively. The

vegetation cover is a mix of pure E. regnans (mountain ash)

and mixed damp eucalypt species, predominantly E. obli-

qua, E. cypellocarpa and E. sieberi with about 51 % of ash.

The ash stands were all regrowth originating from the 1939

wildfires. The catchment was severely burnt during the Ash

Wednesday bushfires which occurred in February 1983. The

area burnt for Starvation Creek was 84 %, but as only 3 % re-

sults in a fire-kill of ash it appears the severity was not high

in this catchment.

Proc. IAHS, 371, 215–221, 2015 proc-iahs.net/371/215/2015/
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This study investigated the impacts of the Ash Wednes-

day bushfires and climate variability on streamflow in the

Starvation Creek catchment using observed data and the

dynamic hydrological modelling approach described above

(Sect. 2.4) using three hydrological models (AWRA-L (Vaze

et al., 2013); Xinanjiang (Zhao et al., 1980); GR4J (Perrin

et al., 2003)). The boxplots in Fig. 3 summarise the impacts

of the 1983 bushfires on annual streamflow from the year

1983 to 1998 (first 15 years post-bushfire, blue boxplots) and

1999 to 2004 (after 15 years post-bushfire, green boxplots) in

mm change (two left panels a and b) and percentage change

(two right panels c and d) for the salvation Creek catchment.

The box represent the variability between the 75th and 25th

percentile and the red line represent the median value. Within

each of the four panels, the yellow/orange dash represent

total streamflow change in the post-bushfire period relative

to pre-bushfire period, the first boxplot represent vegetation

change impact on streamflow and the second boxplot repre-

sent climate variability impact on streamflow.

The results for the first 15 years post-bushfire show that

the total increase in streamflow (when compared to the pre-

bushfire period) due to the 1983 bushfires and climate vari-

ability for the Starvation Creek catchment is 111 mm which

represent about 27 % increase in streamflow. The increase

in streamflow during the first 15 years post-bushfire due to

vegetation dynamics is 156 mm (38 % of the pre-bushfire

streamflow) for the AWRA-L model, 80 mm (19 % of the

pre-bushfire streamflow) for Xinanjiang model and 160 mm

(39 % of the pre-bushfire streamflow) for the GR4J model.

The corresponding change in streamflow due to climatic dif-

ferences between the pre-bushfire and first 15 years of post-

bushfire period for the catchment is −45 mm (−11 % of the

pre-bushfire streamflow) for the AWRA-L model, 31 mm

(8 % of the pre-bushfire streamflow)) for the Xinanjiang

model and −49 mm (−12 % of the pre-bushfire streamflow)

for the GR4J model.

The results for the period post 1998 (after 15 years post-

bushfire) show that the total change in streamflow (when

compared to the pre-bushfire period) due to the 1983 bush-

fires and climate variability for the Starvation Creek catch-

ment is −97 mm which represent about 24 % reduction in

streamflow. The change in streamflow for the period post

1998 due to vegetation dynamics is 49 mm (12 % of the

pre-bushfire streamflow) for the AWRA-L model, −15 mm

(−4 % of the pre-bushfire streamflow) for the Xinanjiang

model and 38 mm (9 % of the pre-bushfire streamflow) for

the GR4J model. The corresponding change in streamflow

due to climatic differences between the pre-bushfire and after

15 years post-bushfire period for the catchment is −146 mm

(−35 % of the pre-bushfire streamflow) for AWRA-L model,

−82 mm (−20 % of the pre-bushfire streamflow) for the Xi-

nanjiang model and −135 mm (−33 % of the pre-bushfire

streamflow) for the GR4J model.

The change in streamflow in the first 15 years after 1983

bushfires attributed to vegetation change when using the

three models range between 80 and 160 mm with a median

of 156 mm (19 and 39 % with a median of 38 %). The corre-

sponding change in streamflow due to the difference in cli-

mate between the pre-bushfire and first 15 years after the

bushfire period when using the three hydrological models

range between −49 and 31 mm with a median of −45 mm

(−12 and 8 % with a median of −11 %). Post 1998, the

change in streamflow due to vegetation range between −15

and 49 mm with a median of 38 mm (−4 and 12 % with a me-

dian of 9 %). The corresponding change in streamflow due to

climatic variability range between −146 and −82 mm with

a median of −135 mm (−35 and −20 % with a median of

−33 %).

The results from the three models show reasonable agree-

ment with each other. In first 15 years after bushfires, vegeta-

tion dynamics show much larger impacts on streamflow than

climate variability, and result in the substantial increase in

streamflow. An increase in streamflow in the early years af-

ter bushfire is consistent with conceptual models of leaf area

loss/ET decrease as nearly 84 % of the forest cover in the

catchment was burnt in the 1983 bushfires. After 15 years

post-bushfire, vegetation impacts on streamflow are negli-

gible when compared to the impacts in the first 15 years

post-bushfire. During this period, there is a large reduction in

streamflow due to substantial reduction in mean annual rain-

fall of 244 mm (15 %) compared to the pre-bushfire period.

The differences in the results from the three models can be

partially attributed to the uncertainties in hydrological model

structure and parameterisation.

4 Summary

Most of the forested headwater catchments are an important

source of water supply in many parts of the world. It is im-

portant for responsible water resource management to under-

stand changes in streamflow caused by vegetation dynamics

in these headwater forest catchments. Natural disturbances

such as bushfires and anthropogenic activities like foresta-

tion, deforestation, or logging alter vegetation, evapotranspi-

ration and soil water status, and may affect water supplies. It

is necessary to accurately estimate streamflow in water sup-

ply catchments subjected to dramatic land surface changes.

This paper summarised the commonly used approaches for

investigating and quantifying impacts of land-cover change

on water resources and provided some examples of impacts

of afforestation and bushfire on water resources in southeast

Australian catchments.

The case study for the Crawford River catchment which

underwent substantial afforestation was undertaken using

nine approaches (one non-parametric method, six Budyko

framework based methods and two conceptual hydrologi-

cal models). The results from the nine methods show that

both plantation expansion and climatic differences can have

major effects on catchment streamflow. When compared to

proc-iahs.net/371/215/2015/ Proc. IAHS, 371, 215–221, 2015
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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. The hydrological modelling results for the Star-

vation Creek catchment which experienced the Ash Wednes-

day bushfires suggest that there was a substantial increase in

streamflow in the first 15 years after the 1983 bushfires that

could not be accounted for by climate effects. There is a rea-

sonable agreement between the bushfire and climate variabil-

ity impacts on streamflow results for this first post-fire period

from the three hydrological models. We hypothesise the flow

increase was mainly caused by the loss of leaf area and tree

morality because of the bushfires and associated reduction in

interception and actual evapotranspiration. These increases

are in agreement with the general pattern of significant an-

nual water yield increase following forest disturbance. After

15 years post-bushfire, vegetation impacts on streamflow are

negligible when compared to the impacts in the first 15 years

post-bushfire.
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