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Abstract

Paired catchment studies have been widely used as a means of determining the magnitude of water yield changes resulting from
changes in vegetation. This review focuses on the use of paired catchment studies for determining the changes in water yield at
various time scales resulting from permanent changes in vegetation. The review considers long term annual changes, adjustment
time scales, the seasonal pattern of flows and changes in both annual and seasonal flow duration curves. The paired catchment
studies reported in the literature have been divided into four broad categories: afforestation experiments, deforestation
experiments, regrowth experiments and forest conversion experiments. Comparisons between paired catchment results and a
mean annual water balance model are presented and show good agreement between the two methodologies. The results highlight
the potential underestimation of water yield changes if regrowth experiments are used to predict the likely impact of permanent
alterations to a catchment’s vegetation. An analysis of annual water yield changes from afforestation, deforestation and regrowth
experiments demonstrates that the time taken to reach a new equilibrium under permanent land use change varies considerably.
Deforestation experiments reach a new equilibrium more quickly than afforestation experiments. The review of papers reporting
seasonal changes in water yield highlights the proportionally larger impact on low flows. Flow duration curve comparison
provides a potential means of gaining a greater understanding of the impact of vegetation on the distribution of daily flows.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Paired catchment studies have been widely used as a
means of determining the magnitude of water yield
changes resulting from changes in vegetation. A
number of review articles have summarised the results
of these studies. Bosch and Hewlett (1982) reviewed
catchment experiments to determine the effect of
vegetation change on water yield. Two types of
experiments were reviewed, paired catchment studies
and time-trend studies that provide circumstantial
evidence of the influence of catchment management on
water yield. Since 1982, a number of additional paired
catchment studies have been reported in the literature.
The results of some of these studies have been
summarised in the subsequent reviews of Hornbeck
et al. (1993), Stednick (1996) and Sahin and Hall
(1996). Vertessy (1999, 2000) reviewed the available
literature on paired catchment studies with respect to
forestry and streamflow. These two reviews provide a
comprehensive summary of the present understanding
of the impact of vegetation change on water yield, with
particular reference to Australian conditions.

This paper focuses on the impact of vegetation
changes on water yield at different temporal scales.
Firstly, at the mean annual time scale results from
previous paired catchment reviews are compared to a
mean annual water balance model of Zhang et al.
(2001), known as the ‘Zhang curves’. The Zhang
curves were derived from both paired catchment and
time-trend studies and were developed to predict the
impacts of permanent vegetation changes on evapo-
transpiration and water yield at the catchment scale.
The adjustment time or time to reach a new
equilibrium is then assessed for the different types
of paired catchment experiments. This helps in
understanding how responses between permanent
and transient vegetation changes differ. A summary
of papers presenting seasonal changes in water yield is
then provided in terms of responses observed in
different climatic zones. However, it is important to
note that the magnitude of mean annual change, the
adjustment time and seasonal response do not tell the
whole story in relation to the impact of vegetation
change on water yield. For many water resource
management issues it is necessary to have an under-
standing of how vegetation will influence
the distribution of daily flows or the flow duration

curve (FDC). This paper uses the FDC as a means of
displaying how alterations to a catchment’s vegetation
can affect the distribution of flows. The effects of
vegetation changes on the FDC are presented at both
mean annual and seasonal temporal scales. This
review includes 72 paired catchment studies in
addition to those reviewed by Bosch and Hewlett
(1982) bringing the total number of paired catchment
experiments reviewed to 166. Details of the additional
72 paired catchments can be found in Appendix A.

2. Paired catchment studies

Paired catchment studies involve the use of two
catchments with similar characteristics in terms of
slope, aspect, soils, area, climate and vegetation
located adjacent or in close proximity to each other.
Following a calibration period, where both catch-
ments are monitored, one of the catchments is
subjected to treatment and the other remains as a
control. This allows the climatic variability to be
accounted for in the analysis. The changes in water
yield can then be attributed to changes in vegetation.
The paired catchment studies reported in the literature
can be divided into four broad categories:

1. Afforestation experiments—conversions of shorter
vegetation (e.g. pasture) to forest. Examples can be
found in South Africa (Scott et al., 2000), New
Zealand (McLean, 2001), Australia (Hickel, 2001)
and the United Kingdom (Kirby et al., 1991;
Johnson, 1991).

2. Regrowth experiments—these look at the effects
of forest harvesting where regrowth is permitted.
Experiments in this category constitute the
majority of the paired catchment studies world-
wide. They involve the removal of vegetation from
a percentage of a catchment followed by regrowth
of the same vegetation type (Stednick, 1996).

3. Deforestation experiments—the conversion of
densely vegetated land to grass or pasture. The
Collie catchments in Western Australia (Ruprecht
and Schofield, 1989, 1991a,b; Ruprecht et al.,
1991; Schofield, 1991) are an example.

4. Forest conversion experiments—the replacement
of one forest type with another. This includes the
conversion from softwood to hardwood, deciduous
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to evergreen or pine to eucalypt. Stewarts Creek
experiment provides an example of the conversion
of native vegetation to pine in Victoria, Australia
(Mein et al., 1988; Nandakumar, 1993).

The paired catchment experiments reviewed by
Bosch and Hewlett (1982), Whitehead and Robinson
(1993), Sahin and Hall (1996) and Stednick (1996)
focused mainly on regrowth experiments, where
harvesting of forests is undertaken followed by the
regrowth of the same vegetation type. While the
activities involved in regrowth of vegetation may
affect the short term water yield, permanent veg-
etation changes such as afforestation and deforestation
are likely to have a much greater long term impact on
streamflow and the associated issues, such as salinity
and water resource security.

Vertessy (1999) highlighted some of the problems
with using regrowth experiments for estimating water
yield increases as a result of permanent vegetation
change. Where forests are permitted to regenerate,
only data obtained in the first few years following
treatment are used to build the relationships between
percentage changes in cover and change in water
yield. This is because data in subsequent years are
affected by regrowth and are not representative of the
water yield under a new vegetation type. Three
problems were highlighted in relation to the use of
such data:

1. it takes time for a catchment to adjust its runoff
behaviour following vegetation change;

2. soil compaction and disturbance during logging
and regeneration burning can temporarily increase
overland flow and change the pattern of stream-
flow; and

3. due to the short data set used to build the linear
relationships predicting water yield change, natu-
ral variability in the water yield due to climatic
variability may have a strong influence on the
results.

Various methods have been applied in the analysis
of paired catchment data to assess the impacts of
vegetation changes on water yield at various time
scales. The most common method is to produce a
linear regression between the annual discharges
from the control and treated catchments during

the calibration period (Hornbeck et al., 1993). The
regression equation is then used to predict the water
yield that would have occurred in the treated
catchment if the treatment had not taken place. The
difference in the observed and the predicted stream-
flow is then assumed to be due to vegetation change as
this method provides a control over climatic varia-
bility (Bari et al., 1996). Although this approach is
most commonly used with annual data, it has also
been used with monthly data and the quick flow and
baseflow components of streamflow (Bari et al.,
1996).

South Africa has a very comprehensive set of
paired catchment studies that have been used to assess
the impacts of afforestation on water yield. A
significant amount of literature is available on these
catchments and a number of different methods have
been used to assess the impacts of afforestation on
water yield at an annual scale. The latest South
African work is summarised in Scott et al. (2000) and
provides details of all the afforestation experiments
undertaken in South Africa. To predict the impact of
afforestation on annual streamflow and the change in
water yield with time due to development of
plantations, Scott and Smith (1997) developed an
empirical model that predicts the percentage
reduction in water yield with time.

Seasonal or monthly analysis of paired catchment
data is less common than annual analysis. Typically,
linear regression of monthly data during the cali-
bration period (making no adjustments for the serial
correlation) is used to establish pre-treatment relation-
ships between the control and the treated catchments.
Lane and Mackay (2001) adopted this method to
analyse the Tantawangalo Creek catchments in New
South Wales as insufficient annual data were available
during the pre-treatment period to develop annual
relationships. Scott and Lesch (1997) also used
monthly data in their analysis of the Mokobulaan
experimental catchments in South Africa. To adjust
for the changes in soil water storage between months,
Scott and Lesch (1997) used both streamflow and
rainfall data as independent variables in a monthly
multiple regression model. The rainfall term used was
an antecedent wetness index incorporating the
previous month’s wetness index and the rainfall in
the present month. Their analysis considered annual
flows as well as wet and dry season flows.
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Watson et al. (2001) developed an improved
method to assess the water yield changes from paired
catchment studies and applied these to the Maroonh-
dah experimental catchments in Victoria, Australia.
They argued that the short pre-treatment periods in
most paired catchment studies limits the reliability of
the annual regression analyses and instead rec-
ommended the use of monthly data with an explicit
seasonal component. The advantage of using monthly
data is that there are 12 times as many data points,
than in the analysis of annual data. However, it is
important to note that while the use of monthly data
represents more information, if the monthly serial
correlation is significant, it does not represent 12
times the information in the annual data.

Water yield changes from paired catchment studies
have been reported in the literature at mean annual,
annual and mean seasonal or mean monthly temporal
scales. The following sections on mean annual water
yield, response times, mean seasonal water yield,
and flow duration curves summarise the use of
paired catchments for assessing the impacts of
vegetation changes on water yield and flow regime.
Specific examples from Australia, South Africa and
New Zealand are used to highlight some of the
conclusions that can be drawn about permanent
vegetation change from paired catchment studies.

3. Mean annual water yield

A number of reviews have been undertaken to draw
generalisations from paired catchment studies, par-
ticularly in reference to the changes in water yield
resulting from changes in forest cover. The first of
these reviews was by Hibbert (1967). Thirty nine
experimental catchments were reviewed and the
following conclusions were drawn:

e reduction in forest cover increases water yield;

e establishment of forest cover on sparsely vegetated
land decreases water yield; and

e the response to treatment is highly variable and, for
the most part, unpredictable.

In 1982, Bosch and Hewlett undertook a further
review of paired catchments. In order to include
afforestation experiments in their analysis, they

assumed that the maximum decrease in water yield
was analogous to the maximum increase in water
yield during the first 5 years after treatment for
deforestation experiments. This allowed general
conclusions to be drawn about the impact of forest
cover on water yield. The use of maximum increase in
water yield in the first 5 years after treatment may bias
the results because the maximum increase is likely to
be affected by climate variability and the assumption
that adjustment in water yield occurs in less than 5
years from the time of treatment. In reviewing 94
experimental catchments, they concluded:

e reducing forest cover causes as increase in water
yield;

e increasing forest cover causes a decrease in water
yield;

e coniferous and eucalypt cover types cause
~40 mm change in annual water yield per 10%
change in forest cover;

e deciduous hardwoods are associated with
~25 mm change in annual water yield per 10%
change in cover;

e brush and grasslands are associated with a
~10 mm change in annual water yield per 10%
change in cover;

e reductions in forest of less than 20% apparently
cannot be detected by measuring streamflow; and

e streamflow response to deforestation depends on
both the mean annual precipitation of the catch-
ment and on the precipitation for the year under
treatment.

The reviews of Hibbert (1969) and Bosch and
Hewlett (1982) mainly focused on catchments from
temperate zones. Bruijnzeel (1988) looked at the
impacts of vegetation changes on water yield,
particularly dry season flows in the tropics. From
this work, it was concluded that:

e surface infiltration and evapotranspiration associ-
ated with the representative types of vegetation
play a key role in determining what happens to the
flow regime after forest conversion;

e if infiltration opportunities after forest removal
decrease to the extent that the amount of water
leaving an area as quick flow exceeds the gain in
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baseflow associated with decreased evapotranspira-
tion, then diminished dry season flows will result;

o if surface infiltration characteristics are maintained
the effect of reduced evapotranspiration after
clearing will show up as an increase in baseflow;
and

o the effect of reforesting will not only reflect the
balance between changes in infiltration and
evapotranspiration, but will also depend on the
available water storage capacity of the soil.

The conclusion that under deforestation either a
decrease or an increase in baseflow may occur seems
to conflict with many of the results of paired
catchment studies in temperate zones, in which
increases in baseflow are almost uniformly observed
(Hornbeck et al., 1993). This increase in baseflow is
also observed in the tropical catchments in Africa.
Blackie and Edwards (1979) observed increases in
baseflow in cultivated catchments compared to
forested catchments. However, in these catchments
there were no long term changes in the infiltrations
rates. These results highlight that different process
responses can cause similar changes in mean annual
water yield. The water yield changes can be the result
of changes surface runoff, changes in baseflow or
changes in both baseflow and surface runoff. The
process changes resulting from alterations in veg-
etation have important seasonal implications. For
example, in the Konta area, east Java, forest clearing
for dry-land agriculture and urbanisation has resulted
in decreased infiltration, which has increased surface
runoff and reduced recharge. This has resulted in
lower baseflow during the dry season and higher flow
during the wet season (Bruijnzeel, 1988). In Mbeya,
Tanzania, the difference in streamflow between a
forested and cultivated catchment are primarily due to
the differences in dry season transpiration, with little
or no change in the surface runoff as infiltration rates
have remained unchanged (Edwards, 1979). These
seasonal responses are discussed further in Section 5.

Reviews by Stednick (1996) and Sahin and Hall
(1996) expanded on the work by Bosch and Hewlett
(1982). Stednick (1996) reviewed results of studies
from the United States and looked only at annual
water yield changes as a result of timber harvesting.
The focus was on the effect of the percentage of area
treated to detect changes in streamflow. Different

hydrologic areas were defined based on temperature
and precipitation regimes and it was concluded that:

e in general, changes in annual water yield from
forest cover reductions of less than 20% of the
catchment could not be detected by streamflow
measurement; and

e rationalisation of data suggested this valued might
change depending on the temperature and precipi-
tation of the area. For example, a measurable
increase in streamflow is observed for treatments
of 15% of the catchment area in the Rocky
Mountains compared with the Central Plains over
50% of the catchment area needs to be treated
before changes in water yield can be detected.

The conclusion that at least 20% of a catchment
needs to be treated before detectable changes in water
yield occur agrees with the conclusions of Bosch and
Hewlett. However, while the changes in water yield for
treatment areas of less than 20% are not be statistically
detectable, at the larger catchment scale it is often
important to be able to predict the changes in water
yield when less then 20% of the catchment is treated.
This difference between being able to make predictions
and being able to detect the changes is important to
consider when using results for predictions.

Sahin and Hall (1996) used a similar approach to
Bosch and Hewlett (1982) in their analysis of 145
experimental catchments in dividing the vegetation
types into broad categories (hardwood, conifer,
conifer-hardwood, eucalypts, rainforest, scrub and
grassland). However, instead of using the maximum
increase in water yield in the first 5 years after
treatment, they used the average water yield changes
in the first 5 years after treatment. Using fuzzy linear
regression analysis, they concluded that for a 10%
reduction in:

e conifer-type forest, water yield increased by
20-25 mm;

e cucalypt forest, water yield increased by 6 mm;

e scrub, water yield increased by 5 mm; and

e deciduous hardwoods increased water yield by
17-19 mm.

As expected these estimates are lower than those of
Bosch and Hewlett (1982) where the maximum
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change in water yield in the first 5 years after
treatment were used. The use of maximum increase
will lead to higher estimate of the reduction in water
yield as opposed to the same analysis performed with
average increases. The use of maximum increase is
also likely to be driven by climate variability as the
maximum increase will generally correspond to the
year of greatest rainfall. However, if average values
are used the results are potentially impacted by
regrowth vegetation after clearing and the adjustment
time scales associated with vegetation changes.

Fig. 1 shows the results of the Bosch and Hewlett
(1982), Stednick (1996) and Sahin and Hall (1996)
plus the additional catchments included in this review.
The predicted water yield changes from Bosch and
Hewlett (1982) and Sahin and Hall (1996) are
also depicted as dotted and solid lines, respectively.

Conifer

Percentage change in forest cover

Eucalyptus

5 .23 4o 8

The data have been divided into four broad vegetation
types, conifers, eucalypts, hardwoods (these catch-
ments are primarily from the Northern Hemisphere
and include deciduous vegetation types) and scrub
(remaining catchments, usually shorter vegetation
types). Some of the within group variability shown in
Fig. 1 can be explained by the difference in mean
annual rainfall (MAR) of the catchments. Fig. 2 shows
the results for each of the experiments (scaled to
100% of area treated) against the MAR. From a
similar plot, Bosch and Hewlett (1982) concluded that
water yield changes are greatest in high rainfall areas.
The results for the different vegetation types for all
studies in this review support this conclusion.

While paired catchments provide a means of
comparing the response of water yield to different
treatments and vegetation types, methodologies are

Hardwood

80
Percentage change in forest cover

i i &
0 20 40 60 80 100
Percentage change in forest cover

---- Change in water yield predicted by Bosch and Hewlett, 1982
—— Change in water yield predicted by Sahin and Hall, 1996

E]0 20 40 60 80 100
Percentage change in forest cover
O Bosch and Hewlett, 1982
+ Stednick, 1996
% Sahin and Hall, 1996
O Additional catchment from this review

Fig. 1. Water yield changes as a result of changes in vegetation cover from Bosch and Hewlett (1982), Sahin and Hall (1996) and Stednick
(1996). Results from Bosch and Hewlett and Stednick represent the maximum increase in the first 5 years after treatment for deforestation,
regrowth and forest conversion experiments or maximum change in water yield for afforestation experiments. The results from Salin and Hall
are the average increases in water yield in the first 5 years after treatment.
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Fig. 2. Distribution of water yield changes (scaled to 100% change in cover) a function of mean annual rainfall for the studies shown in Fig. 1.

required that allow prediction of the effects of
permanent changes in vegetation. These predictions
have to be based on both available data and a good
understanding of the processes impacted by the
vegetation change.

The main process responsible for changes in water
yield as a result of alterations in vegetation at the mean
annual scale is evapotranspiration (Zhang et al., 2001;
Holmes and Sinclair, 1986; Turner, 1991). Holmes and
Sinclair (1986) used the relationship between mean
annual evapotranspiration and mean annual rainfall to
predict the increase in water yield when converting
from forest to grass in a catchment. Their results were
based on a series of catchments in Victoria, Australia.
When assessing the mean annual changes in water
yield, the storage change term in the water balance is
small compared with the other terms, hence the change
in runoff can be predicted from the change in
evapotranspiration. Zhang et al. (1999, 2001)

expanded on the work by Holmes and Sinclair (1986)
by analysing results from 250 studies worldwide.
Using a pair of curves to illustrate the difference in
evapotranspiration under different vegetation types
along arainfall gradient, Zhang et al. (2001) developed
a simple two parameter model to estimate the mean
annual evapotranspiration at the catchment scale for
two broad vegetation types, forest and grass. Fig. 3
shows the Zhang curves and the data points used to
derive these generalisations. The difference between
the grass and forest curve represents the change in
mean annual water yield for a 100% change in
vegetation for a given mean annual rainfall. It should
be noted that both paired catchments and time-trend
studies were used in the derivation of the Zhang curves.

Fig. 4 provides a comparison of the expected water
yield changes predicted by the Zhang curves and
results from paired catchment studies. While paired
catchment studies were used in the derivation of
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Fig. 3. Relationship between land cover, mean annual rainfall and
mean annual evapotranspiration (Zhang et al., 2001).

the Zhang curves, Zhang et al. used only mean annual
values from periods when the catchments were
considered to be in equilibrium. Zhang only included
both the pre- and post-treatment data for one of the
paired catchments (Coweeta 17) analysed here.
Therefore, it was not considered necessary to remove
common catchments for this comparison. There is
general agreement between the model and the paired
catchment results, particularly for the conifer and
eucalypt catchments. The large amount of scatter in
the hardwood (deciduous and mixed) catchments
(Figs. 2 and 4) is primarily due to catchments from the
Coweeta experimental watersheds. These catchments
show a marked difference in response to vegetation
change depending on the catchment’s aspect. Catch-
ments with a polar (northern) aspect have nearly three
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Fig. 4. Prediction of change in water yield based on the Zhang model compared with results from paired catchment studies for different
vegetation types.
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times the water yield increase of catchments with an
equatorial (southern) aspect (Swank et al., 1987).
While the north facing catchments from Coweeta
show good agreement with Zhang curves, the Zhang
curves over-estimate the water yield change from the
south facing catchments. The scrub catchments are
representative of vegetation that falls into neither the
grass nor the forest category but are an intermediate
vegetation structure. As would be expected in these
catchments the change in water yield is less than
the predicted change when going from a grass to
forested catchment.

In general the Zhang curves produce larger
estimates of the mean annual water yield change
than is reported for paired catchment studies. This is
to be anticipated as paired catchment studies generally
relate to timber harvest or regrowth experiments (i.e.
the catchments with an increase in yield in Fig. 4).
The results of regrowth experiments are generally
reported as the maximum or average change in the
first 5 years after treatment rather than the long term
water yield change as predicted by the Zhang curves.
The difference in the agreement between the paired
catchment studies and the Zhang curves for different
experimental types can also been seen in Fig. 4.
Afforestation with hardwoods and eucalypts show
good agreement with the Zhang curves while the
regrowth and deforestation experiments with the same
vegetation types show smaller changes than those
predicted by the Zhang curves. For conifers the Zhang
curves under predicts the increase in evapotranspira-
tion due to afforestation, while deforestation and
regrowth experiments showed good agreement. It
should be noted that this comparison implicitly
assumes that the response time of the paired
catchments is short enough so that the observed
changes in yield are representative of long term
permanent changes in vegetation. As will be discussed
further below, this is typically not the case for
regrowth experiments.

In reviewing paired catchment studies both
Stednick (1996) and Sahin and Hall (1996) state that
difficulties occur when summarising the result of
catchment experiments due to the lack of certain key
statistics from the reported results (Sahin and Hall,
1996) or insufficient detail of the site characteristics
(Stednick, 1996). This may account for the lack of
generalisation about the impacts of vegetation age on

water yield and seasonal flows in previous review
papers. While the information contained in previous
reviews may be useful for determining the short term
changes in water yield following vegetation change, it
does not allow for the likely long term impact of
permanent vegetation change or the inter- and intra-
annual changes to be investigated. The mean annual
relationships encapsulated in the Zhang curves
provide a method to assess the impact of permanent
vegetation changes on mean annual flows. However,
they do not provide a method for assessing inter- or
intra-annual variability or the time it takes a
catchment to adjust to changes in vegetation type
and reach a new equilibrium condition.

4. Annual water yield response time

A change of land-use in a catchment may lead to
changes in its water balance components. The
response time of streamflow is generally determined
by climate (mostly rainfall), vegetation character-
istics, catchment properties, and vegetation manage-
ment practices. Response in streamflow will be slower
following afforestation compared to deforestation as it
takes time for trees to reach equilibrium water use. For
example, streamflow usually will respond rapidly over
a period of days or weeks following clearing or
bushfire in a small headwater catchment. Typically, a
catchment will take a number of years to adjust to
vegetation changes, particularly where the vegetation
itself develops over time. The response time can be
defined as the time taken for the annual catchment
yield to reach a new equilibrium state following a
disturbance. Understanding of the response times is
useful for water allocation policy and regional
planning.

Using paired catchment data Hornbeck et al.
(1993) looked at the long term effects of forest
treatment on water yield in the USA under a range of
climatic conditions. They found a variety of responses
in water yield including:

e initial increases occur promptly after forest
clearing;

e increases could be prolonged by controlling the
regrowth (analogous with permanent vegetation
change)—when regeneration of forest cover was
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Fig. 5. Change in annual water yield for four paired catchment
studies in the USA. M4—100% Basal area cut. F7, Upper half clear-
cut (year 0), herbicides on upper half (2-7), lower half cut (year 4),
herbicide on entire catchment (5-7). LR2—Lower 24% clear-cut
(year 0), mid slope 27% clear-cut (years 4-5), herbicide on lower
and mid slope (year 7) 40% Upper slope clear-cut (year 8-9),
herbicide all catchment (year 10). HB2—100% clear felled (year 0),
herbicide on entire catchment (years 2—4). After Hornbeck et al.
(1993).

permitted the increase in streamflow diminished
rapidly in about 3-10 years; and

e a small increase or decrease in water yield may
persist for at least a decade.

Fig. 5 shows the impact of vegetation changes for
four catchments in the USA. The differing responses
are consistent with our conceptual understanding
based on the treatment undertaken; for example, in
the Hubbard Brook experimental forest (HB2), 100%
of the catchment was clear-cut and regrowth was then
permitted. In this case an initial increase in water yield
is observed (due to reduced interception and tran-
spiration), as regrowth occurs the water yield increase
is reduced. The observed reduction in water yield after
about 15 years is due to the increased evapotranspira-
tion of the regrowth compared to the old growth
forest. The Marcell Experimental forest catchment
(M4) shows a similar trend to Hubbard brook, with an
initial increase followed by a decline to pre-treatment
levels. For the Fernow experimental forest (F7) the
increase in water yield is more persistent than in
Hubbard Brook. In the F7 catchment clearing was
undertaken in two stages, the upper half of the
catchment occurred in year 0 and the clearing of the
lower half the catchment in year 4. Herbicides were

applied to the catchment to prevent regrowth until
year 7. After this point, the effect of the regrowth can
again be seen with water yield returning to pre-
treatment levels by year 27. The Leading Ridge
Watershed research unit catchment (LR2) also shows
the effect of a staggered treatment, with an increase in
flows until the entire catchment was cleared in year 9
and herbicides applied in year 10. As regrowth occurs
after the competition of the treatment the water yield
returns to pre-treatment levels.

The regrowth experiments of the types shown in
Fig. 5 are useful for estimating the initial increase in
water yield and the time taken for a catchment to
return to its pre-disturbance state. However, they
provide very limited information on the long term
impact of permanent vegetation changes that may
occur under deforestation or afforestation, where the
water yield will not return to pre-treatment conditions.

There are limited examples of paired catchment
studies examining the impact of permanent vegetation
changes on water yield. A number of paired catchment
studies in south Western Australia have focused on the
deforestation of native forest to be replaced by
agriculture (Ruprecht and Schofield, 1989). Fig. 6
shows the results of four different paired catchments in
the Collie Basin in Western Australia. These catch-
ments experience a Mediterranean climate with a mean
annual precipitation ranging from 600 to 1400 mm.
Predominant pre-treatment vegetation in these
catchments consists of jarrah (Eucalyptus marginata)

Increase in water yield as
a percentage of rainfall

0 2 4 6 8 10 12 14 18 18
Year after treatment

—— March Road (100% cleared, followed by regneration)

—— Yarragil 4L (Reduced canopy cover to 20%)

-+ Wights (Clearing 100% of vegeation)

—- Lemons (53.5% of the catchment cleared and pasture established)

Fig. 6. Water yield increase for paired catchments, south Western
Australia. Wights catchment (Ruprecht and Schofield, 1989),
Yarragil (Stoneman, 1993), March Road (Bari et al., 1996), Lemons
(Ruprecht and Schofield, 1991a).
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and karri (Eucalyptus diversicolor). March Road,
Yarragil 4L, Wights and Lemons catchments have
mean annual rainfalls of 1050, 1120, 1200, 750 mm,
respectively.

Looking at the results for the deforestation in the
Wights catchment, it can be seen that an initial
increase in water yield is observed in the first year
after treatment (due to decreased interception and
evapotranspiration). This is followed by a steady
increase in water yield, as groundwater levels rise,
until a new equilibrium is reached (Ruprecht and
Schofield, 1989; Silberstein et al., 2003). The other
deforestation catchments in Fig. 6 (Lemons and
Yarragil) have only been partially cleared and do
not show an initial increase in water yield following
treatment. Instead these catchments show a steady
increase in water yield over time. From the length of
results reported in the literature it is not possible to
establish when they reached a new equilibrium
condition. The results of clearing followed by
regrowth in the March Road catchment show a similar
trend to the regrowth in Hubbard Brook Catchment 2
USA (Fig. 5) with an initial increase in water yield in
the 2 years following treatment (due to reduced
interception) followed by a return to pre-treatment
levels in year 10.

The above results highlight the limitations of
regrowth studies in predicting the long term effects
of permanent vegetation changes. It is clear that in
many cases the initial increase after clearing is not
always representative of the long term increase as it
may take several years for a catchment to reach a new
equilibrium state. This is particularly important in the
hardwood forest of North East USA and some
eucalypt forest, where regrowth is primarily from
the same root systems, making the changes in water
yield short lived. However, regrowth experiments
have the potential to be used to investigate the likely
changes in evapotranspiration and streamflow with
relation to forest age. This has been the focus of a
number of paired catchment studies in south eastern
Australia, where after clearing and subsequent
regeneration, a decrease in water yield occurs. This
decrease is due to the vigorous nature of the regrowth,
which has a greater transpiration rate compared with
old growth forests (Cornish and Vertessy, 2001;
Vertessy et al., 2001; Roberts et al., 2001). Using
paired catchment studies involving regrowth, it may

be possible to predict the impact of afforestation or
tree plantations on inter-annual water yield.

The Mountain ash forests in southern Australia
provide an excellent example of this reduction in
water yield following the regeneration of vegetation
after bushfire. Mountain ash forests are confined to the
wetter parts of Victoria and Tasmania and grow at
altitudes of between 200 and 1000 m, where mean
annual rainfall exceeds 1200 mm. Fire is an infre-
quent but vital component of the life cycle of these
forests with the seedlings only growing on exposed
soil with direct sunlight (Vertessy et al., 2001).
Following fire, hundreds of seeds germinate per
hectare, the intense competition between the plants
for light results in rapid tree growth and natural
thinning of weaker trees. There is a significant body of
empirical evidence to show that the amount of water
yield from these catchments is closely linked with
stand age (Langford, 1976; Kuczera, 1987; Watson
et al., 1999). The ‘Kuczera curve’ that describes the
relationship between stand age and annual water yield
is characterised by the following features (Vertessy
et al., 2001):

e the mean annual water yield from large catchments
covered with old growth mountain ash forest
(>200 year) is approximately 1195 mm for
regions where mean annual rainfall is ~ 1800 mm;

e after burning and full regeneration of mountain ash
forest the water yield reduces to 580 mm at an age
of ~27 years; and

e after 27 years of age the mean annual water yield
increases and returns to pre-disturbance levels,
taking as long as 150 years to fully recover.

The work by Cornish and Vertessy (2000) and
Roberts et al. (2001) indicates that this may be a more
general behaviour for eucalypt forests in Australia and
does not only apply to mountain ash forests.

South Africa has the longest and most detailed
record of paired catchment afforestation experiments,
addressing permanent vegetation change from grass-
land to forest. Using data from South African
afforestation experiments, Scott and Smith (1997)
developed a series of generalised curves to predict the
impact of afforestation on annual total flows and lows
flows as a function of plantation age, species planted,
and site suitability as shown in Fig. 7. The curves in
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Fig. 7. Generalised curves from estimating the percentage reduction in total and low flow after 100% afforestation with pine and eucalypt

afforestation (Scott and Smith, 1997).

Fig. 7 are similar to those observed in Fig. 6
(particularly for Wights catchment) indicating a
similar type of response for both afforestation and
deforestation experiments, with a period of transience
being observed before a new equilibrium is reached.
Fig. 8 shows the comparison of annual results from
deforestation, afforestation and regrowth experiments
in areas of similar rainfall. The afforestation and
deforestation experiments show that while a similar
change in water yield is observed in the long term
the time taken to reach this equilibrium is dependent
on the treatment, with a new equilibrium being
established more rapidly under deforestation than
under afforestation.

Many of the paired catchment studies reported in
the literature do not report long term changes and thus
the generalisations about the time taken to reach a new
equilibrium are limited. The models of Kuczera
(1987) and Scott and Smith (1997) provide examples
of predictive tools that can be used to look at the
adjustment timescale associated with changes in
vegetation. However, these models are limited in
there applicability, with the Kuczera curve being
specific to Mountain Ash forest and the Scott
and Smith curves being specific to South Africa.

While the Scott and Smith curves may be applicable
to other parts of the world, the results indicate that in
South Africa eucalypts use more water than pines.
These results conflict with results from Australia,
where pines are thought to use more water than
eucalypts (Vertessy and Bessard, 1999).

—e— Biesievlei (afforestation)
35% 1 —o- Wights (deforestation)
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Fig. 8. Changes in water yield as a percentage of rainfall for a
deforestation experiment (Wights catchment) and an afforestation
experiment (Biesievlei catchment). Wights catchment is located in
Western Australia with mean annual rainfall of 1200 mm after
Ruprecht and Schofield, 1989. Biesievlei catchment is located in
South Africa with mean annual rainfall of 1298 mm, after Scott
et al. (2000).
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5. Seasonal water yield

Our understanding of the vegetation impact on
mean annual water yield is well advanced and there
are robust methods available for predicting the impact
of vegetation change on the mean annual water
balance (Zhang et al., 2001). Methods have also been
established that allow the prediction of water yield
changes in response to vegetation change at the annual
time scale (Kuczera, 1987; Scott and Smith, 1997).
The effects of vegetation on seasonal, monthly and
daily flows are less well understood. However, the
impact of vegetation change on seasonal water yield
can be as or more important than the impact on annual
water yield. The analysis of paired catchment data in
the USA in the 1970s and early 1980s commonly used
regression by least squares on both annual and
monthly data (Hibbert, 1969; Hornbeck et al., 1987;
Rich and Gottfried, 1976; Johnson and Kovner, 1956).
This allowed the impact of annual water yield as well
as seasonality to be assessed. However, no general-
isations have been made on the responses in seasonal
water yield to changes in vegetation. This may be due
to the mainly qualitative and graphical nature of many
of the seasonal flow results reported in the literature.

To gain a good understanding of the processes
affecting water yield it is important to note that the
annual streamflow and evapotranspiration do not tell
the complete story because of seasonal interactions of
factors affecting the water balance, such as soil
moisture content (Johnson and Kovner, 1956). While
on a mean annual basis the changes in soil moisture
can be assumed to be negligible, this is not the case on
a seasonal basis. This section aims to provide a
qualitative summary of the impact of vegetation
change on seasonal water yield. This has been
achieved by reviewing papers reporting seasonal
water yield changes and grouping the results into
four broad categories based on climate. No attempt
has been made to divide the results based on treatment
or vegetation type. The climatic groupings adopted
are tropical/summer dominant rainfall catchments,
snow affected catchments, catchments with winter
dominant rainfall, and catchments with uniform
rainfall.

Table 1 provides a summary of the observed
seasonal changes in water yield. When summarising
seasonal responses a differentiation has been made
between the absolute and proportional responses.
Absolute responses refer to the total volume change,

Table 1

Seasonal response in water yield

Climate Absolute response Proportional response References

Tropical/sum- Larger changes in Two types of responses observed: (1) Similar Blackie (1979), Blackie and Edwards (1979),
mer dominant summer months, changes in all months (2) larger changes in Bruijnzeel (1988, 1990), Gafur et al. (2003),
rainfall when rainfall is winter months, when rainfall is below monthly ~ Sharda et al. (1988), Scott and Lesch, (1997)

Snow affected
catchment

Winter domi-
nant rainfall

Uniform
rainfall

greater then monthly
average

Largest changes in
months of snow melt

Largest changes in
winter months when
rainfall in above
monthly average

Uniform change
across all seasons

average

Larger change in summer growing season

Largest change in summer months when rainfall
is below monthly average

With deciduous vegetation there is a larger

change during the spring months. Evergreen
vegetation shows uniform change across all
seasons

and Van Lill et al. (1980)

Baker (1984), Troendle et al. (2001), Alexander
et al. (1985), Troendle (1983), Schneider and
Ayer (1961), Hornbeck et al. (1970) and
Hornbeck (1975)

Bari et al. (1996), Bren and Papworth (1991),
Burch et al. (1987), Caissie et al. (2002), Gallart
et al. (2002), Keppeler and Ziemer (1990),
Kirby et al. (1991), Lewis et al. (2000), Mein
et al. (1988), Miller et al. (1988), Rogerson
(1971), Rothacher (1970), Ruprecht et al.
(1991) and Watson et al. (2001)

Hibbert (1969), Johnson and Kovner (1956),
Lane and Mackay (2001), McLean (2001) and
Swank et al. (2001)
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while proportional responses refer to the change with
respect to the flow under the original vegetation type.
The differences between absolute and proportional
reductions have important management implications.
While most of the water yield or volume change
occurs during wetter months, the proportional
responses vary considerably depending on the climate
and treatment type.

In winter dominant rainfall catchments similar
responses are seen in all studies, with a much larger
proportional reduction the summer flows compared
with the winter flows. This is mainly driven by the
change in interception and evapotranspiration. In
catchments with winter dominant rainfall the maxi-
mum potential evapotranspiration occurs during the
period of lowest rainfall, i.e. the rainfall and potential
evapotranspiration are out of phase. This results in
highest demand for water by vegetation, when water
availability is low. Under forests, there is a greater
ability of the vegetation to extract water from soil
moisture stores resulting in lower baseflow compared
to grass catchments.

In summer dominant rainfall catchments the
results can vary from uniform changes across all
seasons (Sharda et al., 1998) to large changes in dry
season flow (Edwards, 1979; Scott et al., 2000).
These different responses can be seen from the
results from the Glenmorgan research farm, India
and Cathedral Peak, South Africa (Fig. 9). Both
of these catchments have summer dominant
rainfall and have been afforested, however, the
proportional changes in water yield are significantly
different. The difference in responses observed in
summer dominant rainfall catchments, undergoing
similar changes in vegetation highlights the diffi-
culties associated with making generalisations
about the seasonal impacts on water yield. At
the seasonal time scale other catchment character-
istics such as soil depth and type play a much
larger role in the response than on the mean annual
basis.

This difference in absolute and proportional
response can be seen in results from the Glenmorgan
research farm in India where Sharda et al. (1998) used
a monthly average dataset to look at the seasonal
nature of water yield changes. It was observed that the
major reduction in mean annual flow caused by the
blue gum (Eucalyptus globulas) plantation occurred

—Rainfall - Glendhu (1990-2000)

Rainfall - Cathedral Peak (1968-1972)
~+—Rainfall - Glenmorgan
— % reduction - Glendhu (1990-2000)
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Fig. 9. Average monthly reductions in streamflow from the Glendhu
catchment (afforestation with pines 1980) and Cathedral Peak II,
South Africa (afforestation 1950-1955), Glenmorgan research
Farm, India. Values 1-12 on the X-axis represent the months
January to December for Southern Hemisphere catchments and July
to June in the Northern Hemisphere catchment.

during the months from July to October, when 60% of
the mean annual rainfall occurred. These results
indicate that the major reductions in flow volume
occur during the monsoon (July—October). However,
it should also be noted that although the reduction in
flow during the dry period was small on a volume
basis compared with the wet season, the percentage
reduction in flow is significant during all months of
the year. The early and late monsoon periods show
different responses in water yield change, which may
be related to soil moisture dynamics introducing
delays in response time.

A similar analysis was carried out on the Glendhu
catchment in New Zealand, these results are also
presented in Fig. 9. These three examples illustrate
different seasonal responses to afforestation in
different climatic regions. The New Zealand example
depicts a reasonably constant rainfall through out the
year coupled with a constant reduction in streamflow.
The Indian and South African examples have highly
seasonal rainfall; resulting in seasonal variation in the
reductions in water yield.

As stated by Vertessy (1999), the information on
the seasonal variations in water yield is limited and
rather confusing. The way in which the data on
seasonal yield are presented in the literature is
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generally descriptive or graphical, making it hard to
generalise between the results of different studies.
While on an annual basis the results of paired
catchment studies seem to be easily generalised
according to vegetation type, this is not the case for
seasonal data.

6. Flow duration curves

While the magnitude of changes at the mean
annual, annual and seasonal time steps are import-
ant, many water resources management issues
require an understanding of the impact of vegetation
on flow regime. A catchment’s flow regime is
described by the magnitude, frequency, duration,
timing and rate of change of streamflow at a given
point. The impact of changing vegetation type on
flow regime can be depicted by a catchment’s flow
duration curve (FDC).

The FDC for a catchment provides a graphical
(and statistical) summary of the streamflow varia-
bility at a given location, with the shape being
determined by rainfall pattern, catchment size and
the physiographic characteristics of the catchment.
The shape of the flow duration curve is also
influenced by water resources development (water
abstractions, upstream reservoirs, etc.) and land-use
type (Smakhtin, 1999).

FDCs can be constructed using multiple temporal
scales of streamflow data: annual, monthly or daily
flows, depicted either using all the flows for the
period of record or flows from a particular year.
Seasonal FDCs can also be constructed by using
only flows for a particular season over the period of
record or on an annual basis. For example, a daily
annual FDC is constructed from daily flows for a
single year, while a daily period of record FDC is
constructed from daily flows for the period of
record. Ideally, comparisons between FDCs for
different vegetation types would be made between
daily period of record FDCs. These FDCs are more
representative of catchment flows than daily annual
FDCs. However, due to the limitations in length of
data available for paired catchment studies it is
often necessary to use daily annual FDCs for
comparisons. One of the limitations of using daily
annual FDCs for a comparison of high and low

flows under different vegetation types is that the
relative distribution of high and low flows varies
depending on whether a particular year is wet or
dry. Therefore, when making the comparison
between daily annual FDCs it is important to
compare years with similar precipitation to minimise
the variations due to climate (Burt and Swank,
1992).

In discussing the impacts of vegetation change on
flow regime, low and high flow need to be defined.
The most widely used definition of low flow is any
flow that is exceeded for 70-99% of the time
(Smakhtin, 2001), hence this definition has been
adopted. High or peak flows are taken here as the
flows that are exceeded for 1-5% of the time.

The flow duration curves discussed below are daily
annual FDC, and have been plotted for catchments in
different climatic zones with differing vegetation
changes. While data exists to plot such curves for a
large number of catchments, only three examples that
have previously been reported in the literature are
discussed. These examples are the Red Hill catchment
in south eastern Australia, where a pine plantation was
established on pasture, Wights catchment in south
Western Australia where pasture replaced native
vegetation and the Glendhu catchment in New
Zealand, where a pine plantation was established on
tussock grassland.

Fig. 10 depicts the change in flow regime for the
Red Hill catchment in south eastern Australia. The
catchment is located about 50 km west of Canberra,
in the Murrumbidgee basin and is part of the paired
catchment study looking at the impact of pine
plantations on water yield. Red Hill has a catchment
area of 195 ha and ranges in altitude from 590 to
835 m. The climate of the area is highly variable with
a winter dominant rainfall. The mean annual rainfall is
876 mm (Hickel, 2001). FDCs for 1 and 8 year old
pines (based on a water year from May to April) have
been used to quantify the relative changes in the high
and lows flows as a result of vegetation change. The
1- and 8-year old pines were chosen as these years
have similar rainfalls, 887 and 879 mm, respectively.
The FDC indicated that there is approximately a 50%
reduction in high flows while there is 100% reduction
in low flows, with all flows in the designated low flow
range ceasing once the pine plantation is well
established.
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Fig. 10. Flow duration curves for the Red Hill catchment, near Tumut, New South Wales, Australia. One year old pines and 8 year old pines
(after Vertessy, 2000).

Fig. 11 depicts the response to conversion of
native forest to pasture in the Wights catchment in
south Western Australia. As discussed in Section 4
the Wights catchment is part of a series on paired
catchment studies in south Western Australia. In
these catchments, the interplay between the local
groundwater flow system and vegetation plays an

The replacement of native forests by pastures in
these catchments has lead to a rapid increase in
groundwater discharge area (Schofield, 1996),
resulting in large increases in low flows. As with
Fig. 10, it can be seen that all sections of the flow
regime are affected by the change in vegetation.
Comparing the FDC for native vegetation (1974-

important role in the hydrological response. 1976) with a period of similar climatic conditions of
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Fig. 11. Flow duration curves for the Wights catchment in south Western Australia. (Based on a water year from April to March).
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Fig. 12. Flow duration curve from the Glendhu experimental catchments New Zealand. 1980—during the calibration period (both catchments
tussock). 1989—6 years after pine plantation established. 1999—16 years after pine plantation established. (McLean, 2001).

pasture (1983-1985) we observe a 50% reduction in
high flows when going from pasture to forest and a
100% reduction in low flows.

Fig. 12 depicts the FDC response to the
establishment of pine plantations in the Glendhu
experimental catchments in New Zealand (169°45'E,
45°50'S). The control and treated catchments have
mean annual rainfalls of 1310 and 1290 mm,
respectively. The treatment involved the planting
of 67% of the catchment with Pinus radiata
(McLean, 2001). The results from Glendhu show a
different response in the FDC compared to Figs. 10
and 11. Unlike the Red Hill and Wrights catchments
the control and treated FDC are similar during the
calibration period. Therefore, the changes in high
and low flows have been assessed through compar-
ing the control to the treated catchment at various
stages after treatment. The reductions in low and
high flows are similar for all sections of the FDC
with an approximate 30% reduction in both low
and high flows as a result of the vegetation change.
This response is typical of many catchments in
higher rainfall areas, including the Mountain Ash
catchments in Victoria (Watson et al., 1999) and the
Biesievlei catchment in South Africa.

Figs. 10-12 depict two possible responses in flow
regime as a result of vegetation change. The response
seen in the Red Hill and Wights catchments are
typical of areas where the annual actual evapotran-
spiration of forests approaches annual precipitation,
while the response seen in Glendhu is typical of areas
where annual precipitation is greater than the annual
potential evapotranspiration. In the Mountain Ash
catchments in southern Australia, Watson et al. (1999)
noted that in wetter catchments all flows respond
to climatic and vegetation changes in unison with
the changes in the mean flow, however, in the drier
parts of their study area changes in low flows are
accentuated.

As with the assessment of mean annual and annual
flow, the annual FDC does not show how the flow
regimes of different seasons are impacted. Analysing
seasonal FDCs can overcome this limitation. However,
few papers report seasonal FDCs. Hornbeck et al.
(1997) looked at both annual and seasonal flows for the
first year after clear felling in the Hubbard Brook
experimental forest. Separating annual water yield
change into changes during the growing (full leaf area)
and dormant seasons (minimum leaf area) allowed
investigation of the FDC response during periods of
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Fig. 13. Flow duration curves for the first year after the clear-felling treatment—Hubbard Brook experimental forest (after Hornbeck et al.,

1997).

maximum evapotranspiration and periods of minimum
evapotranspiration. Hornbeck et al. (1997) observed
that most of the increase in annual yield occurred
during the growing season as shown in Fig. 13. They
concluded that water yield increases were a result of
decreased transpiration and primarily occurred as
augmentation to low flows during the growing season
(Fig. 13). While this seasonal break-up is obvious for
deciduous catchments, the definition of seasons is less
obvious for evergreen vegetation or catchments with
uniform climate.

Using a similar approach to the analysis of
Hornbeck et al. (1997) and McLean (2001) produced
FDCs during winter (July—September) and summer
(December—February) seasons where vegetation was
converted from tussock to pine plantations in New
Zealand. McLean (2001) concluded that:

e differences were more variable in summer flows
than in the winter. This was due to the high
variability in the rainfall over the summer months;
and

e the seasonal effects of vegetation modifications
are not easily identified using flow duration
curves.

The difference in the results between Hornbeck
et al. (1997), who found notable seasonal differences,
and McLean (2001), who could not detect seasonal
changes, can be attributed to the deciduous nature of
the vegetation in the USA compared with the evergreen
vegetation of the pine plantations in New Zealand. The
distinct dormant season in the USA where there are no
leaves on the trees results in lower interception and
transpiration rates making the evapotranspiration rates
of forested areas very similar to those of short crops. As
with the mean seasonal responses discussed in Section
5, the response of the seasonal FDC to vegetation
change will also differ depending on the rainfall
pattern. The comparison between the annual FDCs for
Red Hill (Fig. 10) gives us some indication of the
likely impact of pine plantation on the seasonal FDCs
in this catchment. It would be anticipated that a larger
proportional reduction in low flows in the Red Hill
catchment indicates a larger change in the
summer FDC, compared to the winter FDC as the
majority of low flows occur during the summer
months.

Jones and Grant (2001) noted that the nature of
the analysis undertaken could influence the results.
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This was illustrated by the original analysis of peak
flow responses to clear cutting and roads in small
and large basins, western Cascades (Jones and
Grant, 1996) and the subsequent reanalysis of
the same data by Thomas and Megahan (1998),
where the use of differing methods on the same
data set yielded different results. The interpretation
of the results from the two analyses has resulted in
Jones and Grant (2001) concluding both analyses
showed that forest harvest has increased peak
discharges in small events by as much as 50% and
by as much as 100% in large events. Thomas and
Megahan (2001) agreed that peak flow increases
(of up to 100%) in small events may occur, but
argued that that no evidence existed to suggest that
this was the case for all event sizes including
large floods.

7. Discussion

During the review of literature three major
limitations were highlighted in relation to the previous
analyse of paired catchment data. These are:

e generalisations about annual increases in water
yield (Bosch and Hewlett, 1982; Stednick, 1996;
Sahin and Hall, 1996) are based on short term
results of regrowth experiments (maximum
change in the first 5 years after treatment, or
first year increases). The results of permanent
vegetation change experiments indicate that,
depending on the changes in soil storage and
the transpiration—vegetation age characteristics of
the new vegetation type, it takes longer than 5
years for a new hydrologic equilibrium to be
established;

e changes in vegetation type will affect not only
mean annual flow, but also the variability of annual
flow. Peel et al. (2001) noted that differences in the
variability of annual runoff were due to two factors,
the variability of annual precipitation and the
distribution of evergreen and deciduous veg-
etation; and

e in order to make quantitative generalisation about
the impacts of vegetation changes on seasonal
water yield, a method needs to be established that
can be applied to a large number of catchments,

so that when comparing results between sites,
the generalisations are not complicated by
conflicting results from different analytical
methods.

Paired catchment studies provide a useful
method for determining the relationships between
percentage vegetation change and water yield in
relatively small catchments. The results summarised
in this paper indicate that for any impact of
vegetation change to be detected, at least 20% of
the catchment needs to be treated (Bosch and
Hewlett, 1982). This result is derived from the
research on small experimental catchments with
typical record lengths of less than 10 years follow-
ing treatment and longer records may mean that
smaller changes can be detected. However, methods
are needed for scaling these results to larger
catchments where the area subject to vegetation
change is likely to be patchy and relatively small
compared to the overall catchment size. A few
studies have attempted to make estimates of mean
annual water yield change in larger catchments.

Mundy et al. (2001) developed a model to simulate
the temporal changes in streamflow associated with
afforestation of existing grassland and the subsequent
management of the forest for timber harvesting for the
Adjungbilly catchment (389 km?) in New South
Wales using results from paired catchment studies
of Red Hill (for pine plantations) and Karuah (for
eucalypt forest). The results indicated that while the
trend in streamflow changes are statistically insignif-
icant in this larger catchment, the model did
satisfactorily simulate the magnitude and nature of
the changes in mean annual yield from the catchment
given the historical changes in vegetation type,
indicating that paired catchment results can be
extrapolated to larger catchments. Scott et al. (1998)
used the generalised curves of Scott and Smith (1997)
for annual reduction in water yield, to determine the
likely change in water yield on total runoff and low
flows at regional scale as a result of afforestation in
South Africa. This is the best example of prediction of
water yield changes at a regional scale at the annual
time scale.

The two examples above show how generalis-
ations from small catchment experiments are being
extrapolated to a regional scale and how treatments
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that cover less than 20% of the catchment might
impact on water yield. It is worth noting that a
potentially significant scale effect relates to the
change in geomorphology as one move from upland
catchments to lowland catchments. In current
applications to larger scales it is assumed that
these different areas of the landscape react similarly
to change in vegetation.

One of the advantages of paired catchment
studies is that they remove climate variability
through the comparison of two catchments subject
to the same climatic conditions under different land
uses. The separation of climatic variability effects
from the water yield changes as a result of
vegetation alterations is a key problem for time
trend studies. In cases where paired catchments are
available, the separation of land use impacts from
climatic factors can be achieved through the
comparison of the two catchments. This can be
done not only for annual and mean annual totals,
but also for flow regime as depicted by the daily
annual flow duration curves in Figs. 10-12. There is
also the potential to use paired catchments to
determine the seasonal impacts of vegetation
change.

8. Summary

The previous reviews of paired catchment studies
have focused mainly on regrowth experiments. In
such studies, changes in water yield are only
observed in the first couple of years following
treatment before returning to pre-treatment levels.
This paper has focused on the application of paired
catchment results to the prediction of different
aspects of hydrologic response to permanent veg-
etation change. Firstly, the changes in mean annual
yield documented in previous paired catchment
reviews were compared with the mean annual
water balance model of Zhang et al. (2001). This
analysis indicated good agreement between the
paired catchment and the mean annual water
balance approach. A comparison of the long term
annual results of regrowth, deforestation and
afforestation experiments indicated that following
permanent changes in vegetation it takes more than
5 years for a catchment to reach a new equilibrium,

with deforestation experiments reaching a new
equilibrium earlier than afforestation experiments.
The transient nature of the water yield changes
makes the use of regrowth experiments for predict-
ing the impacts of permanent vegetation changes on
water yield questionable. Table 2 provides a
summary of the uses and limitation of paired
catchments for predicting permanent changes in
vegetation at different temporal scales.

This review highlights the lack of information
available in the literature for making quantitative
generalisations about the impacts of vegetation
changes on seasonal yield and flow regime. While
the effect of vegetation change on a mean annual
basis is well understood the research on seasonal
water yield reported in the literature is limited and
primarily of a descriptive or graphical nature
making quantitative generalisations difficult. While
many papers on individual paired catchment studies
report seasonal results it was not considered possible
to make quantitative predictions, due to the
qualitative or graphical nature of many of the
results presented. The papers reporting seasonal
results were grouped by climate and some broad
generalisation made. In all catchments the largest
volume changes occur during the wet periods with
small volume changes during the dry periods. The
main difference between catchments came in the
proportional reductions. Nearly all winter dominant
and snow affected catchments showed larger pro-
portional changes in dry summer months compared
to the wet winter months. In tropical catchments two
types of responses where observed, with either a
uniform proportional change in water yield in all
seasons or a greater proportional change in dry
season flow. Catchments with uniform rainfall
tended to show more uniform reductions in water
yield across all seasons.

As a means of gaining an understanding of the
impact of vegetation change on flow regime,
the FDC was used as a means of displaying
the complete range of daily flows over a given
time period. While insufficient data were available
for making generalisations about the FDC response
to vegetation change, the three examples used
highlight this as a useful method of assessing
the likely impact of vegetation on daily flows that
requires further exploration.
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Table 2

Summary of results from paired catchment studies, highlighting the limitation and uses of the transient vegetation studies (regrowth and forest
conversion experiments) and permanent vegetation studies (afforestation and deforestation experiments) for making generalisation at different
timescales and list references for predictive tools currently available

Time scale Summary of results Generalisations/predictive models

Bosch and Hewlett’s Bosch and Hewlett (1982) estimations may underestimate the
(1982) impacts of permanent vegetation changes due to use of maximum
increase in the first 5 years after treatment
Zhang curves provide a good predictive tool for estimating the
change in water yield between grass and forested catchment.
However, no differentiation is made between tree species
Results of comparison between paired catchment results and Zhang
curves indicate that under afforestation, conifers tend to use more
water than hardwoods or eucalypts
Annual Water yield changes over time until a new equilibrium is reached
following permanent alteration to vegetation in a catchment
It may take several decades for a catchment to reach equilibrium
under new vegetation type or to return to pre-treatment levels
following fire or forest harvesting
Regrowth and forest conversion experiments do not show the same
extent of water yield change as deforestation and afforestation
experiments
Generalisations about seasonal water yield are difficult to make
based on the reported literature due to different definitions of
seasons and the graphical and descriptive nature of the results
Based on climate groups, different seasonal responses are observed.
Tropical or summer dominant rainfall catchments show larger
absolute changes in the wet season, while proportional changes are
either similar during all seasons or greater during the winter
months. Winter dominant rainfall catchments show largest absolute
responses in the winter season, while larger proportional reductions
are observed during the summer months
Provide a useful means of displaying the complete range of daily
flows
Allow the impacts on low and high flows to be assessed at different
temporal scales (annual or seasonal)
Seasonal flow duration curves can be used to assess the seasonal -
impacts on daily flows

Bosch and Hewlett (1982), Vertessy and
Bessard (1999) and Zhang et al. (2001)

Kuczera (1987) and Scott and Smith (1997)

Seasonal Scott and Smith (1997)

Flow duration curves
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Table Al

Treated catchment

Control catchment

Catchment Area  Slope  Mean Aspect  Climate Pre-treat- Post-treat-  Mean Mean Catch- Area  Slope  Mean Control  Mean Mean  Treatment Cali- Source
(ha) (%) elevation ment vege- ment vege- annual  annual ment (ha) (%) elevation aspect  annual  annual bration  of info
(m) tation tation rainfall ~ stream-  control (m) rainfall ~ stream period
(mm) flow (mm) flow
(mm) (mm)
Karuah, NSW, Australia
Barratta 36.4 450-940 Moist warm Tall wet Regrowth 1577 588 Crabap- 14.7/ 450— 1637/ 456/ Logging without  1976—  Cornish
temperate sclerophyll ple/Sassa-  25.3 940 m 1429 307 regeneration burn 1983 (1993) and
climate forest fras Cornish and
Vertessy
(2001)
Bollygum 15.1 1499 500 Logging without ~ 1976—
regeneration burn 1983
Coachwood ~ 37.5 1444 373 Plantation estab- ~ 1976—
lished after tractor 1983
clearing
Corkwood 41.1 1639 503 Logging plus 1976
regeneration burn 1983
Jackwood 12.5 1368 313 Logging plus 1976-
regeneration burn 1983
Kokata 97.4 1562 518 Plantation estab- 1976
lished after tractor 1983
clearing
Lidsdale, NSW, Australia
L-6 9.4 12 SW Sub-tropical Eucalypt Pinus 755 L-5 Feb 1978 100% 1967-  Putuhena and
forest radiata cleared and wind- 1978 Cordery
rowed, and then (2000)
burnt in April
1978. During
winter 1978
catchment was
planted with P.
radiata
Tantawangalo Creek, NSW, Australia
Willbob 85.6 800-950 Regional Open Sclero- Regrowth 1100 Ceb 21.7 1100 30% of area 1986—  Lane and
rainfall is phyll forest logged 1989 Mackay
reasonably (2001)
uniform
throughout
the year
Wicksend 68.2 38% of area 1986—
logged 1989
Tumut, NSW, Australia
Redhill 195 9 Temperate  Pasture Pines 876 Kylies 135 12 876 50 ha afforested in None Hickel
with highly run 1988 and the (2001)
variable and remaining area
winter (145 ha) affor-
dominant ested in 1989
rainfall

(continued on next page)
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Table Al (continued)

Treated catchment

Control catchment

Catchment Area  Slope Mean Aspect  Climate Pre-treat- Post-treat-  Mean Mean Catch- Area Slope  Mean Control Mean Mean  Treatment Cali- Source
(ha) (%) elevation ment vege- ment vege- annual  annual ment (ha) (%) elevation aspect  annual  annual bration  of info
(m) tation tation rainfall ~ stream-  control (m) rainfall ~ stream period
(mm) flow (mm) flow
(mm) (mm)
Yambula State Forest, NSW, Australia
Geebung 80.2 157-331 E Temperate  Dry Sclero-  Regrowth 900 Pomader- 759 900 Integrated harvest 1979—  MacKay and
Creek rainy cli- phyll forest ris Creek (Jan—April 1987) 1986 Cornish
mate, moist (1982),
in all sea- Moore et al.
sons with (1986),
warm sum- Crapper
mers et al. (1989),
Roberts
(2001) and
Roberts et al.
(2001)
Peppermint ~ 127.5 230-476 Post-logging burn  1977—
creek (June—July, 1987) 1979
Grevillea 92.5 Wild fire—Jan 1977-
Creek 1979 1979
Integrated harvest 1977—
(Dec 1986-June 1978
1987)
Stringybark 140 230476 Wildfire—Dec
creek 1972
Wildfire—Jan
1979
Integrated har-
vesting-May
1978-Jane 1979)
Wildfire—Jan
1979
Germans 225.1 230-476 Wildfire—Jan 1977-
Creek 1979 1979
Salvage logging:
June-Dec 1979
Wyvuri experimental catchments, Babinda, Queensland, Australia
North creek  18.3 34 w Tropical Mesophyll 4239 2873 South 25.7 1971-1973 67%  1969—  Cassells et
vine forest creek area logged, 1971 al. (1982),
cleared raked and Gilmore et
ploughed; bare al. (1982),
2 years Bonell et al.
(1983) and
Cassells et
al. (1985)
Brigalow Research Station, Queensland, Australia
C2 11.7 Subhumid ~ Native Bri-  Crops 686 39 Cl1 16.8 699 20 Cropping 1985 1965-  Lawrence
on the coast galow forest 1983 and Sinclair
and extend- (1986) and
ing to semi- Lawrence
arid towards and Thor-
the west burn (1989)

0s
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C3

12.7

Cropper creek, Victoria, Australia

Clem creek

46.4 E

Mediterra-
nean-cool
wet winters
and hot dry
summers

North Maroohdah experimental area, Victoria, Australia

Black spur 1

Black spur 2

Black spur 3

Ettercon 1

Ettercon 2

Ettercon 4

Monda 1

Monda 2

Monda 3

17 7.1 SW

9.6 14.6 SE

7.7 SE

11.67

8.83

9.03

6.31

3.98

725

Mediterra-
nean-cool
wet winters
and hot dry
summers

Dry sclero-
phyll euca-
lypt forest

1939 E.
Regnans

Pasture

Pinus
radiata

Regrowth

Regrowth

Regrowth

Regrowth

Regrowth

Regrowth

Regrowth

Regrowth

Regrowth

695

1400

1662

1662

1662

32

Cl1

Ella
creek/
Betsy
creek

Black
spur 4

Black
spur 4

Black
spur 4

Ettercon 3

Ettercon 3

Ettercon 3

Monda 4

Monda 4

Monda 4

16.8

113.0/
443

9.8

9.8

9.8

15.01

15.01

15.01

6.31

6.31

6.31

17.2

17.2

17.2

699

1400

1662

1662

1662

20

Pasture 1983

December 1979
vegetation
removed leaving
30 M buffer strip
around stream.
Area planted with
radiata pine

50% basal area
removed by clear
felling small
patches

40% basal area
removed by uni-
form thinning

50% uniform
thinning (14-3-
1977-2-5-1977)

Jan-1982 to Mar
1982 39% strip
thinning

Understorey
removed-1979

Infested with Psy-
11ids-1998

35% strip thinned
Jan 1982-Mar-
1982

79% clearfelled
and regenerated
with 2000 seed-
lings /ha

5/12/77-26/4/78
clearfelled

20/3/78 burnt

17:5-78 seedlings

75% clearfelled
and regenerated
with 5000 seed-
lings/ha
5/12/1977-26/41
1978 clearfelled
6/3/1978 burnt

1965—
1983

1975-
1979

7172
75176
4
years)

177/
1970
20/12/
1976
1-7-
1970—
14-3-
1977
28/71
1971-
Jan
1982
518/
1971-
1979
15-7-
1971-
Jan-
1982

11-6-
1970-
5-12-
1978

11/6/
1970-5/
12/1977
1178/
1970-5/
12/1977
13/7/
1971-4/
12/1984

Bren and
Papworth
(1991)

O’Shaugh-
nessy et al.
(1989), Jaya-
suriya and
O’Shaugh-
nessy (1988),
Nandakumar
(1993) and
Watson et al.
(1999, 2001)

Watson et al.
(1999, 2001)

Jayasuriya
and
O’Shaugh-
nessy (1988)
and Watson
et al. (1999,
2001)
Watson et al.
(1999, 2001)

(continued on next page)
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Table Al (continued)

Treated catchment

Control catchment

Catchment Area  Slope Mean Aspect  Climate Pre-treat- Post-treat-  Mean Mean Catch- Area Slope  Mean Control Mean Mean  Treatment Cali- Source
(ha) (%) elevation ment vege- ment vege- annual  annual ment (ha) (%) elevation aspect annual annual bration  of info
(m) tation tation rainfall ~ stream-  control (m) rainfall ~ stream period
(mm) flow (mm) flow
(mm) (mm)
17/5/1978 planted
5/12/1977-26/4/
1978 80% clear-
felled and regen-
erated with 500
seedlings/ha
21/4/1978 burnt
9/5/1978 planted
74% clearfelled
4/12/1984-9/3/
1985
Myrtle 2 30.8 1759 Regrowth Myrtle 1~ 25.21 Burnt 20/3/1985
E. regnans
Seeded. Winter
1985
Coranderrk experimental area, Victoria, Australia
Blue Jacket 64.8  36.6 SW Mediterra- 1850 Regrowth Slip 62.3 40.3 S Selective cut Nov  11/8/ Watson et al.
nean-cool E. regnans 1972-Mar 1973 1958-8/ (1999), Nan-
wet winters and 11/1972  dakumar
and hot dry  E. oblique (1993) and
summers Nandakumar
and Mein
(1997)
Piccaninny ~ 52.8  37.8 S Mediterra- 1850 Regrowth Slip 623 40.3 S Clearfelling of 713/ Watson et al.
nean-cool E. regnans 85% of vegetation 1956—  (1999), Nan-
wet winters  and in Nov 1971-Apr 16/11/  dakumar
and hot dry  E. obliqua 1972 1971 (1993) and
summers Nandakumar
and Mein
(1997)
Stewarts Creek, Victoria, Australia
CA2 4.0 8.3 NE Mediterra- ~ Mixed Bare 1120 CAl 4.3 9.0 NE 1400 Cleared 1969, 1960—  Mein et al.
nean-cool Species ground (1960— (1960- Bare ground: 1969 (1988) and
wet winters  Eucalypt for- (1969— 1980) 1967) April 1969-1975 Nandakumar
and hot dry  est. Mixed 1975) Pas- Pasture 1976 (1993)
summers Species ture 1976

Eucalypt for-
est

4y
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CAS 176 7.6 NwW

Parwan Experimental area, Victoria, Australia

Parwan 1 1.6 N
Parwan 2 1.6 N
Parwan 4 1.6 S
Parwan 5 1.6 S

Reefton Experimental area, Victoria, Australia
Reefton 1 704 6 559 N

Reefton 2 76.1 12 588 w

Collie River Basin, Western Australia
Dons

Lemons 344 8

‘Wrights 94

Mediterra-
nean type
climate

Mediterra-
nean type
climate

Mediterra-
nean type
climate

Mediterra-
nean
climate

Native Pas-
ture

Native Pas-
ture

Native Pas-
ture

Native Pas-
ture

Native Euca-
lypt forest

Native Euca-
lypt forest

Eucalypt
Forest

Eucalypt
forest

Eucalypt
forest

Bare
ground:
June 1969—
April

1970.
Pines:
April 1970

Woodland

Improved
pasture

‘Woodland

Improved
pasture

Regrowth

Regrowth

Agricul-
ture

Agricul-
ture

Agricul-
ture

1120 CA4

(1960-

1980)

538 Parwan 3

538 Parwan 3

538 Parwan 5

538 Parwan 5

1233 180 Reefton
3-6

1250 258

720 Ernie

750

1200 Salmon

¥}
b4
W

95.1

107.2

156.2

521.2

270

6.0

9

5

596

594

640

651

NwW

W

SW

SW

1120
(1960
1980)

538

538

538

538

1265

1249

1308

1440

720

209

234

228

318

Cleared May
1969, Bare
ground: April
1969-1970.
Growing Pine for-
est: April 1970

Native Pasture
(1954-1959)
regeneration of
woodland (1959—
1968) grazing
(1968-74)
Native Pasture
(1954-1959)
Improved Pasture
(1959-1968)
Grazing (1968—
74)

Native Pasture
(1954-1959)
Regeneration of
woodland (1959—
1968) Grazing
(1968-74)
Native Pasture
(1954-1959)
Improved Pasture
(1959-1968)
Grazing (1968—
74)

Native forest until
1984, 20% of the
forest cleared in
April 1984

Native Forest until
April 1984.
Understorey burnt
in April 1984

Clearing of native
forest by strip
clearing, soil
clearing and park-
land clearing
53.5% of catch-
ment cleared
between Novem-
ber 1976 and
March 1977
100% cleared in
Summer 1976—
1977

1960—
1969

1954—
1959

1954—
1959

1954—
1959

1954—
1959

1971-
1980

1971
1980

1974
1976

1974
1976

1974
1976

Nandakumar
(1993)

Nandakumar
(1993)

Nandakumar
(1993)

Nandakumar
(1993)

Nandakumar
(1993)

Nandakumar
(1993)

Ruprecht and
Schofield
(1991b)

Ruprecht and
Schofield
(1991a)

Ruprecht and
Schofield
(1989)

(continued on next page)
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Table Al (continued)

Treated catchment

Control catchment

Catchment Area  Slope Mean Aspect  Climate Pre-treat- Post-treat-  Mean Mean Catch- Area Slope  Mean Control Mean Mean  Treatment Cali- Source
(ha) (%) elevation ment vege- ment vege- annual  annual ment (ha) (%) elevation aspect annual annual bration  of info
(m) tation tation rainfall ~ stream-  control (m) rainfall ~ stream period
(mm) flow (mm) flow
(mm) (mm)
Balingup 933 Jarrah Agricul- 880 Thomson  10,20- 950/950 Afforestations 1978—  Borg et al.
Brook (Eucalyptus  ture Brook/ 0/1010 1980 (1988)
Tributary marginata) Ludlow (first 3
River years
since
refores-
tation)
March road 261 170- Native forest E. diversi- 1050 April 248 1050 Cleared January 1976—  Bari et al.
230 m dominated color Road 1982-March 1983 1982 (1996)
by E. mar- South
ginata and E.
calophylla
and
E. diversico-
lor
April Road Eucalypt Regrowth 1070 Lewin Nursery raised Ruprecht and
North forest North karri seedlings Schofield
were hand-planted (1989)
in the same year of
logging
Lewin South Eucalypt Regrowth 1220 Clear felling leav-
forest ing 100 m buffers
Wellbucket Eucalypt Regrowth Selection cut and 1982
forest regeneration 1985
Selection cut and  1977—
regeneration. 1981
Basal area
reduced from 16
to 11 m¥ha.
Crown cover
reduced from 55
0 22%
Yarragil 4L 126 2.0 S Eucalypt Regrowth 1120 43 Yarragil 270 3.1 SE 80% of canopy Stoneman
forest 4X cover removed (1993)
Yerraminnup Eucalypt Regrowth 850 Yarra- Logging leaving 1982—  Ruprecht and
S forest minnup 50 m buffer and 1985 Schofield
North regeneration (1989)
Hansen 80 Eucalypt Lewis 80 1985-86 intensive 1978—  Ruprecht et
forest uniform thinning 1984 al. (1991)

treatment was

applied across the
catchment exclud-
ing the swamp and
a 50 m buffer strip

129
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India
Doon Valley 1.45 5.1 SE

Glenmorgan 32
B

Big Bush, New Zealand
DC1 8.57 550 NW

DC4 20.19 550 NW

Glendhu State Forest, New Zealand
GH2 310 460-670 N

Maimai, Westland, New Zealand
Mi13 425 37 340 SW

Mi14 462 36 340 SwW

Montage
temperate
humid
climate

Evenly
distributed
rainfall
throughout
the year,
mean
annual tem-
perature of
10.5°C

Rainfall
occurs as
many small
events of
long
duration
and low
intensity.
Dry spells
are common
in summer

Superhu-
mid, micro-
thermal,
with
adequate
rainfall in
all seasons

Derived
scrub with
sal seedlings

Grassland

Mixed ever-
green native
forest rem-
nants and
plantations
of exotic
species

Snow-Tus-
sock

Evergreen
mixed
beech—podo-
carp-hard-
wood forest

E. grandis 1167
and E.

camaldu-

lensis

Bluegum 1380
Rotation 1

then

Bluegum

rotation 2

Pinus 1530
radiata

P. radiata 1350

Regrowth 2650

Regrowth 2650

Glenmor- 32

gan A

DC2 4.74 550 W

GH1 218 460-670 N
1550 MI5 2.64 34 335 SW
1550 MI5 2.64 34 335 SW

1380

1350

2650

2650

1550

1550

Conversion from  1968—
natural grassland 1972
to Bluegum plan-

tation (rotation 10

years). Blue gum
harvested in 1982
followed by a

second rotation of
coppiced bluegum

83% of area skid- 1975-
der-logged 1980
between April and
December 1980.

P. radiata planted

May 1981

94% clearfelled 1975
and harvested by 1980
hauler between

May 1980 and

June 1981, planted

with P. radiata in
September 1981

67% planted with  1979—
P. radiata in 1982 1982
at 1230 stems/ha

95% clearfelled, 1977
vegetation left in
riparian zone

100% clearfelled 1977

(continued on next page)

Oyebande
(1988)

Sharda et al.
(1988) and
Sharda et al.
(1998)

Fahey and
Jackson
(1997)

McLean
(2001) and
Fahey and
Jackson
(1997)

Rowe et al.
(1994)

Rowe and
Pearce
(1994)
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Table Al (continued)

Treated catchment

Control catchment

Catchment Area Slope Mean Aspect  Climate Pre-treat- Post-treat-  Mean Mean Catch- Area Slope  Mean Control Mean Mean  Treatment Cali- Source
(ha) (%) elevation ment vege- ment vege- annual  annual ment (ha) (%) elevation aspect annual annual bration  of info
(m) tation tation rainfall ~ stream-  control (m) rainfall ~ stream period
(mm) flow (mm) flow
(mm) (mm)
M5 231 36 290 SW Regrowth 2650 1550 M6 1.63 36 285 SW 2650 1550  100% clearfelled 1977
M8 3.84 36 305 SW Regrowth 2650 1550 M6 1.63 36 285 SW 2650 1550  90% clearfelled, 1977
vegetation left in
riparian zone
Uitsoek State Forest, South Africa
Mokobulaan  34.6  0.22 1318- E Sub-tropical Sub-climax  Pines 1197 196 Mokobu-  36.9 0.26 1341- E 1199 118 100% afforested ~ 1956—  Van Lill et
B 1486 with 80% of grassland, laan C 1494 with Pinus patula, 1971 al. (1980),
the average North East- January 1971 Dye (1996),
annual rain- ern Mountain 1971-1370 stems/ Scott and
fall of Sourveld, ha Lesch
1167 mm maintained 1979-650 stems/ (1997), Scott
falling by regular ha and Smith
within the burning and (1997) and
summer grazing Scott et al.
months of (2000)
October to
March
Westfalia, South Africa
WestfaliaD  39.6  0.33 1050- SE Sub-tropical Transitional — Eucalyptus 1253 590 Westfalia 32.6 0.42 1140- SE 1253 492 Riparian zone 1975-  Scott and
1320 with Sum-  between grandis B 1420 (10%) of area cut 1981 Smith (1997)
mer rainfall evergreen in 1981. 83% and Scott et
season high forest afforested with E. al. (2000)
and decid- grandis in 1983
uous wood-
land
Taiwan
LHC-4 586 40 SE Warm and ~ Warm-tem-  Regrowth 2100 1100 LHC-5 8.39 SW 1978-1979 100% 1970-  Hsia and
humid, the  perate mon- clear cut 1977 Koh (1983)
average tane rainfor-
monthly est
temperature
never fall-
ing below
15 degrees
Beaver Creek, Arizona, USA
WS 12 184 2150 SW Uneven aged 617 150 WS 13 369 2195 SW 609 93 100% removal of Baker (1986)
stands of overstory
WS 14 546 2194 S ponderosa 650 117 WS 13 369 2195 SW 609 93 57% strip cutting Baker (1986)
pine with thinning
WS 16 102 2164 SE 703 135 WS 15 66 2103 S 685 99 68% strip-cut with Baker (1986)
thinning
WS 17 121 2115 SW 726 206 Water- 98 2054 S 728 180 77% removal of Baker (1986)
shed 18 overstory
WS 8 730 2225 679 174 WS 13 369 2195 SW 609 93 33% removal of Baker (1986)
overstory
WS 9 454 2194 645 155 WS 8 730 2225 w 658 160 31% strip cut with Baker (1986)

thinning

9S
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Fraser experimental forest, USA

Deadhorse

1970-  Alexander et

1977

Timber removed
on 36% of land
area (1977)

3002—
3536

124

Lexen
Creek

Lodgepole Regrowth

Cool and

al. (1985)

humid with  pine on all

long, cold

creek—North

Fork

and Troendle
and King
(1987)

lower and

winters and mid-south

short, cool
summers

slopes, and

alpine tundra
above the

timber line

Alexander et
al. (1985)

1975
1982

30% harvested in
irregular shaped

3002—
3536

124

Lexen
Creek

Regrowth

78

Deadhorse
Creek—

and Troendle
and King
(1987)

clear-cuts, varying

in size from 1 to

Upper Basin

6 ha (summers of
1983-1984)

Caspar Creek, California, USA

South Fork

Keppeler and
Ziemer

Road construction 1963—

37-230

483

North
Fork

Mediterra-

37-320

424
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1967

1967 Logging
1971-1973

nean, dry

(1990) and

summers

Wright et al.
(1990)

Plynlimon, United Kingdom

Severn

Kirby et al.

(1991)

870

Wye

1055

Balquhidder experiment, United Kingdom

Kirkton

Johnson
(1991)

470

770

Monoa-
chyle

540
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