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Abstract
The WATYIELD water balance model is used 
to demonstrate that increased transpiration 
and interception associated with mānuka 
(Leptospermum scoparium) encroachment 
in the tussock catchment comprising part 
of the Glendhu experimental catchment 
study, Otago, New Zealand, is responsible 
for the flattening and subsequent decline 
in the difference in water yield between 
that predicted and observed for the planted 
(Pinus radiata) catchment from 2005 until 
2013. Linear extrapolation based on aerial 
photographic coverage taken in 1980 and 
2015 suggests that mānuka could cover up 
to three-quarters of the tussock catchment by 
2090, which is approximately equivalent to 
the proportion of forest cover in the planted 
catchment prior to harvesting. Statistical 
modelling shows that this could result in 
an annual reduction in water yield of about 
216 mm (25%) in the tussock catchment. 

Keywords
catchment water yield; indigenous tussock 
grasslands; mānuka; WATYIELD.

1  Based on New Zealand Forest Service records, the planted area was originally 
assessed at 207 ha (67% of the catchment) (Fahey and Payne, 2017). 
Subsequent estimates derived from aerial photographs taken before harvesting 
show the planted area to comprise about 235 ha (75%).

Introduction
In 1979 the former New Zealand Forest 
Service established a paired catchment study 
in Glendhu Forest in the upper Waipori basin, 
60 km west of Dunedin, in order to assess the 
impact of afforesting tussock grasslands on 
annual water yields. After a 3-year calibration 
period, one catchment (GH2, 310 ha) was 
ripped and planted in Pinus radiata over 
approximately three-quarters of its area in 
1982. The other catchment (GH1, 216 ha) 
was left in tussock grassland as the control.

The early results of the study were 
discussed by Fahey and Watson (1991) and 
Fahey and Jackson (1997). Fahey and Payne 
(2017) showed that, from canopy closure in 
1991 until 2013,  the reduction in annual 
water yield from the planted catchment with 
a two-thirds pine cover (revised upwards here 
to a three-quarters cover1) averaged 273 mm 
(33%). This was attributed to increases in 
transpiration and interception loss associated 
with the maturing tree canopy. From 1991 
until 2005, differences between predicted 
and observed annual water yields increased 
overall. However, after 2005 they began to 
level off, and from 2010 began to steadily 
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narrow. We use the WATYIELD water 
balance model to support the hypothesis 
that scrub succession, notably by mānuka 
(Leptospermum scoparium), in the tussock 
catchment is the main reason for the overall 
convergence of water yields between 2010 
and 2013. We also use regression analysis 
to predict the impact of continued mānuka 
expansion in the tussock grassland catchment 
on future water yields. 

Study area
The Glendhu catchments are both north-
facing and comprise rolling-to-steep 
topography with an altitudinal range of 
460 to 650 m (Fig. 1). The schist bedrock 
has been weathered to form a widespread 
but discontinuous mantle of colluvium, 
which has infilled many fossil gullies and 
depressions. Soils on the broad interfluves 
and steep side slopes are well-drained silt 
loams, commonly with a significant loess 
component. Valley bottom soils are poorly 
drained and peaty. Headwater sub-catchments 
often support wetlands that extend down-
stream as riparian bogs. Narrow-leaved snow 
tussock (Chionochloa rigida) is the dominant 
indigenous grass species.

Both catchments were lightly grazed with 
sheep at approximately one stock unit per 
hectare until planting took place in 1982. 
Grazing continued in the tussock grassland 
catchment until 2002, after which all stock 
were excluded. In recent years there has 
been a noticeable encroachment by mānuka-
dominated scrub in the tussock grassland 
catchment, especially on north- and east-
facing slopes (Fig. 2). Harvesting commenced 
in the planted catchment in March 2014 and 
was completed in early 2018.

Figure 2 – View taken in October 2009 looking 
west into the tussock grassland catchment 
at Glendhu, upland east Otago, showing 
mānuka-dominated scrub on north- and east-
facing slopes.

Figure 1 – Map of the tussock and planted 
catchments at Glendhu, upland east Otago.  

Methods
Catchment area rainfall is estimated from a 
network of manual gauges. These data were 
initially augmented with information from 
three weighing bucket gauges, and later 
by tipping bucket gauges. Broad-crested 
V-notch concrete weirs are used to measure 
runoff from both catchments. Full details of 
the study area and methods used to measure 
catchment rainfall and stream flow are 
available in Fahey and Payne (2017).

The WATYIELD water balance model 
was used to assist in assessing the effect of 
mānuka-dominated scrubland encroachment 
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on water yield in the tussock grassland 
catchment. WATYIELD is a lumped 
deterministic model of catchment rainfall 
and runoff. The main input requirements 
are: daily rainfall; average monthly reference 
evapotranspiration (equivalent to potential 
evapotranspiration from short grass under 
well-watered conditions); an interception 
fraction; and a crop coefficient to convert 
the reference evapotranspiration to a loss 
equivalent to transpiration by the vegetation 
on the site (Fahey et al., 2004). The model 
was calibrated and validated against flow 
from the tussock grassland catchment at 
Glendhu (Fahey et al., 2010). The same 
input parameters as those listed in Fahey  
et al. (2010) were used in this study to predict 
the water yield from the tussock grassland 
catchment. A statistical analysis of water 
yields calculated by WATYIELD was then 
undertaken in order to predict the likely 
effect of the expanding mānuka cover on 
future water yields.

Results and discussion
After canopy closure in 1991 changes in 
the annual water yield differences between 
those predicted and observed for the forested 
catchment (GH2) can be identified from the 
5-year running mean in Figure 3: a gradual 
but irregular increase in the difference until 
2004; a levelling off between 2005 and 2010; 
and from 2010 a declining difference year to 
year through to 2017. The marked decline 
in the difference since 2013 is attributed to 
increased flow from the planted catchment 
in response to harvesting, which commenced 
in early 2014. Virtually all the tree crop 
had been removed by the end of 2017. The 
focus here, however, is on whether mānuka 
encroachment in the tussock grassland 
catchment can explain the reduction in the 
yield difference from 2010 until 2013.

The visual evidence of mānuka en croach-
ment in the tussock grassland catchment 
illustrated in Figure 2 has been quantified 
with the aid of digitised vegetation data from 

Figure 3 – Difference between measured and predicted annual water yields from  
the planted catchment (GH2) for the period 1980–2017. The predicted annual 
water yield was derived from a regression analysis of the measured flow from the 
tussock catchment (GH1) and that from the planted catchment (GH2) between 
1980 and 1986 (Fahey and Payne, 2017). The trend line represents the 5-year 
moving average.
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sequential ortho-rectified aerial photographs 
taken in 1980, 2009, and 2015 (Ropars  
et al., 2018). The data show that scrubland 
has increased from 9% to 39.5% over this 
period. In addition, data collected in 2012 
from 82 quadrants in the tussock grassland 
catchment and analysed by Ropars et al. 
(2018) confirmed that mānuka comprised 
72% of the total scrub cover and was 
particularly dominant on east- and north-
facing slopes. Coprosma (Coprosma dumosa) 
made up c. 8% of the remaining cover, with 
minor amounts of Ozothamnus leptophyllum 
and Hebe odora. Table 1 shows the increase in 
the scrub cover based on data from the aerial 
photographs, and the estimated mānuka 
cover for the same years.

Little is known about the water-use charac-
teristics of any of the scrub species listed 
above, but given the low stature of the latter 
three, it is unlikely that they would contribute 
substantially to water loss through increased 
interception and transpiration. By contrast, 
Mills (2018) found evapotranspiration rates 
from mānuka in the tussock catchment to be 
higher than those from tussock, especially in 
the summer. Based on measurements made 
elsewhere, water loss from interception under 
mānuka, and related species, is likely to be 
high. For example, Aldridge and Jackson 
(1968) reported an interception loss of 37% 
from mānuka at Taita near Wellington, and 
Rowe et al. (1999) estimated interception 
loss under a stand of kānuka (Kunzea ericoides  
var ericoides) at a site north of Gisborne at 

47%. Thus, any replacement of indigenous 
tussock grassland by mānuka-dominated 
scrubland at Glendhu is likely to reduce 
water yield. 

If increased interception and transpiration 
by the invading mānuka is the primary cause 
of the initial narrowing in the difference in 
water yield between the tussock and planted 
catchments prior to harvesting (Fig. 3), there 
should be a growing divergence between the 
measured values and those predicted by the 
WATYIELD model, which assumes 100% 
tussock cover. 

This is confirmed in Figure 4, which shows 
that between 1980 and 2004, measured and 
predicted mean annual water yields from 
GH1 were similar (827 mm and 851 mm, 
respectively), but after 2004 the two data sets 
began to diverge. For the period 2005 to 2017 
the measured mean annual yield was 799 mm 
and the modelled yield, 884 mm. The reason 
the divergence did not become apparent until 
2005 is believed to be related to the cessation 
of grazing in the tussock catchment after 
2002, facilitating the replacement of tussock 
by woody plants such as mānuka, a response 
that has been observed elsewhere in Otago 
(Walker et al., 2004). 

Predicting the ongoing rate of expansion 
of mānuka-dominated scrubland in the 
catchment is challenging because the scrub 
species are now encountering sub-optimal 
habitats such as wetlands and exposed 
spurs. It is therefore unlikely that mānuka 
encroachment into tussock grassland will 

Table 1 – Measured scrub cover from aerial photographic analysis, and the average annual rate 
of encroachment. Mānuka is assumed to comprise 72% of the total scrub cover in all cases.

Scrub cover Mānuka cover

Year
Cover
(%)

Encroachment 
rate (%)

Year
Cover
(%)

Encroachment 
rate (%)

1980 9 1980 6.6

2009 26.0 0.6 2009 18.7 0.4

2015 39.5 2.3 2015 28.4 1.6
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continue at the same average rate as that 
from 2009 to 2015 (1.6% per year). Com-
pounding these issues is the fact that 
measured encroachment information is only 
available for three dates, and extrapolation 
is needed for several decades into the future, 
so we would expect any estimates to contain 
high uncertainty. 

The ability of woody species to replace 
tall tussock grasslands in Otago, particularly 
where there has been a reduction in fire 
frequency and stock grazing, has been well 
documented (e.g., Walker et al., 2004, 2009), 
but how quickly such a transition takes place 
is unclear. Mark and Dickinson (2003), 
for example, found little evidence of scrub 
invasion into narrow-leaved snow tussock 
over a 30-year period with no grazing at 
the Black Rock Reserve in the Lammerlaw 
Range, 20 km north-west of the Glendhu 
catchment study. However, at the Flagstaff 
Scenic Reserve near Dunedin, 60 km to the 
east, Calder et al. (1992) predicted that, after 
burning, snow tussock grassland could be 
completely replaced by a scrub community 
dominated by mānuka within c. 70 years. 

From the information in Table 1, in the 
35 years between 1980 and 2015, the average 
annual rate of mānuka encroachment at 

Glendhu is estimated at 0.6%. Assuming the 
encroachment rate remains constant beyond 
2015, we calculate that up to three-quarters 
of the tussock cover (equivalent to the 
approximate extent of the revised forest cover 
in the planted catchment prior to harvesting), 
could be replaced by mānuka by 2090  
(Table 2). This is substantially longer than 
the length of time predicted for a mānuka-
dominated scrub cover to replace tussock 
at the Flagstaff Scenic Reserve, but in the 

Figure 4 – Measured and modelled annual water yields for the tussock 
grassland catchment at Glendhu, 1980–2017.

Table 2 – Measured and predicted mānuka 
encroachment into the tussock grassland 
catchment for the period 1980–2090, based 
on an overall annual encroachment rate of 
0.6%, and assuming mānuka makes up 72% 
of the total scrub cover. The figures for 1980 
and 2015 are derived from aerial photographs. 

Year Mānuka coverage (%)

1980 6.6

2000 19

2005 22

2015 28

2050 50

2070 63

2090 75
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absence of burning and grazing at Glendhu it 
is thought to be a realistic assessment. 

Figure 4 shows the WATYIELD model 
provides a good account of water yield from 
the tussock grassland catchment between 
1980 and 2004. Thus, the residuals (i.e., 
the difference between the measured and 
modelled values) should have a distribution 
centred on zero, with some scatter cor-
responding to the year-to-year uncertainty of 
the model, which is the case in Figure 5 for  
the same period. From 2004 onwards (when 
the mānuka cover is estimated at 21%), 
the two data sets begin to diverge and the 
residuals exhibit a negative trend. This is 
consistent with the general consensus that a 
change in vegetation cover of at least 20% 
is necessary before any effects on flow can 
be detected (Bosch and Hewlett, 1982; 
Stednick, 1996).

To quantify the effect of the expanding 
mānuka cover on water yield from the 
tussock grassland catchment, we carried 
out a regression analysis of the WATYIELD 
residuals, but included the mānuka per-
centage coverage as an explanatory variable 
estimated from linear interpolation of the 
field-measured points in 1980 and 2015. The 
regression model for the residuals, r, takes  
the form:

where a0 is the bias of the WATYIELD 
residuals, a1 is the linear effect of the mānuka 
proportion ρ on the residuals, and ε is the 
uncertainty of the resulting model. The 
results are summarised in Table 3.

Table 3 suggests that the residuals of the 
WATYIELD model are only dependent 
on the mānuka encroachment, and that 

Figure 5 – Difference between measured and modelled annual water 
yields for the tussock catchment at Glendhu, 1981–2017.

Table 3 – Summary of the regression of the WATYIELD residuals (measured 
minus fitted tussock grassland water yield).

Regression parameter Value 95% confidence interval

a0 12.0 mm [–53, 77] mm

a1 –3.05 mm    / % change [–6.01, –0.09] mm / % change

sd[ε] 71.5 mm
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in the absence of mānuka encroachment 
the residuals are centred on zero, since the 
bias value has a 95% confidence interval 
of [–53,+77] mm (i.e., including zero). 
The effect of the mānuka encroachment is 
marginally significant, with an estimated 
effect of –3.05 mm (a reduction) in the 
mean value of the residuals for every percent 
increase in mānuka area, with a 95% 
confidence interval of [–6.01, –0.09] mm.

Figure 5 shows the plot of the measured-
minus-modelled water yield over the period 
for which data are available, using the above 
equation for the WATYIELD residuals. The 
negative trend in the residuals, although 
slight, is significant, as shown by the results 
in Table 3. This conclusion relies on two 
assumptions from the fitted model: first, the 
residuals must be Gaussian distributed for 
estimates of the predicted confidence interval 
to be valid; second, the residuals must be 
serially uncorrelated, so that the scale of the 
residuals is correctly estimated. We tested 
the conformance of the model residuals to 
the Gaussian distribution using a quantile-
quantile plot; this yielded no evidence of 
non-Gaussian residuals. To test for correlated 
residuals, we applied the Durbin–Watson test 
(Durbin and Watson, 1971) to the whole 
dataset (1981-2017), as well as the residuals 
for the first half (1981-1998) and the second 
half (1999-2017). The Durbin–Watson test 
gave no cause for concern except that the test 
for the first half of the dataset (1981-1998) 
suggested a significant autoregressive lag of 
four years. With such a short dataset of 18 
points, the Durbin-Watson test result needs 
to be treated with some caution, since a single 
point outlier can have a strong effect, and a 
significant lag of four years is not physically 
plausible. While the precise cause of the 
Durbin-Watson test result is not clear, we 
believe that the result is a spurious correlation 
between two high-value residuals, possibly 
those for 1988 and 1992.

It is possible to correct the WATYIELD 
residuals to account for mānuka encroach-
ment, where the percentage encroachment 
is estimated by linear extrapolation as in 
Table 2 and combined with the information 
in Table 3. Figure 6 shows that the original 
and corrected WATYIELD residuals follow 
closely up to 2002, but the traces diverge 
thereafter as mānuka encroachment begins to 
have an effect on water yield. The corrected 
residuals are centred on zero, while the 
uncorrected residuals are biased in later years. 

The correction can be extended beyond 
2015 by combining the linear extrapolation 
model for mānuka encroachment with 
the model in Table 3 to estimate the mean 
WATYIELD residuals and the corresponding 
confidence interval of the mean. The linear 
model of mānuka expansion, for example, 
suggests a figure of –216 mm (estimated 
mānuka cover, 75%) by 2090, but the 95% 
confidence interval is large [– 379, –54] mm 
(Fig. 7). It is noteworthy that the predicted 

Figure 6 – Measured versus modelled tussock 
grassland water yield residuals, 1981–2017. 
The solid markers are the original residuals, 
uncorrected for the estimated rate of 
mānuka encroachment. The light grey 
markers are the residuals corrected for the 
effect of mānuka encroachment by using the 
linear model of encroachment.
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flow reduction (based on the residual means) 
is only 47 mm less than the average annual 
reduction in water yield of 263 mm observed 
for the planted catchment (with a 75% forest 
cover) between canopy closure in 1991 and 
2004 (i.e., before mānuka encroachment 
is likely to have had a detectable influence 
on water yield from the tussock grassland 
catchment). In addition, the 95% confidence 
interval does not cover zero.

The increasing size of the uncertainty 
limits with each year clearly demonstrates 
that extrapolation beyond 2015 should be 
treated with caution. Nevertheless, we have 
adopted an encroachment model for mānuka 
that is relatively conservative, with the rate of 
encroachment fixed at 0.6% per year from 
2015, despite the averaged encroachment over 
the period 2009 to 2015 being over double 
that figure (1.6%). Naturally, deviations from 
the assumed figure of 0.6% per year in the 
future will alter the predictions of the net 
residual water yield.

Figure 7 – Measured versus modelled 
tussock water yield residuals, 1981–2017 
with extrapolation using the linear 
model to estimate the effect of mānuka 
encroachment. The solid markers are the 
observed model residuals, the line is the 
estimated mean trend, and the shaded 
region is the 95% confidence interval of the 
mean trend.

Conclusions 
An increase in interception and transpiration 
associated with mānuka succession in the 
tussock grassland catchment is identified 
as the main factor responsible for the 
narrowing in the difference in water yield 
between that predicted and observed for the 
planted catchment from 2010 until 2013. 
A combination of linear extrapolation and 
statistical modelling shows that mānuka 
could replace three-quarters of the tussock 
cover by 2090, leading to a predicted annual 
reduction in water yield of 216 mm (25%). 
This is only 47 mm less than the average 
annual reduction of 263 mm observed 
for the planted catchment before mānuka 
encroachment began to have a discernible 
effect on water yield from the tussock 
catchment in 2004.
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