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Abstract
The effect of forest harvesting on water yield 
and other flow components is assessed for 
the planted catchment at Glendhu, Otago. 
However, because of the encroachment of 
mänuka-dominated scrub in the tussock 
(control) catchment, changes in water 
yield and other flow parameters cannot be 
reliably assessed by comparing observed and 
empirically predicted values for the treated 
catchment with reference to the control. 
Instead, we use the WATYIELD water 
balance model to calculate annual water 
yields for the tussock catchment, assuming 
no mänuka encroachment, and use these 
values to empirically predict yields for the 
treated catchment. Between 2006 and the 
commencement of harvesting in 2014, the 
observed average annual water yield for the 
planted catchment was 517 mm and that 
predicted for a tussock cover was 893 mm, a 
difference of 376 mm. By the time harvesting 
was completed in early 2018, the predicted 
difference in annual water yield had narrowed 
to 77 mm and by the end of 2019, to 35 mm. 
Within the next few years there is expected 
to be no difference in annual water yield. 
Changes in peak flows, storm flows and low 
flows due to harvesting (evaluated using a 
‘before and after’ approach) are minor.
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Introduction
The Glendhu catchment study was estab-
lished in 1979 in the headwaters of the 
Waipori basin, upland east Otago, to assess the 
hydrological effects of converting indigenous 
snow tussock grassland (Chionochloa rigida) 
to pine plantation. A conventional paired 
catchment approach was adopted (Hewlett 
and Pienaar, 1973) in which, after a three-
year calibration period, annual water yields 
from the treated catchment (GH2, 310 ha, 
with a 75% Pinus radiata cover)were 
compared with the predicted values for an 
undisturbed tussock cover, based on annual 
water yields from an adjacent catchment left 
in tussock as the control (GH1, 216 ha). The 
impacts of the treatment were assessed as 
the departure from the predicted behaviour. 
Results covering the pre-canopy closure 
period (1980–90) are discussed by Fahey 
and Watson (1991), those for the early post-
canopy period by Fahey and Jackson (1997), 
and for the study from its inception in 1980 
to 2013 by Fahey and Payne (2017). From 
2006, the difference between observed and 
predicted annual water yields began to level 
off and then steadily narrowed, which Fahey 
et al. (2018) attributed to an increase in water 
loss associated with the expansion of mänuka-
dominated scrub in the tussock catchment. 
Harvesting, which represents the final stage 
in the forest rotation, commenced in the 
planted catchment in early 2014 and was 
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completed in early 2018, leaving an extensive 
cover of slash and some exposed soil.

This paper covers the hydrological changes 
associated with the harvesting phase. The 
primary focus is on annual water yields, 
but, because of the ongoing encroachment 
of mänuka (Leptospermum scoparium) in the 
tussock catchment, the true extent of the 
changes cannot be readily assessed by simply 
comparing observed and predicted yields. 
Instead, we apply the WATYIELD water 
balance model (Fahey et al., 2010) to estimate 
annual water yields for an undisturbed 
tussock cover and use these values to predict 
yields for the harvested catchment following 
conventional paired catchment practice. 
Changes in the number of peak flows and 
storm flows, and low flow magnitudes, in 
response to harvesting are assessed using a 
‘before and after’ approach.

Background and methods
In the conventional paired catchment 
approach, it is assumed that no significant 
change occurs in the control catchment. At 
Glendhu, this assumption remains valid until 
about 2004. By 2005, however, mänuka-
dominated scrub encroachment in the 
tussock catchment had reached about 20%, 
which is the threshold at which a change 
in vegetation cover is expected to have a 
detectable effect on water yield (Bosch and 
Hewlett, 1982; Stednick, 1996). Thus, annual 
water yields from the tussock catchment 
require adjustment after 2005 to eliminate 
the effect of mänuka encroachment. This is 
accomplished by assuming an undisturbed 
tussock cover between 2006 and 2019 and 
using the WATYIELD water balance model 
to predict annual water yields for the period. 
The effect of harvesting can then be assessed 
in the conventional way as the departure 
from the predicted behaviour. 

Just as with water yield, because of the 
encroachment of mänuka in the control 

catchment (GH1), the impact of harvesting 
on peak flows and stormflows cannot be 
assessed by comparing the difference in 
the means of selected size classes for the 
control and treated catchments, as it was 
for afforestation (Fahey and Payne, 2017). 
Instead, we compare the frequency of peak 
flows and stormflows in selected size classes 
at GH2 for the pre- and post-harvesting 
periods and assume that any increase in the 
frequency can be attributed to harvesting. In 
the case of low flows, we were able to evaluate 
the effects of harvesting by comparing actual 
flow magnitudes. We recognize, however, 
that the ‘before and after’ approach does not 
take climatic variability into account, and, 
although evidence is presented later to suggest 
that the frequency of rainfall events was 
similar for both the pre- and post-harvesting 
periods, the results remain indicative only. 

The catchments are located 60 km west 
of Dunedin. They comprise rolling-to-steep 
topography and range in elevation from 460 
to 650 m (Fig. 1). Details on the study area, 
the methods used to measure catchment 
area rainfall and streamflow, and catchment 
calibration are available in Fahey and Payne 
(2017). The hydrograph separation procedure 
described by Hewlett and Hibbert (1967) was 
used to calculate individual stormflows. The 
annual 7-day low flow, defined as the lowest 
average flow occurring over 7 consecutive 
days in a given year, is used here as a measure 
of low flow. 

Approximately 80% of the forest was 
hauler logged, and the remainder was har-
vested by skidder. Estimates of the rate of 
harvesting were derived from aerial photo-
graphs supplied by Rayonier New Zealand.

Results
Changes in annual water yield
In the year harvesting commenced (2014), 
the difference in annual water yield observed 
for the planted catchment (593 mm) and that 
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predicted for an undisturbed tussock cover 
(872 mm) using the regression equation in 
Fahey and Payne (2017) was 279 mm (Table 1  
and Fig. 2). At the end of 2017, when 
harvesting was essentially completed, it had 
narrowed to 77 mm, and two years later to 
35 mm. 

Changes in peak flow frequency 
Table 2 shows that the frequency of peak 
flows in the smallest size class was actually 
lower for the immediate post-harvest period 
(2017–19) compared with the pre-harvest 
period (2011–13). There was, however, a 
slight increase in the frequency of events in 
the two larger size classes after harvesting.

Figure 1 – Map of the tussock catchment (GH1) and the planted catchment (GH2) at Glendhu. 

Changes in stormflow frequency
The frequency of stormflows in the smallest 
size class increased from 24 in the pre-
harvest period to 29 in the immediate post-
harvest period (Table 3). Increases were also 
observed for the larger size classes but they 
were minor. 

Changes in low flows 
Table 4 shows that the mean annual  
7-day low flow for the planted catchment 
(GH2) for the post-harvest period  
(1.12 ±0.29 mm) was higher than that for 
the pre-harvest period (0.63 ±0.16 mm), 
but the difference was only marginally 
significant (p = 0.031). 
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Table 1 – Annual water yields (mm) for the post-mänuka effect period (2006–19) for the tussock 
catchment (GH1) and the planted catchment (GH2). Columns 2 and 3 list the observed values for 
the two catchments, Column 4 the adjusted values for GH1 (using WATYIELD to remove  
the effect of mänuka encroachment), Column 5 the predicted values for GH2 (assuming tussock 
cover) using the regression equation in Fahey and Payne (2017) on the adjusted GH1 values, and 
Column 6 the difference in water yield between the observed and predicted values for GH2.  
The shaded rows represent the harvesting period. Column 7 lists the cumulative percentage of GH2 
harvested between 2014 and 2017, and Column 8 the catchment area rainfall (in mm).

Year
Tussock 
(GH1)
(obs.)

Planted 
(GH2)
(obs.)

Tussocka

(GH1)
(adj.)

Planted
(GH2)
(pred.)

Difference
(obs - pred.)

(Col 3 - Col 5)

Harvested
(%)

Catchment
rainfallb

2006 913 571 980 969 -398 1571
2007 847 495 835 819 -324 1179
2008 761 501 843 828 -327 1311
2009 695 414 780 763 -349 1175
2010 814 473 901 887 -414 1511
2011 871 565 950 938 -372 1431
2012 845 554 946 934 -380 1440
2013 807 565 912 899 -334 1407
2014 783 593 886 872 -279  27 1398
2015 776 665 926 913 -248  60 1287
2016 671 632 790 773 -141  80 1250
2017 776 754 846 831 -77 100 1356
2018 931 856 980 969 -113 1595
2019 823 822 871 857  -35 1348

a  The mean annual water yield (adjusted for mänuka encroachment) for the tussock catchment 
(Column 4) for the period 2006–13 was 893 (±62.2) mm.

b  The mean annual catchment area rainfall for the period 2006–13 (Column 8) was 1379 
(±136.4) mm and 1376 (±136.4) mm for the extended period 2006–19. 

Figure 2 – Difference between observed annual water yield for the planted catchment (GH2) 
and that predicted for a tussock cover for the period 2012–19 (from Column 6 in Table 1).
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Discussion
In 2019 the predicted annual water yield for 
GH2 (assuming the presence of a mature 
tussock cover) was still greater than that 
observed for GH2 (now comprising scrub, 
slash and some bare soil). It is possible that 
leftover slash and an expanding scrub cover 
is continuing to intercept some of the extra 
rainfall made available by the removal of the 
tree canopy. However, the trend in the rate 
of narrowing between predicted and observed 
water yield depicted in Figure 2 suggests that 
by 2021 (approximately four years after the 
completion of harvesting) the difference 
should be virtually eliminated. 

As mentioned earlier, when it comes to 
assessing the effects of a land-use change, the 
results from a ‘before and after’ approach are 
less reliable than those based on conventional 
paired catchment procedures, primarily 
because of the difficulty in separating the 
hydrological response to a vegetation change 
from that associated with climatic variability 
(Neary, 2016). A comparison of the rainfall 
record for the pre- and immediate post-
harvest periods at Glendhu showed that 
the frequency of rainfall events exceeding 
10 mm is similar for both periods (as they 
are for the individual size classes) (Table 5), 
suggesting that any notable hydrological 
differences can be attributed to harvesting 
rather than climate. However, the fact that 
the frequency of peak flows and stormflows 
in the selected size classes increased only 
marginally or not at all after harvesting 
suggests that other factors are involved. It 
is possible, for example, that the extensive 
use of haulers (rather than skidders) 
during harvesting minimised the potential 
for increased soil compaction with its 
subsequent hydrological consequences. In 
addition, the retention of a protective slash 
cover may be impeding rapid surface runoff 
by blocking smaller drainage channels 
(Robinson and Dupeyrat, 2005).

Table 2 – The frequency of peak flows in three 
size classes for the planted catchment (GH2) 
in the pre-harvest period (2011–13) and the 
immediate post-harvest period (2017–19).

Period
Size class
(L/s/ha)

Frequency

2011–13 1–2 22
2–5  7
> 5  2

2017–19 1–2 18
2–5 10
> 5  3

Table 3 – The frequency of stormflows in four 
size classes for the planted catchment (GH2) 
in the pre-harvest period (2011–13) and the 
immediate post-harvest period (2017–19).

Period
Size class

(mm)
Frequency

2011–13 2–5 24
5–10  5
10–20  1
> 20  2

2017–19 2–5 29
5–10  6
10–20  4
> 20  4

Table 4 – Annual 7-day low flows (mm) for the 
planted catchment (GH2) in the pre-harvest 
period (2011–13) and the immediate post-
harvest period (2017–19).

Year
Annual 7-d low flow

(mm)
2011 0.74
2012 0.70
2013 0.45

mean = 0.63 (±0.16)

2017 0.97
2018 0.94
2019 1.46

mean = 1.12 (±0.29)
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Other than Glendhu, there are few studies 
in New Zealand that have sought to establish 
the effect of harvesting P. radiata on runoff. 
Duncan (1995) measured flow from small 
catchments (all less than 8 ha) near Nelson 
(mean annual rainfall ≈ 1000 mm), and in 
one case found that 2 years after harvesting 
the annual water yield actually exceeded 
that predicted for pasture by up to 60 mm 
(comparable to that expected from bare 
soil). In another case, water yield increases 
of 220–280 mm/y were observed in the 
second year after harvesting compared with 
that from the original cover of gorse and 
pasture. For pasture alone there was an 80 
mm/y increase. At Purukohukohu in the 
central North Island (mean annual rainfall ≈ 
1550 mm), three catchments were monitored 
between 1969 and 2000, in part to assess 
the hydrological effects of afforesting pasture 
(Dons, 1987). One (Puruki, 0.34 km2) was 
planted in P. radiata in 1973 and harvested 
in the summer of 1996–97 and the annual 
water yields compared with an adjacent 
catchment (Purutaka, 0.23 km2) that was 
left in pasture. Dons (1987) found that for 
the period 1981–84, average annual water 
yield from the pasture catchment was 543 
mm, whereas that from the one planted 
in pines was 254 mm, a difference of 289 
mm; this difference is comparable to that 
observed in the immediate pre-harvesting 
period at Glendhu. Jackson (unpublished) 
extended the analysis of the Purukohukohu 

Table 5 – Frequency of rainfall events greater 
than 10 mm in selected size classes for the pre-
harvest period (2011–13) and the immediate 
post-harvest period (2017–19).

Rainfall event
(mm)

Pre-harvest
(2011–13)

Post-harvest
(2017–19)

10–20 41 35
20–40 39 45
> 40 19 13
Total 99 93

data to 1999, which covered the immediate 
post-harvesting period. The data show that 
the difference in annual water yields quickly 
narrowed in response to the increase in flow 
following the removal of the tree crop. By 
1998, one year after harvesting, water yield 
from the harvested catchment exceeded that 
from the pasture catchment by 150 mm, 
although the difference was only about 50 
mm the following year. The longer lag time 
observed in the Glendhu study (four years) 
may be due to the larger catchment size; 
smaller catchments should respond more 
rapidly to land-use change.

Conclusions
Since the commencement of harvesting 
in early 2014, there has been an overall 
reduction in the difference in annual water 
yields between that predicted for GH2 with 
a tussock cover and that observed in GH2. 
By the end of 2017 (corresponding with the 
completion of harvesting), the difference had 
narrowed to 77 mm. In 2019, the predicted 
yield for GH2 (assuming the presence of a 
mature tussock cover) was still 35 mm greater 
than that observed for GH2 (now comprising 
mostly new-growth scrub and slash). Given 
the trend in the difference in runoff between 
the two catchments, by 2021 annual water 
yields at GH2 are expected to be the same 
as, or greater than, those associated with the 
original tussock cover. 

The expected four-year lag time for annual 
flows to return to approximate pre-treatment 
levels is longer than observed elsewhere in 
New Zealand. This may in part be due to 
the results of the studies quoted above being 
derived from much smaller catchments that 
should respond more rapidly to a land-use 
change.

Harvesting in GH2 has had little influence 
on peak flows and stormflows, especially at 
higher magnitudes, possibly because of a lack 
of soil disturbance during the forest clearance 
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phase. Thus, any increases in associated 
factors such as sediment production and 
nutrient export are also likely to be small.

Finally, previous studies dealing with the 
hydrological effects of harvesting in New 
Zealand have been confined to much smaller 
catchments (< 30 ha). The results presented 
here demonstrate the valuable contribution 
that catchment studies at the larger scale 
can make in assessing the impact of forest 
harvesting on water yield and related flow 
parameters.
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