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Abstract

Background: The effect of soil erosion on New Zealand production forestry is not well known and there has been
no research prior to our study into the relationship between soil nutrient status and planted forests growing in
eroded soils in steeplands.

Methods: The impact of soil erosion by mass movement on forest productivity was investigated in a paired plot
trial in a planted forest in a mainly hilly to steepland catchment (Pakuratahi) near Napier, eastern North Island, New
Zealand. Tree growth and form were measured and soil properties analysed to compare productivity and
productivity drivers in adjacent non-eroded and eroded plots.

Results: Regression analysis showed that the decreased soil total nitrogen, total carbon, total phosphorus, and soil
organic matter content in eroded plots had a negative impact on tree volume, resulting in a 10% decrease in
measured tree volume. Based on an assessment of log quality, trees in the eroded plots were forecast to produce
16% less volume from high-quality pruned logs (with associated reduction in revenue of around $4000 per hectare),
than trees in non-eroded plots. The total recoverable volume (TRV), estimated (for a 25-year rotation) from the
measured Pinus radiata D. Don trees growing on the eroded sites, was valued at $68,500, about 9% less than the
estimated TRV from trees measured on non-eroded plots ($76,000). Tree form and mean tree height in eroded and
non-eroded plots were not significantly different.

Conclusions: Soil erosion impacts production in planted forests. Afforestation of erodible land provides a valuable
ecosystem service through land and soil stabilisation but this service is currently not reflected in the market prices
for timber in New Zealand. Maintaining the productive capacity of erodible soils through practices such as
fertilisation or continuous-cover forestry can add further costs to production forestry. To ensure that sustainable
forest practices are carried out to protect the productivity of soils, financial incentives may be justified.
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Background
Erosion by mass movement is a common form of soil
loss in steepland and hill country in New Zealand (Page
et al. 1994). The east coast of the North Island is pre-
dominantly a mudstone/sandstone terrain capped in
places with tephra deposits. This area became particu-
larly susceptible to accelerated erosion following settle-
ment by European farmers in the late 19th Century when
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much of the indigenous forest was removed and replaced
with pasture. Subsequently, landsliding and other forms of
soil erosion increased when subjected to intense rainfall
events (Crozier 1986; Glade 1998; Page et al. 1994). Mass
movement in the form of soil slips comprises shallow,
rapid slides and flows involving soil and regolith (Lynn
et al. 2009) leaving scars in source areas and debris tails
(run-out deposits) in the landscape. The failure surface is
typically planar and parallel to the ground surface and
usually < 1 m deep (soil slips > 1 m deep are uncommon)
(Lynn et al. 2009). Soil in the debris tail may be deposited
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within the same land unit or transported off-site down-
stream. The eroded scar surface is slow to re-vegetate
(often ≥10 years), and the rate of recovery is influenced by
factors such as lithology, weathering rate (governing re-
lease of nutrients), fertility, water holding capacity, and cli-
matic conditions (Blaschke et al. 2000).
The effect of soil erosion on New Zealand production

forestry is not well known and there has been no research
prior to this study into the relationship between decreased
soil nutrients and planted forests growing in eroded soils.
Research on pasture reduction following erosion, however,
has been covered by a number of trials. In eroded
Wairarapa hill country in the southern North Island of
New Zealand, maximum production recovery occurred
within 20 years but only to a level of 80% of the pre-eroded
level (Rosser and Ross 2011; Lambert et al. 1984, 1993).
Declines in productivity on hillslope pasture were mea-
sured at 2% per decade after forest removal (Trustrum
et al. 1983). Research into the effects of erosion on prod-
uctivity in the United States has mainly focused on temper-
ate, arable croplands. Of the few national and international
studies researching the effects of erosion on forest product-
ivity, all found a decrease in tree volume. In the east coast
of New Zealand, earlier researcha examined the forest
productivity of first-rotation Pinus radiata D. Don (radiata
pine) in 20 paired plots on known eroded and adjacent con-
trol sites. A 10% reduction in mean tree diameter at breast
height was found in the slip-eroded areas in addition to
26% less total stem volume per hectare and a lower yield of
more valuable pruned logs. In the Queen Charlotte Islands
of British Columbia, 49 landslides ranging in age from 1 to
155 years were surveyed and it was found that the trees on
landslides averaging an age of 85 years produced around
one half the wood volumes of normal second-growth stands
of the same age (Smith et al. 1986). Landslides occurring in
natural forests have been shown to have adverse effects on
tree recovery, with reduced rates of biomass accumulation
and a species composition different from that of the sur-
rounding forest in Hawaii (Francescato et al. 2001) and in
New Hampshire, USA (Restrepo et al. 2003).
The values of avoided erosion through afforestation

and the other ecosystem services that forestry provides
have been quantified (Barry et al. 2014) but these ser-
vices are currently not reflected by market prices in New
Zealand. Barry et al. (2014) concluded that where bene-
fits to society outweigh costs to the forest owner,
positive incentives should be legislated to promote
afforestation of marginal land. In the current project,
forest growth on erosion-prone soils was compared with
tree growth in non-eroded soils in a plantation forest
in mainly hilly land and steepland near Napier. The ob-
jectives were (1) to determine and compare soil nutrient
status in eroded and non-eroded soils in a planted forest
catchment (Pakuratahi) and to relate the findings to
forest productivity, and (2) to estimate the decrease in
timber values associated with the loss of soil by erosion
in the Pakuratahi forest.

Methods
This research was carried out in a northern sub-
catchment of the Pakuratahi forest (Figure 1), which is
managed by PanPac Forest Products Ltd. The Pakuratahi
catchment is situated 21 km northwest of Napier, coastal
Hawke’s Bay, at latitude 39° 20’ 57” and longitude 176°
52’ 30” (Figure 1).
The Hawke’s Bay region experiences a variable climate

with summer droughts and high intensity rainfall events
(Thompson 1987). Mean annual rainfall ranges from
440 mm to 1300 mm with maximum daily rainfall ranging
from 28 mm to 300 mm (NIWA 2010). Mean annual
rainfall and temperature at Tangoio, 5 km north of the
Pakuratahi catchment, are 1501 mm and 13.3°C, respectively
(Eyles and Fahey 2006). Pakuratahi catchment comprises
774 ha of mainly hilly land and steepland (more than 60% of
the catchment contains slopes of 20° or greater) with flat to
moderately rounded hills or ridge tops, and narrow terraces
in valley bottoms in the southern section of the catchment.
Elevation ranges from 18 m to 355 m above sea level.
The main geological units underlying the Pakuratahi

catchment are the Kaiwaka Formation, a Pleistocene sedi-
mentary unit comprising calcareous sandstone, limestone,
and conglomerate aged c. 1.7 million years and up to
100 m thick, and the underlying Petane Formation, an early
Pleistocene succession of repetitive alternating sequences of
limestone, sandstone, mudstone, and conglomerate dating
back to c. 2.2 million years (Haywick et al. 1991; Lee et al.
2011). Tephra-derived soils, which mainly occur on the
upper ridges and slopes, have developed in situ primarily in
the Waimihia Tephra (deposited 3401 ± 108 calendar yr
BP) and the Taupo Tephra (deposited 232 ± 10 AD) (Lowe
et al. 2013) over sandstone of the Kaiwaka and Petane for-
mations (Eyles and Fahey 2006). The main soil orders in
the Pakuratahi catchment are Pallic Soils and Pumice Soils
(New Zealand Soil Classification: Hewitt 2010). Recent
Soils also occur in the south of the catchment around the
Pakuratahi River (Newsome et al. 2008).

Site selection
Data from a digitised surface of erosion slips photo-
graphed after storm events between 1943 and 1994
(Fransen and Brownlie 1995) were used to select erosion
scars for sampling. Erosion scars greater than 0.02 ha
in area and covered by a 21-year-old first-rotation
Pinus radiata plantation were selected and identified as
suitable for field examination. Fifteen plots were estab-
lished within the erosion scars and paired with 15 plots
located on adjacent non-eroded (stable) land of similar
aspect and slope (Figure 2).
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Figure 1 Location of study site, the pale-highlighted area in the northwestern section of Pakuratahi plantation forest in the Hawke’s
Bay region, New Zealand.
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The number of trees available per plot ranged from 5
to 10 for the calculation of mean basal area with a total
of 209 measured trees across the plots. Plot sizes ranged
from 90 to 127 m2, slopes from 10 to 33°, and aspect
from 2 to 358°. The plot locations were geo-referenced
using a high-quality, global-navigation satellite system
receiver (Trimble ProXRT). The raw data were differen-
tially corrected using Trimble GPS Pathfinder Office
Software (v5.3), a process which accesses the Land Infor-
mation New Zealand (LINZ) network of base stations to
improve survey-point accuracy.

Field data collection
Twenty soil samples per plot were collected for chemical
analysis from 0 to 0.1 m depth using a small-diameter
(23-mm) tube sampler. The samples were collected
across each plot on a grid basis according to a stratified
random pattern and were bulked for analysis on a per
plot basis. Depth to impeding layer was assessed at each
of the 20 sampling points using a 10-mm diameter metal
rod. Soil cores (0–0.1 m depth) for bulk density mea-
surements were collected at three random locations
throughout each slip using stainless steel rings of 98 mm
internal diameter. Soil sampling was carried out to a
depth of 10 cm to accommodate sampling in stony soils.
Six observations per plot were made using a Dutch
auger to determine the thickness (depth) of the A hori-
zon. In each plot, trees were measured for diameter-at-
breast height (DBH −measured at 1.4 m from the
ground) and tree height. Individual tree form was re-
corded for tree growth and tree health. The presence of
faults was summed per plot and a two-tailed t-test for
the average of two means was performed to evaluate the
difference. Tree-form characteristics were multi-leader
(or malformed), forked or dead top, and leaning sweep
and toppled but still alive (Ellis and Hayes 1997).



Figure 2 (A) Eroded and non-eroded paired plots for the study area, and (B) location within the Pakuratahi forest catchment (in white).
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Soil loss measurements
The erosion scars used in this research were measured
in the field. Only fourteen plot pairs were included in
the final analysis because one erosion plot was washed
out during an intense storm before the end of the trial.
Depth and width measurements were taken at 5-m in-
tervals along the length of each scar. Length measure-
ments were adjusted for slope to determine the
equivalent horizontal distance. Each scar was measured
by suspending a stringline across the slip, first measuring
the slip width and then its depth at the central position
of the slip scar as set out in Page et al. (1999).

Sample preparation and nutrient analysis
Chemical analyses of soil samples taken from paired
non-eroded control plots were used to estimate nutrient
loss from each slip. The rationale for using soil results
from control plots was to simulate the antecedent soil
profile that had subsequently been lost through erosion.
Soils were sampled to a depth of 0.1 m and results



Table 2 Domestic log grades (MAF 2011a)

Log grade Log status Small end Maximum Sweep
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averaged across all plots. Soil samples for chemical ana-
lysis were air dried at 20°C and passed through a 2-mm
sieve (i.e. fine-earth fractions were analysed). Total car-
bon and total nitrogen were analysed by thermal combus-
tion (Leco 2003). Total phosphorus was measured by flow
injection analysis (FIA) colorimetry after sequential Kjeldahl
digestion (Blakemore et al. 1987). Phosphorus availability
was measured by FIA colorimetry after each of three se-
quential Bray-II extractions using 1:10 NH4F/HCl (Bray
and Kurtz 1945; Skinner et al. 1991). Soil pH was deter-
mined using an electronic probe and a 1:2.5 soil-to-water
ratio with distilled water (1:2.5 dH2O). Soil organic matter
content was measured by loss on ignition at 550°C. Bulk
density was determined from the oven-dry weight of bulked
volumetric samples from each plot. Samples were air dried
and sieved to < 2 mm. The coarse > 2-mm material was dis-
carded. The < 2-mm fraction were oven dried at 105°C for
24 hours and then weighed again to determine oven-dry
weight and fine fraction bulk density.

Statistical analysis
Paired t-tests for sample means were used to test for sig-
nificant differences in soil properties, and tree height
and volume, between the eroded and non-eroded sites.
Relationships between measured soil properties and tree
volumes were determined using the Microsoft 2010 re-
gression analysis tool. A linear regression analysis was
performed using the ‘least squares’ method to fit a line
through the ratio of slip data over non-slip data.

Prediction of growth: forecaster modelling
Growth simulation software, Atlas Forecaster (West et al.
2012) was used to estimate the economic return from trees
measured in this trial. The Forecaster software enables the
modelling of potential revenue. Forest mensuration data
consisting of tree height, DBH, and tree form, were con-
verted into stem lists and imported into GeoMaster (forest
activity planning and management software: Atlas 2012).
PanPac Ltd provided additional silvicultural data including
planting dates, stocking, pruning, and clearfell ages and the
resulting analysis was based on a 22-year rotation (Table 1).
Table 1 Silvicultural regime for first-rotation planted forest

Date Event Stocking (stems ha-1)

1989 Planting 1200

1994 Pre-pruning 1190

1995 Pre-pruning 1190

1997 Pre-pruning 1190

1998 Post waste thinning 307

2012 Measurement 307

2014 Pre clear fell 298
Additional information required for the model in-
cluded accurate site locations and elevation, which were
identified using a Trimble global positioning system
(GPS). Data were captured using the New Zealand
Transverse Mercator (NZTM) mapping projection de-
fined in terms of the New Zealand Geodetic Datum
2000 co-ordinates system. The Atlas Forecaster model
was used to investigate plantation forest data using
standard Ministry of Agriculture and Forestry log grades
for the cutting strategy and default function models spe-
cific to the site (MAF 2011a) (Table 2).
Log grades were established, determining log volume

and value (MAF 2011a; 2011b) (Table 3) for pruned
trees, structural timber, utility grade timber, and pulp.

Results
Soil data
The total surface area of both the 14 measured eroded
plots and 14 non-eroded plots was 0.25 ha for each. Ero-
sion scars ranged in size from 9 to 15 m in width, 12 to
24 m in length, and 0.5 to 2.3 m in depth. Based on esti-
mated soil volume from the slip measurements and
measured bulk density, a total of around 415 tonnes of
soil was estimated to have been displaced from the 14
eroded sites. The average losses of nutrients are outlined
in Table 4. Values of measured soil properties were sig-
nificantly lower in eroded plots than non-eroded plots
with the exception of bulk density and the mean thick-
ness of the A horizon (Table 5).
Three sequential Bray-II extractions (Bray and Kurtz

1945; Skinner et al. 1991) were carried out to provide an
indication of available P in soil solutions and also long-
term P supply. Although the second and third extracts
each contained lower amounts of P than the first extract,
the amounts were still substantial. These results demon-
strate the capacity the Pakuratahi soils have to supply P
over a period of time in both eroded and non-eroded
plots.
diameter (mm) knot (mm) class

P1 Pruned 400 + 0 1

P2 Pruned 300-399 0 1

S1 Unpruned 400 + 60 1

S2 Unpruned 300-399 60 1

S3 Pruned or
unpruned

200-299 60 1

L1 Unpruned 400 + 140 1

L2 Unpruned 300-399 140 1

L3 Unpruned 200-299 140 1

Pulp Unpruned 100 n/a 2



Table 3 Log grades and prices measured in Japanese
Agricultural Standard cubic metres, free on board
(loaded onto a ship at export port) as at Dec 2012
(MAF 2011b)

Generic log type & pricing point Dec-12
quarter ($)

12-quarter
average ($)a

EXPORT (NZ$ per Japanese Agricultural
Standards m3 free on board)b

Pruned 144-190 168

Unpruned A grade 103-125 126

Unpruned K grade 90-121 116

Pulp 79-102 109

DOMESTIC (NZ$ per tonne delivered at mill)

P1 122-149 138

P2 111-123 118

S1 95-104 99

S2 90-97 95

L1 and L2 77-96 88

S3 and L3 77-86 81

Pulp 48-53 51
aAverage log prices over preceding three years.
bLog prices can be quoted at a number of different pricing points, such as
"cost insurance freight" (or c.i.f., i.e., landed at an importing port), "free on
board" (or f.o.b., i.e., loaded onto a ship at an export port), wharf gate, on
truck, and at stump.
Source: http://www.mpi.govt.nz/news-resources/statistics-forecasting/forestry/
indicative-new-zealand-radiata-pine-log-prices.aspx

Table 5 Mean soil properties across all plots using a paired
sample two-tailed t-test

Non-eroded Eroded % Difference Probabilitya

Total carbon (%) 3.7 2.0 47 ***

Total nitrogen (%) 0.3 0.1 52 ***

C:N ratio 12.9 14.0 8 *

Total phosphorus
(mg kg−1)

371.0 215.0 43 ***

Soil organic
matter (%)

8.9 5.7 36 ***

Bray-II P 1st

extraction (mg kg-1)
52.0 33.0 36 *

Bray-II P 2nd

extraction (mg kg-1)
27.0 16.0 41 *

Bray-II P 3rd

extraction (mg kg-1)
16.0 10.0 38 *

Soil pH 5.6 5.5 3 *

Mean soil depth (m) 0.4 0.3 16 *

Mean A horizon
thickness (m)

0.2 0.2 12 ns

Bulk density (g m−3) 1.1 1.0 5 ns
aProbability: ***p = 0.001; ** p = 0.01; *p = 0.05; ns = not significant.
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Tree growth and form
Because of the small plot size (constrained by erosion
scar size), average tree size within the study plots was
used as a measure of productivity. A significantly larger
mean DBH (p = 0.001) of 9% and a volume of 14% (p =
0.01) were recorded in trees from non-eroded plots
compared with these parameters for trees measured in
eroded plots. A two tailed t-test showed no difference in
tree height and form with less than 1% difference be-
tween paired plots (Table 6).

Soil properties and tree volume
Ratios of eroded plot data to non-eroded plot data were
used for a linear regression analysis to determine rela-
tionships between tree volume and measured soil prop-
erties (Table 7). Individually, the soil properties that
Table 4 Soil and soil nutrient loss estimated for 14
erosion plots in Pakuratahi (95% confidence interval in
parentheses)

Average per plot
(n = 14) (kg)

Range across
plots (kg)

Soil 296814 (±133265) 62737 − 870050

Total carbon 5864 (±2408) 1064 − 13920

Total nitrogen 438 (±183) 68 − 1131

Total phosphorus 63 (±26) 10 − 157
were most strongly related to volume increment were
total carbon, nitrogen and phosphorus, and soil organic
matter. Multilinear regression of soil properties com-
bined did not result in any significant relationships.

Effect of erosion on recoverable volume and log value
The economic returns from a planted forest can vary de-
pending on the quality of logs harvested. The calculated
total recoverable log volume was 10% lower in eroded
plots than in non-eroded plots. Eroded plots yielded
16% less volume from high-quality pruned logs, which
accounted for a reduction in revenue of around $4,000
per hectare at eroded sites. However, eroded plots had
higher volumes of lower grade sawlogs (S2, S3, and L3)
than in non-eroded plots (Figure 3). A reduction in total
recoverable revenue was estimated at $7,500 per hectare
on eroded sites. Total recoverable volume (TRV) esti-
mated (for a 25-year rotation) for Pinus radiata growing
on the eroded sites was valued at $68,494, which is 9%
lower than the estimated TRV from trees growing on
non-eroded plots ($75,989) (Figure 4).
Table 6 Mean tree properties across all plots using a
paired sample two-tailed t-test

Characteristic Non-eroded Eroded Probabilitya

DBH 493 mm 536 mm ***

Height 40 m 36 m ns

Form 1.1 1.0 ns
aProbability: ***p = 0.001; ns = not significant.

http://www.mpi.govt.nz/news-resources/statistics-forecasting/forestry/indicative-new-zealand-radiata-pine-log-prices.aspx
http://www.mpi.govt.nz/news-resources/statistics-forecasting/forestry/indicative-new-zealand-radiata-pine-log-prices.aspx


Table 7 Summary of linear regression analysis between
the ratios of eroded to non-eroded soil properties and
Pinus radiata tree volume

Ratio of eroded to non-eroded
soil data

Slope p value Probabilitya

Total carbon 0.2 0.0154 **

Total nitrogen 0.2 0.0136 **

Soil organic matter 0.2 0.0183 **

Total phosphorus 0.2 0.0324 *

Carbon to nitrogen ratio −0.4 0.2512 ns

Soil pH −1.7 0.2122 ns

Mean soil depth −0.3 0.2113 ns

Mean A horizon thickness 0.1 0.1537 ns

Bulk density −0.1 0.8678 ns
aProbability: **p = 0.01; *p = 0.05; ns = not significant.

Heaphy et al. New Zealand Journal of Forestry Science 2014, 44:24 Page 7 of 10
http://www.nzjforestryscience.com/content/44/1/24
Discussion
Nutrients required by growing trees are provided by the
soil and are immobilised in tree tissues in the early
stages of tree growth and development (Attiwill and
Adams 1993). Trees become more dependent on nutrient
cycling within the forest ecosystem when canopy closure
is reached, receiving inputs from breakdown of forest lit-
ter and the atmosphere (Carnol and Bazgir 2013). Hence
trees planted in eroded sites may be disadvantaged in the
early stages of growth because of the absence of topsoil
and forest litter. In the study, trees growing in eroded
soils were found to be significantly smaller in volume
compared with trees in non-eroded soils. These trees
were a first-rotation crop, planted in scrubby pastureland
and aged 21 years at the time they were measured.
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Figure 3 Total log volumes for log grades at eroded and non-eroded
sawlogs (P): appearance-grade timber; small-branch sawlogs (S): structural t
logs: pulp and panel products (Pine Manufacturers 2013).
Analysis of soils from the trial plots showed significantly
fewer nutrients in eroded plots compared with non-
eroded plots. In addition, regression analysis indicated a
significant correlation between reduced amounts of C, N,
P, and soil organic matter in eroded plots, and smaller
tree volume. Although no one variable stands out as the
main contributor to a lesser tree volume, each deficiency
appears to have made an impact. The relationship
between tree volume and P was not as strong as the
relationships between tree volume and C, N, and organic
matter.
Measured soil carbon has been found to decrease fol-

lowing afforestation of grasslands with P. radiata (Parfitt
and Ross 2011) but increases over time as pine litter
accumulates, resulting in a higher soil total C content
(Davis and Condron 2002; Paul et al. 2002; Laganière
et al. 2010). An increase in soil nutrients over time due
to litter accumulation is quite likely to occur at Pakuratahi,
but it is not certain how much of an impact litter has had
on eroded sites because the ages of the erosion scars are
difficult to determine. At the same time, inadequate levels
of inorganic nutrients such as nitrogen and phosphorus in
soils of existing erosion scars will have had an effect on tree
growth and therefore on the rate and amount of organic
matter accumulation.
Phosphorus deficiency is a common limiting factor in

plantation forestry even though P. radiata has the ad-
vantage over some other plant species of being able to
access soil organic P because of an association between
radiata pine roots and ectomycorrhizal fungi (Davis and
Lang 1991; Davis et al. 1996). In the current study, soil
total P levels were found to be significantly lower in
s 
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plots estimated for a 25-year-old P. radiata rotation. Pruned
imber; large-branch sawlogs (L): industrial-appearance timber; residual
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eroded plots compared with levels in non-eroded plots.
In addition, the concentrations of P in sequential Bray-II
P extractions of soil from eroded plots were below the
12 mg kg−1 level recommended for seedling establish-
ment (Ballard 1970). This result suggests that P concen-
trations in eroded plots were possibly limiting growth of
P. radiata in the long term. This view is supported by
the values of the initial Bray-II extractions of eroded
soils which were nearly half the values of soils in non-
eroded plots, thereby suggesting that the difference in P
supply is associated with the difference in tree volume.
The positive relationship between nitrogen and tree

volume agrees with the results from previous studies
that examined tree volume response to nitrogenous fer-
tilisers. An increase in volume increment of around
8 m3 ha−1 yr−1 following nitrogen application was found
in research carried out on New Zealand soils from the
central North Island in planted P. radiata stands (Mead
and Gadgil 1978). Responses to N and P fertilisers on
less fertile soils in Nelson were up to 17 m3 ha−1 yr−1

(Mead & Gadgil 1978). In South Australia, near Mt
Gambier, nitrogen fertiliser applications resulted in in-
creased basal area increment after two years when ap-
plied prior to thinning (Carlyle 1995).
The 10% decrease in total net volume forecast for trees

in eroded plots compared to that for trees in non-
eroded plots is comparable to earlier researchb carried
out in Pakuratahi. Forest productivity was examined in a
first-rotation P. radiata plantation at 20 paired plots on
known eroded and adjacent control (non-eroded) land
under an earlier first-rotation regime of planted forest in
the Pakuratahi catchment. Their study found a 26%
decrease in stem volume, with a lower yield of more
valuable pruned logs. In British Columbia, Canada, logs
from non-eroded land produced three times the volume
of wood compared with volumes of logs removed from
areas eroded by landslides aged 30 to 59 years (Smith
et al. 1986). Logs from eroded sites where tree age aver-
aged 85 years were around one half the volume of nor-
mal second-growth stands of the same age.
At Pakuratahi, the forecasted revenue was $7,500 per

hectare less for total recoverable volume (TRV) and
$4,000 less per hectare for high-quality pruned logs from
eroded plots. A reduction of revenue of this size may
not be sufficient to warrant active management changes
such as fertilisation of eroded land. However, the
Pakuratahi planted forest is considered to be a high-
production forest with a 300 indexb rating ranging from
30 to 40 (Palmer et al. 2010). The east coast climate is
highly variable with summer droughts and high intensity
rainstorms from northern tropical cyclones and cold
southerlies from Antarctica (Salinger and Mullan 1999).
Hill-country forest land is vulnerable to intense rain-
storms, particularly post-harvest when the soils are ex-
posed. Site-specific management studies and economic
analysis could determine whether fertilisation will pro-
vide an economic advantage in improving long-term
productivity.
Following extreme weather events, such as Cyclone

Bola (1988), there has been a move toward the afforest-
ation of potentially unstable land with permanent and
production forests, particularly in the worst-hit regions
such as the east coast of the North Island. Government
incentives supporting afforestation in New Zealand tend



Heaphy et al. New Zealand Journal of Forestry Science 2014, 44:24 Page 9 of 10
http://www.nzjforestryscience.com/content/44/1/24
to focus on mitigating the effects of greenhouse gases
such as carbon. However, the results presented here have
shown that there is a cost to the land owner/manager
for growing trees on formerly eroded land because of re-
sultant smaller log volumes. The economic value of ero-
sion prevention as a result of production forestry is not
currently recognised in the returns from forest products
in New Zealand. Nevertheless, the annual cost of erosion
to New Zealand has been estimated to be around $200
million (Dymond et al. 2012).
A framework to capture the natural capital and ecosys-

tem services provided by forestry in New Zealand would
help to identify key ecosystem services that are not cur-
rently recognised economically, such as planting of
P. radiata for erosion control (Jones et al. 2008). A recent
framework developed for dairy farm soils identified a
greater value from regulating than provisioning types of
ecosystem services (Dominati et al. 2011). In forestry only
the provisioning services of log production are valued.
Regulating services such as slope stability and erosion con-
trol (Phillips et al. 1989) provision of habitat (Pawson et al.
2008; Bremer and Farley 2010) flood control (Serengil et al.
2011) and the filtering of contaminants and nutrients near
waterways (Dymond et al. 2010) are yet to be incorporated
into the benefits economically recognised in production
forestry. If these services attracted financial benefits, land
managers might be encouraged to explore alternative
management methods to promote sustainable forestry and
long-term site productivity.

Conclusions
Mass movement erosion in the Pakuratahi planted forest
has resulted in a series of slips with associated erosion
scars throughout the hilly and steepland catchment. Sig-
nificantly lower levels of soil nutrients were detected in
eroded soils than in non-eroded soils. This resulted in
47% less total carbon, 52% less total nitrogen, 43% less
total phosphorus, and 36% less soil organic matter in the
eroded topsoils compared with the non-eroded soils.
These decreased levels of soil nutrients and soil organic
matter significantly impacted on trees in eroded plots,
resulting in a 10% decrease in volume compared with
that of trees in non-eroded plots. The forecast value of
these smaller logs means that trees grown in eroded sites
are estimated to return a total recoverable volume of
$7,500 per hectare less than that of trees growing in
non-eroded sites. The loss in revenue is borne by the
land or forest owner but could be offset if the ecosystem
service of avoided erosion were recognised financially. If
the costs and mitigation of the erosion-related loss in
productivity prove to be too much for future forestry op-
erations in hill country, government financial incentives
may be warranted as a viable economic option to sustain
the regulating services provided by forestry.
Endnotes
aDean, M, & Heron, C. (1998). The effect of historical

soil erosion on tree quality and volume: Report No. 58,
Forest and Farm Plantation Management Cooperative.
Unpublished.

bThe 300 Index defines the stem volume mean annual
increment (MAI) at age 30 years for a reference regime
of 300 stems ha−1 (Kimberley et al. 2005).
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