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Abstract

The impacts of soil erosion on forest productivitya Pinus radiataplantation forest were
assessed to determine the effects of key soil ptiepeon tree volume. Fifteen plots on soils
markedly eroded (truncated) by landsliding werealdsthed in a plantation forested
catchment (Pakuratahi) comprising mainly hilly arsteepland in a dominantly
mudstone/sandstone terrain overlain in places avitrantle of pumiceous tephras in Hawke’s
Bay, eastern North Island, New Zealand. Fifteentrobrplots were established on non-
eroded soils alongside the eroded soils on larelsiars for comparison. Soils within these
eroded and non-eroded sites were analysed andatssbitees were measured for height and
volume. The analyses of 0.1 m of the soil profiihim eroded sites, compared with those of
non-eroded sites, revealed that soil propertiesragled sites had significantly lower values:
total nitrogen (N) 52%, total carbon (C) 47%, topddosphorus (P) 43% and soil organic
matter 36% (SOM) (at 99% confidence interval). Thhl ratio, soil pH, and mean soil depth
in eroded plots were also significantly reduced9®% confidence interval). Trees on the
eroded sites had 14% less volume compared witlrethoswing in soils at the non-eroded
sites. Regression analysis revealed a signifiecdationship between tree volume and total C,
total N, and SOM at 99% confidence interval andltBtat 95% confidence interval.

Total recoverable volume was less in trees frondedloplots. Log quality and value was
assessed using Atlas Forecaster. High-quality prlogs and large unpruned structural grade
sawlogs returned smaller volumes from the erodedsphan from the non-eroded plots.
Lower-grade sawlogs returned a higher volume iretloeled plots. Total recoverable volume
for a 25-year rotation growing on eroded sites valsed at $68,494 (2013 valueP% less
than the estimated value from the control plots5($89). Eroded plots yielded 16% less
volume from high quality pruned logs which accoudnter a reduction in revenue of around
$4,000 per hectare at eroded sites. A reductidotal recoverable revenue was estimated at

$7,500 per hectare on eroded sites.

Erosion scars were measured and the average ssilas estimated and reported at 0.1 m
depth. On average, an eroded plot lost around 27@fmoil. In total, around 415 tonnes of
soil had been displaced from all measured erodied.sUsing digital layers orthorectified
from aerial photographs, it was estimated that Rekhi catchment has erosion scars
covering around 12 hectares of a total area of W4 Extrapolating the soil data from the
plots to the catchment, it was estimated that 23&b5the soil profile, 271 t of C, 20 t of N,



and 3 t of P have been displaced from the slopd3asfiratahi catchment in the last 100
years. Using a non-linear regression model thenpialesoil loss following an 80- year and a
100- year extreme rainfall event was predictedtalTsoil loss in Pakuratahi catchment was
estimated to be 2630 t and 7890 t for an 80- yedrl®0-year event, respectively.

To gain perspective of the value of avoided erosioerosion mitigation, at a regional scale
in Hawke’s Bay, areas with terrain attributes corapte to those of Pakuratahi catchment
were identified. The area currently under plantafiarestry in such landscapes is around 65
km?. The conservative estimate of soil loss on unferkfand following an extreme rainfall
event for this area is up to 1.69 x>0 Based on the estimated soil loss calculateth fro
Pakuratahi eroded sites, the value of afforestaifdhese potentially erodible soils is around
NZ$288 per tonne of soil. Afforestation of erodidend provides a valuable ecosystem
service through land stabilisation but this senikeurrently not recognised financially in
New Zealand.
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Chapter One: Introduction

1.1 Background

New Zealand is situated on the obliquely converdingndary of the Australian and Pacific
tectonic plates leading to fast rates of uplift @ative landsliding and erosion in many parts
of the country. New Zealand was heavily forestadrgo the arrival of human beings (~85%
forest coverage). Early Polynesians began cleaghedand using fire soon after arrival ca
1280 AD (McGlone & Wilmshurst, 1999; Wilmhurst al, 2008; McWethyet al, 2010).
With the marked increase in European immigrantmftbe mid-1800s onwards, large-scale
land clearances were carried out, initially in #4Q0s-1870s and then expanded from the
1870s to 1920 to acquire land for pastoral farmiiigglone, 1983). Over 22,500 square
kilometres of forest was destroyed between 1890 HI@D. Steeper erosion prone slopes
subjected to heavy rainfall experienced acceleratedion as a result (National Water and
Soil Conservation Authority (NWSCA, 1985). The S@ibnservation and Rivers Control
Council was established in 1941 to promote susténdand management and soil
conservation, primarily to protect lowland commigst from flooding and increased
sedimentation following large-scale storm-induced srosion in hill country and steepland
catchments (especially in the 1930s and 1940s)b&Gé Raeside, 1945; Grange & Gibbs,
1947). In the South Island of New Zealand, uplift &erosion rates are so high that man-
accelerated erosion is not significant. Howevetha North Island the rates of uplift are

lower so anthropogenic accelerated erosion is dereibly higher (Adams, 1980).

1.1 Soil erosion

Soil evolution or pedogenesis involves soil forrmatand geological erosion. Over time, this
process reaches equilibrium with the formation ature soils. When the land is disturbed by
anthropogenic activities such as deforestationtjvaiion or overgrazing the process becomes
known as accelerated erosion (NWSCA, 1985). Samkien can be classified into four
groups: surficial, mass movement, fluvial and dépws although often there is cross over

between groups (Table 1.1).



Table 1.1 Types of erosion, adapted from Lgti@l.(2009), LUC survey handbook’®3

edition (pp. 22, 138,139, 140).

Category Erosion Type Definition
Surface erosion Sheet Dislodgement and overlanddfcsurface soill
particles by water
Wind Detachment and transportation of soil pagscl
by saltation (bouncing along surface)
Scree Transportation of rock debris
Mass Movement Soil slip Rapid slides and flows Imirgy soil and
regolith (usually <1 m deep)
Earthflow Slow movement of soil and regolith along
marginal shear planes (rates <0.5 i yo
> 25 m yit)
Slump Deep seated rotational slide movement
containing large blocks of rock and regolith
Rock fall Abrupt free fall masses of rock fromegte

Debris avalanche

slopes and cliffs
Rapid slides or flows on longstdopes
(occur on >25° slopes)

Debris flow Fluid mixtures of debris (rock, saikgetation)
as a result of landslides triggered by extreme
rainfall

Fluvial Erosion Rill Closely spaced channels resglfrom uneven
removal of surface soil by running water (<60
cm and < 30 cm wide)

Gully Removal of soil, regolith or rock by fluvial
incision (>60 cm deep and >30 cm wide)

Tunnel gully Formed by subsurface concentratiahfaow
of water resulting in eluviation and scouring

Streambank Removal of streambank material follgwin
elevated streamflow

Deposition Deposition Sediment that has been erddausported and

deposited by running water

Soil erosion is influenced by lithology and sokrrain, landuse, vegetation and climate
(Selby, 1993; Pimenteét al, 1995; Lal, 2001). Much of North Island’s hill aouy is

covered with shallow tephra-derived soil. The uhyleg lithology consists of Tertiary and

Cretaceous marine sedimentary rocks, mudstones samdstones. Many hectares of

indigenous forest in Hawke's Bay were cleared amlden combined with intense rainfall

events, experienced increased soil erosion (Croz#86; Pageet al, 1994; Glade, 1998).

Soil or earth slip erosion is common in the eaststill country of the North Island. Earth

slip consists of a slide or flow of soil and sulbgbat results in a slip surface exposed at a

level of more than one metre below the originafeee. Following prolonged or heavy rain

over a short period of time, a soil may be weakeaedvater fills the spaces between soil

2



particles, forcing them apart. Slopes become ulestbshear stress, the force that promotes
movement, exceeds shear strength or the abilitgdist movement. As the soil weakens and
loses resistance, gravity transports the soil ddvenslope (NWSCA, 1985; Crozier, 1986).
Shallow soil slips generally remove much of thd poofile which includes organic matter
and the A and upper B horizons. Soil may be logiuph sedimentation downstream or by
deposition within the same land unit. The erodedase, subject to rapid weathering can
release nutrients and become viable for plant drqBtaschkeet al, 2000) but the removal
of the solil profile up to 1 m depth generally leadsa decline in land productivity resulting
from degraded soil structure, a decrease in platitemts, decreased organic matter and soil
fertility, decreased plant rooting depth and alieagailable water capacity (Lal, 1987). The
impact of erosion on the reduced productive capaifitand is increased where subsurface
rock is exposed. Mass movement erosion affects déi%e North Island and 30% of the
South Island, in New Zealand (Eyles, 1983).

1.2 Forest productivity

In erosion prone areas plantation forests weret@thto stem erosion and to utilise marginal
lands. New Zealand commercial forestry is a prdfiten industry requiring productive
forests to meet shareholder expectations. A progudorest is defined as one which
produces the maximum yield of biomass during amjiperiod of time (Dyck & Skinner,
1990). Productivity is a function of site qualitpcamanagement practices. Site quality is
underpinned by macro-climate and soil propertieglwhbontribute to the capacity of a site to
produce forest biomass (Dyck & Skinner, 1990). emNZealandPinus radiata(P. rad) is
grown in plantations across a range of edaphicearvronmental conditions from latitude
46° 25’ 16” and longitude 169° 27’ 26” in the Sou#iand to latitude 34° 33’ 43" and
longitude 172° 50’ 40” in the North Island (Figl}].
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Figure 1.1 Distribution oPinus radiatain New Zealand, adapted from LCDB3, 2008

Management practices incorporate site preparatestilisation, genetically improved stock,
and harvesting and residue management. Site ptepararies depending on topography
and soil conditions. Mechanical preparation suchsiges ripping is employed to open up
compacted soils and increase drainage. Weeds aml sy be cleared by hand or by using
chemicals. Land subject to successive crop rotatinay be fertilised to maintain long term
sustainability and genetic improvement can infleedisease resistance, growth, and form.
The productivity of a plantation forest can alsodukversely affected by pests, disease and

loss of soil nutrients (McLaren, 1993).



Productivity inPinus radiataplantations in New Zealand is quantified by twoiced: the
300 Index and the Site Index. The 300 Index defthesstem volume mean annual increment
(MAI) at age 30 years for a reference regime of 8@ns ha (Kimberleyet al, 2005). The
Site Index defines the mean top height of the Hd@elst diameter stems within a hectare at
age 20 years (Goulding, 2005). Although widely ydkd Site Index is only able to provide a
partial measure of site productivity. This is besmplantation age and stocking rates impact
on basal area growth. The 300 Index measures pieiydased on stem volume growth
rate (Kimberleyet al, 2005). Land supporting higher index figures isrenpredominant in
the North Island (Fig. 1.2).
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Figure 1.2 The 300 Index across New Zealand (Padétnal, 2010)



In addition to producing quality timber, New Zeal&nforesters have a requirement to report
on sustainable forest management, using criterth iadicators outlined in the Montreal

Process. Soil erosion is a key indicator and wthke ability of trees and forests to protect
against erosion has been well documented, thees igicreased susceptibility of land to
erode post harvesting and during road build®d.oughlin, 2005). To date, few studies have

been carried out on the effect of erosion on prodigin post-erosion forest land.
1.2 Site Description

1.2.1 Catchment characteristics

Pakuratahi catchment is located in the Tangoio $tdt& km northwest of Napier at latitude
39° 20" 57’ and longitude 17°6 52” 30’ (Fig. 1.3)he forest is managed by PanPac Forest
Products Ltd, in central Hawke’s Bay, NZ.
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Figure 1.3: (A) Pakuratahi sub-catchment contaififitgen paired plots and slips; (B)
Legend for A (C) Trial site in relation to Pakuratédark green) and Tamingimingi (pale
green) catchments: (D) inserts show the Pakur&badst location in New Zealand. Map

created using Esri ArcMap 10.1, DEMs from local AR data (24 August 2011) and
historical slip data (Fransen & Brownlie, 1995).

The catchment covers an area of 774 ha and mawnhpses hilly to steepland (over 60% of
the catchment contains slopes of 20° or more) ¥lgihto moderately rounded hill or ridge
tops, and narrow terraces in valleys in the soatlsatchment. Elevations range from 18 m

to 355 m above sea level (asl) (Eyles & Fahey, 2006



1.2.2 Geology

The main geological formation underlying the Palaina catchment is the Kaiwaka
Formation, an early Pleistocene unit aged betweénahd 1.77 Ma (million years old)
(Bland et al, 2007; Leeet al, 2011). The upper boundary forms the currentdaage and
erosion surface. Reflecting a multi-depositionaliemmment, the deposits primarily resulted
from inner shelf sedimentation, but were also sttbfje marine and fluvial deposition and
rhyolitic tephra fall (Haywicket al, 1991). Digital data from Land Information Resaurc
Services (LRIS) (Newsomet al, 2008) describe the underlying rock as predomigant

sandstone with some mudstone in the northwesteofdtchment (Fig. 1.4).

Rock Type
Sandstone and Limestone
Mudstone and sandstone
Alluvium

: Pakuratahi Boundary
Study Area 0 05 1 2

Kilometers

Figure 1.4 Geology Pakuratahi catchment (adapted from NZLRI SpatetiaDayers:
Newsomeet al, 2008).



1.2.3 Soils

Soils in the Pakuratahi catchment are formed pilgn&om parent materials of mudstone
and sandstone and in places from tephras (dernogd Yolcanoes in the Taupo Volcanic
Zone) deposited over the sedimentary rocks. Sailshe steep slopes tend to be relatively
young because of frequent erosion and are therafdgheenced by parent material —
commonly exhumed or nearly exhumed after an erosi@nt — than soils on more stable
slopes. In the New Zealand Land Resource InverfdB&LRI) (Newsomeet al, 2008) the
main catchment soils are identified as Pallic anchiee soils (Fig. 1.5).

Soil orders
|:| Pumice
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[ studyArea

Figure 1.5 Soil orders: Pakuratahi catchment (athfstom NZLRI, Newsomet al, 2008).



1.2.4 Vegetation

The Pakuratahi catchment was originally coverethdigenous forest and in the late 1900s
was converted from indigenous forest into pastaresfock grazing. With few improvements
made to the pasture, much of the catchment laterted to scrub. In 1970, most of the
catchment was planted Rinus radiataand the first harvest was completed in 1998 (E&les

Fahey, 2006). The sub-catchment within the Pakbrdiarest where this research was

undertaken was first planted ih radiatain 1989.

1.2.5 Climate

The climate across the east coast of New Zealandriable, experiencing high intensity
rainstorms from northern tropical cyclones and cmdtherlies from Antarctica (Salinger &
Mullan, 1999). In high country areas, total annuainfall can exceed 2400 mm on
approximately 150 days per year when westerly wipdsvail. Snow showers are also
frequent in winter months. Westerly winds depogitiain in the hills leads to insufficient
moisture and drought on the Hawke’s Bay plains (fipson, 1987). Annual rainfall for the
region averages around 1043 mm and ranges fronrmB6@o 1950 mm. In the hill country, it
has been estimated that more than 250 mm of rhimfah 24 hour period can cause

widespread erosion in hill country with minimal etgtion cover (Page, 1994).

Weather data collected at Tangoio 5 km north ofcdtehment record a mean annual rainfall
of 1501. Mean annual temperature is 13.3 °C (Febri@.0°C and July 8.4°C)

(Eyles & Fahey, 2006). In March 1988, tropical @yw Bola caused extensive damage
throughout New Zealand. Over 753 mm of rain wanded during a four day period
initiating widespread landsliding in hill countryagtureland (Paget al, 1994). Large
guantities of sediment were deposited into floodensaand onto the plains causing around 90
million dollars of damage to the local farming ahdrticultural industries (McSaveney,
2009). Most of the Pakuratahi catchment containatlre first rotatiorP. radiataat the time
and consequently suffered minimal damage. Howekersmall catchment where this project

took place was not planted until 1989 and expe&adricesh erosion.

1.2.6 Soil erosion history
In Land Use Capability classification, taken frome tNew Zealand Land Resource Inventory
(NZLRI), the Pakuratahi catchment is classified6a® and 7e3, describing moderate to

severe limitations to use under pasture and foréstcause of erosion susceptibility (Lyan
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al., 2009). Historical soil erosion of the area waspp® using a chronological series of
aerial photographs taken from 1943 to 1994 usin@raalytical stereoplotter linked to GIS
software (Fransen & Brownlie, 1995) (Fig. 1.6).
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Figure 1.6 (A) Pakuratahi catchment with slip higt¢B) Study area in the north of
Pakuratahi

Layers derived from orthorectified photographsaws:

Mar 1943: Erosion after April 1938 storm

Nov 1970: Conditions prior to forest planting

Oct 1981: Forest cover in Pakuratahi catchment

Dec 1988: Erosion after Cyclone Bola in March

Jan 1994: Prior to harvest of first rotation
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Minimal new erosion occurred in the Pakuratahi catchment between 1943 and 1987.
However, following Cyclone Bola in 1988 an increased area of erosion was recorded in the
study catchment which was under pasture when the storm struck (Fig. 1.7.). The remainder of
Pakuratahi which was under first rotation forestry at the time, experienced little damage,
gaining protection from the 18-20 year old trees.
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Figure 1.7 Tria sub-catchment showing mapped slips occurring after major storm events in
1938 and 1988.

1.3 Aims and Objectives

The overal aim of this research was to investigate the impacts of soil erosion on forest
productivity in Pinus radiata plantation forestry on the east coast of the North Island, New
Zealand.

The three main objectives were set to achieve thisaim:
1. Determine the difference between soil properties in eroded and non-eroded land in a sub
catchment of Pakuratahi forest and whether this affected forest productivity (Chapter 2)

12



2. Estimate soil and nutrient loss at catchmenedq&hapter 3)
3. Investigate the potential for reduced produttigicross Hawke’s Bay region in plantation

forest planted post Cyclone Bola (Chapter 4)

1.3.1 Thesis layout

Chapter 1: Introduction and general overview

Chapter 2: The process used to collect soil anestatata from slipped and non-slipped plots
is described. The resulting analysis is used tabéish a relationship between soil and
nutrient loss and forest productivity.

Chapter 3: Digital surfaces are used in a GIS tonese the loss of soil and nutrients from
the study area. These results are extrapolatetthade the Pakuratahi catchment. Future soil
loss in Pakuratahi following extreme rainfall e\erst estimated using an empirical nonlinear
regression model.

Chapter 4: The potential implications for reduceddpictivity in Hawke’s Bay plantation
forests that were planted after the 1988 Cyclont&a Bod the costs of avoided erosion to
forestry are discussed.

Chapter 5: A summary, conclusions, and recommemagfor further research are presented.
Because chapters 2 to 4 are written in the forscantific papers, there is some unavoidable

overlap between them.
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Chapter Two: Impacts of shallow landslide erosion o the
productivity of Pinus radiata plantation forestry, Hawke’s
Bay, New Zealand

2.1 Introduction

Erosion by mass movement is a common form of &sib lin steepland and hill country in
New Zealand. The New Zealand archipelago is bigelojean active, obliquely converging
boundary of the Australian and Pacific lithospheglates. Together with climatic impacts
(including frequent rainstorms), the ensuing dyr@atactonism contributes to very fast rates
of denudation (landsurface lowering) through actaresion. Most of New Zealand was
forested €. 85% cover) prior to partial clearance throughning following the arrival of
Polynesians late in the %3Century, and faster land clearances by Europeamefs
subsequently (from the mid- to late™L@entury on) to acquire land for pastoral farming
(Mcglone, 1983; McGlone & Wilmshurst, 1999; Newnh&nmowe, 1999; McWethyet al,
2010). Over 22,500 kfof native forest was destroyed between AD 1890 £8GD in New
Zealand. Over time much of the indigenous foresbss the Hawke’s Bay in eastern North
Island was converted to pasture. Under intensdalbigvents increased landsliding and soil
erosion occurred in the region (Crozier, 1986; Retgd, 1994; Glade, 1998).

Mass movement in the form of shallow landslidessoil slips generally results in the
removal of much of the soil profile which includesganic matter, the top soil, and upper
subsoil. Soil may be lost through sedimentation miveam or may be deposited within the
same land unit. The eroded surface, subject tad ra@athering, may be able to release
nutrients and hold sufficient moisture to becomable for plant growth (Blaschket al,
2000) but the removal of the soil to depths gretitan 1-m generally leads to a substantial
decline in land productivity as a result of soilusture loss, a decrease in plant nutrients,
organic matter and soil fertility, decreased pleodting depth, and altered available water
capacity (Lal, 1987). It has been estimated thahef20% of the world’s land area subjected
to periodic mass movement activity, nearly halfro$ area is used for land-based production,
including forestry (Blaschket al, 2000) A large proportion of erosion researchiedrout in
the USA, has focused on the surface effects oivable land, but there is little documented

research into the effects of mass movement onatlantforests and agroforestry (Blaschke
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et al, 2000). Mass movement is less likely to occur wurfdeest, and long harvest cycles
require long term trials to determine effects adséon on productivity. Using eroded and
non-eroded (control) paired plots (n=15) across3ay@ar oldPinus radiataplantation the

objectives of this study were to determine the ioh@d soil physical and chemical properties

on Pinus radiataproductivity, and investigate the economic impztcany difference.

2.2 Materials and Methods

2.2.1 General site description

The Pakuratahi forest catchment is situated 21 &rthrof Napier, Hawke’s Bay, at latitude
39° 20’ 57" and longitude 176° 52’ 30” (Fig.2.1)chrs managed by PanPac Forest Products
Ltd. The Hawke’s Bay region experiences a varightaate with summer droughts and high
intensity rainfall. Mean annual rainfall rangesnrat40 mm to 1300 mm with maximum
daily rainfall ranging from 28 mm to 300 mm (NIWAR&Q10). Mean annual temperature at
Tangoio, 5 km north of the catchment, is 13.3 @ik & Fahey, 2006).
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Figure 2.1Pakuratahi catchment situated north of Napiet@Hawke’s Bay Region, North
Island, New Zealand (created using Arc GIS 10.1).

Covering 774 ha, the Pakuratahi catchment is maiamprised of hilly to steepland (over
60% of the catchment contains slopes of 20° or neith flat to moderately rounded hills or
ridge tops, and narrow terraces in valleys in ihgtlsern section of the catchment. Elevation
ranges from 18 m to 355 m above sea level. The madhogical formation underlying the
Pakuratahi catchment is the Kaiwaka Formation, aty é°leistocene sedimentary unit aged
between 1.6 and 1.7 million years old and up to mOthick. Reflecting a multi depositional
environment, the formation primarily resulted fronmer shelf sedimentation, but was also

subject to marine and fluvial deposition and rhyoliephra fall (Haywicket al, 1991).
19



Found mainly on the upper ridges and steep sldapesyric soils developeth situ on the
Taupo Tephra Formatior.(1500 yrs BP) and the Waimihia Tephra Formatmr85000 yrs
BP) (Froggart & Lowe, 1990). The sandy loam topsaite commonly 200-400 mm thick,
overlaying an eroded surface formed on Kaiwaka fation sand (Eyles & Fahey, 2006).

The New Zealand Land Resource Inventory (NZLRI)tdlglatabase identifies the two main
soil orders in the catchment as Pallic and Pummeévth a third order in the south of the
catchment around the Pakuratahi River containingeResoils (Newsomet al, 2008) (Fig.
2.2). With the removal of vegetation, soils in tRakuratahi subjected to extreme rainfall
events were more susceptible than those underapilamtforestry. Page et al. (1993) estimate
around 250 mm of rainfall over 2 to 3 days as gor@pmate threshold to induce significant
erosion in the Hawke’s Bay hill country. With raafif data gathered from four stations
around Pakuratahi, Fransen and Brownlie (1995)rteg@round 80 days of rainfall over 100

mm since 1984 and approximately 10 periods of adiofver 250 mm during the same time.
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Figure 2.2 Soil orders, Pakuratahi catchment, adafpom NZLRI (Newsomet al, 2008).

2.2.2 Site selection

Data from the digitised surface of erosion slipsorded after storm events between1943 and
1994 (Fransen & Brownlie, 1995) were used to undegite selection of erosion scars.
Erosion scars greater than 0.02 ha were identé#fgeduitable for field examination under the
first rotationPinusradiata plantation. Fifteen plots were established withiosion scars and
paired with 15 plots located on adjacent non erqd&ble) land of similar aspect and slope
(Fig. 2.3).
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Figure 2.3 Maps illustrating (A) the fifteen pairplbts selected for eroded and adjacent non
eroded plots located in first rotati®inus radiatain upper Pakuratahi catchment, Hawkes
Bay, and map; (B) legend for map A; (C) locatiorthad trial catchment within the Pakuratahi
forest (dark green) and neighbouring Tamingimiragtpre (D) research location in the
Hawke’s Bay (blue enclosed circle), North IslanéwNZealand. Maps generated using ESRI
ArcMap 10.1

The number of trees per plot ranged from 5 to l€hcgh plots varied in slope, size and
aspect, care was taken to ensure paired sitesrddrderrain attributes and mean basal area
was calculated. Plot sizes ranged from 90-127 sfopes from 10-33°, and aspect from 2 -

358°.
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The plot locations were ground-surveyed using d lgcgade (sub-meter accuracy) Global
Navigation Satellite System (GNSS) receiver (a DtenProXRT). Using GPS ensured that
the plots could be located should pegs be remorddiata could be used for mapping into a
GIS. The raw data were differentially-corrected ngsiTrimble GPS Pathfinder Office
Software (v5.3), a process which accesses the lUafumation New Zealand (LINZ)

network of base stations to improve survey poicugacy.

2.2.3 Data collection

In each plot, trees were measured for diameterestsb height (dbh) and tree height. Tree
form was recorded. Tree form describes tree grawthealth such as whether a treetop is
dead, defective or forked, is the tree leaning,pveer or toppled but still alive (Ellis &
Hayes, 1997). Twenty soil samples per plot weréectdd for chemical analysis at 0-10 cm
depth using a small-diameter (23-mm) tube-samflee samples were selected randomly
across each plot on a grid basis and were bulkedrfalysis per plot. At each soil sample
extraction site a 10 mm diameter metal probe wasrtad into the ground to estimate depth
to the contact between solum and the underlyingemepable layer. Three bulk density
samples per plot were collected using metal ri@§snm in diameter and 100 mm in length.
Samples were collected randomly over the lengteawh slip. Bulk density samples were
bulked for analysis per plot. Using a Dutch augex, samples were examined per plot to
determine the depth of the A horizon.

Three modal pedons (Fig. 2.4: a, b, c) were saleatel described within the trial catchment
(see appendix A, B and C for full soil descriptiat)a (a) slip side wall, (b) slip central
location, and (c) stable site (control plot). Saespfor chemical analysis and bulk density

measurement were collected in each individual loortbhroughout the three soil profiles.
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(a) (c)
Figure 2.4 Soil profiles for three sites in Pakahat-orest on (a) Slip side wall (i.e., eroded
soil at unstable site), (b) slip central location.{ soil at site that has received deposition
material from upslope), (c) stable sii®.( soil at stable site, neither eroding nor recgjvi
soil deposition). For full soil descriptions, sggpandices.

2.2.4 Laboratory measurements

Soil samples for chemical analysis were air drie®08C and passed through a 2-mm sieve.
Total carbon and total nitrogen were analysed bE@O CNS-2000 (Modified Dumas).

Total phosphorus was measured by Flow Injection lysm (FIA) colorimetry after
sequential Kjeldahl digestion. Phosphorus retentvas measured by FIA colorimetry after
sequential 1:10 Bray 2 (NJA/HCI)) extraction. Soil pH was determined usinged@ctronic
probe and a 1:2.5 soil to water ratio solution wdistilled water (1:2.5 dkD). Soil organic
matter content was measured by loss on igniticGbEiC. Bulk density was determined from
oven dry weight of a known volume of the 3 samp&mnples were air dried and sieved to <
2 mm. The < 2-mm fraction and the coarse > 2-mmen@twere separated. The < 2mm
fraction was oven dried at 105°C for 24 hours drehtweighed again to determine oven dry
weight.

2.2.5 Statistical analysis

Paired t-tests for sample means (Microsoft Office Excel020were used to test for
significant differences in soil properties, and rage tree size across the eroded and non-
eroded sites. Due to the small plot size (constdhipy erosion scar size) average tree size
across the plots in the catchment was used as sumeeaf productivity. The 300 index was

not used in this instance due to the effect of Istwcking numbers on the outcome.
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Regression analysis (Microsoft Office Excel, 20Qvas carried out to determine any

relationships between measured soil propertiesraedvolumes.

2.2.6 Prediction of growth: Forecaster modelling

Growth simulation software, Atlas Forecastewas used to estimate the economic/return
value of the trees measured in this trial. Thisveafe enables the determination of the
potential revenue loss from trees grown in slipsc@mpared to trees grown in stable, non-
slip areas. Forest mensuration data consistingred height, dbh, and tree form, were
converted into stem lists and imported into Atlaso®astef. PanPac Ltd provided
additional silvicultural data including planting tda, stocking, pruning, and clearfell ages.
Site location, was set up using co-ordinates in Nemaland Transverse Mercatcand
altitude information collected in the field usingP6. The data were run through the
forecaster model using standard Ministry of Agriaté and Forestry log grades (MAF,
2011) (Table 2.1) for the cutting strategy and difaunction models specific to the site.

Table 2.1 Domestic log grades, MAF, 2011

Log grade  Log status Small end Maximum  Sweep
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 200-299 60 1
unpruned
L1 Unpruned 400 + 140 1
L2 Unpruned 300-399 140 1
L3 Unpruned 200-299 140 1
Pulp Unpruned 100 n/a 2

Log grades were established, determining log volantevalue (MAF, 2011) (Table 2.2) for
pruned trees, structural timber, utility grade tip@and pulp.

! Atlas Forecaster — Growth simulation software (Wtstl, 2012)
2 Atlas Geomaster - Forest activity planning and rgangent software. http://www.atlastech.co.nz/prosligeomaster-range/geomaster
3 NZTM Mapping Projection defined in terms of NZGDMD- New Zealand Geodetic Datum 2000
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Table 2.2 A 4th quarter and 12-quarter average: &3egember 2012, (MAF, 2011)
Generic log type & pricing point  Dec-12 quarter 12quarter average

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
S3and L3 77-86 81
Pulp 48-53 51
2.3 Results

2.3.1 Tree growth

Paired, two tailed-tests were used to determine whether there wgndfisant differences in
growth variables, between eroded and non-erodead.@&H and volume were significantly
higher at 9% and 14% respectively in the non-erqaets. The difference in tree height was

not significant, at less than 1% (Table 2.3).

Table 2.3 Mean tree growth properties - paired saitw tailedt-test. P value: ***
p=0.001; ** p=0.01; ns=not significant

NON- " Eroded % Difference Probability
eroded
Height (m) 35.6 35.9 <1 ns
DBH (cm) 536.3 493.3 9 ok
Volume (m) 2.7 2.3 14 *k

2.3.2 Soll properties

Measured soil properties were significantly lessiaded plots with the exception of bulk

density and the mean depth of A the horizon. AB9®confidence, total N results showed

the biggest difference at 52% less content in efqlets. At the same confidence level, total
C measured 47% less, total P 43 % less and sa@hargnatter was 36% less in eroded plots.
At 95% confidence mean soil depth, C:N ratio andvpte significantly less in eroded plots

at 16, 8 and 3% respectively (Table 2.4).
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Table 2.4 Soil properties — paired sample two ddiest — P value: *** p=0.001; ** p=0.01,;
*P=0.05; ns=not significant

Non-eroded Eroded % Difference Probability

Total carbon (%) 3.73 2 47 kol
Total nitrogen (%) 0.29 0.14 52 rxk
C:N ratio 12.9 14 8 *
Total phosphorus (mg kg-1) 371 215 43 *hx
Soil organic matter (%) 8.86 5.71 36 *hk
Soil pH 5.59 5.47 3 *
Mean soil depth (m) 0.42 0.31 16 *
Mean A horizon thickness (m)  0.23 0.18 12 ns
Bulk density (g ri7) 1.09 1.04 5 ns

2.3.3 Soil properties and tree volume

Regression analysis was carried out using Micrasedel 2007, to determine a relationship
between decreased soil properties and tree volRai#s of slip data over non-slip data were
calculated for regression analysis (Table 2.5)alloarbon, nitrogen, phosphorus and soil
organic matter all had a significant effect on tvetume. The effects of soil pH, bulk density,
soil depth and depth of the soil A horizon wereigngicant. Soil properties grouped for

multiple regression analysis did not result in aignificant relationships.
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Table 2.5 Summary of relationships between soiperties andPinus radiata
tree volume. P value: *** p=0.001; ** p=0.01; *P#£5; ns=not significant

Ratio of eroded vs. non-eroded soil data Slope  p value Probability

Total carbon 0.2 0.0154 **
Total nitrogen 0.2 0.0136 o
C:N ratio -0.4 0.2512 ns
Total phosphorus 0.2 0.0324 *

Soil organic matter 0.24 0.0183 **

Soil pH -1.7 0.2122 ns
Mean soil depth (m) -0.3 0.2113 ns
Mean A horizon thickness m) 0.08 0.1537 ns
Bulk density -0.06 0.8678 ns

2.3.4 Effect on recoverable volume and log value
The returns from a plantation depend on the qualitjog that is extracted from a forest
Different quality logs have specific end uses (€ahb).

Table 2.6 Log grades and production processes (Wameifacturers, 2013)

Log Types Process and Product Options
Pruned sawlogs (P) High quality straight logs —esppnce grade lumbar
Small branch sawlogs (S) Structural lumber
Large branch sawlogs (L) Industrial appearancebkm
Residual logs Pulp and panel products
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Figure 2.5 Total log volumes per grade in erodetiram-eroded plots for 25 year old trees

28



Total recoverable volume was lower from erodedslétigh quality pruned logs (P1) and
large unpruned structural grade sawlogs (S1) retlismaller volumes from eroded plots
than from non-eroded plots (Fig 2.5). However, S3,and L3 grade sawlogs returned a
higher volume in the eroded plots. Total recovexaldlume for a 25 year rotation growing
on eroded sites was valued at $68,499% less than the estimated value from the control
plots ($75,989). Eroded plots yielded 16% less m@&un high quality pruned logs which
accounted for a reduction in revenue of around@@er hectare at eroded sites. A reduction

in total recoverable revenue was estimated at $780 hectare on eroded sites (Fig. 2.6).
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Log Grades

Figure 2.6 Log values per grade in eroded and modeel plots? = Pruned trees — high
quality straight logsS = Unpruned -structural timbel; = Unpruned - utility timberPulp for
paper;Cutting waste which is left onsite.

2.4 Discussion

2.4.1 Productivity

Average tree size across the catchment, used agasune of productivity, showed a
significant reduction in volume in eroded plots.viwer, there was no significant difference
in the mean top height between the paired sitesh©few national and international studies
researching the effects of erosion on forest prodty; all found a decrease in tree volume.
In the Pakuratahi catchment, Dean and Heron (18%8&nined the forest productivity of first

rotation P. radiatain 20 paired plots on known eroded and adjacentrobsites. A 10%
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reduction in mean diameter at dbh was found irstipped areas in addition to 26% less total
stem volume per hectare and a lower yield of maitaable pruned logs. In Queen Charlotte
Sounds, British Columbia, 49 landslides rangin@ge from 1 to 155 years were surveyed
and it was found that the trees on landslides guegaan age of 85 years produced around
one half the wood volumes of normal second-groviéimds of the same age (Sméhal,
1986). Landslides occurring in natural forests hslvewn adverse effects on recovery, with
reduced rates of biomass accumulation and a diffesggecies composition to the surrounding
forest on landslide surfaces in Hawaii (Franceseatd, 2001) and in New Hampshire
(Restrepeet al, 2003).

Forestry research is supported by pasture studiblew Zealand which found a reduction in
productivity following erosion. Trials examining stare growth of revegetating slip scars,
determined that dry matter production on recentbygled sites was depressed by around 80%
relative to non-eroded ground. Full recovery isaskind complete recovery is unlikely as a
loss in potential pasture production of 2% per decwas predicted, for entire hillslopes
where landslides occurred frequently (Trustremal, 1983; Lamberet al, 1984; DeRoset

al., 1995). Rosser and Ross (2011) determined thlahgwient status on eroded pastureland

recovered to around 75-80% of uneroded sites @ftgears.

Pinus radiatais able to withstand a wide range of climatic ddods and environments from
dry exposed sites and salt laden air to alpine tgntb 500 m above sea level. However, sites
overly deficient in macronutrients and experienciother soil limitations (such as poor
drainage) will have a low growth potential (Will985). In this project regression analysis
revealed that total carbon, total nitrogen, andl ®@@anic matter contents were significantly
correlated to tree volume. Analysis of soils frohe tpaired plots revealed significant
difference in total carbon, total phosphorus, toitiogen, and soil organic matter in eroded
plots compared with these properties in controtl®he results are not unexpected because
when a shallow landslide or soil slip occurs, umtmetre of soil, encompassing the entire
solum can be displaced. The solum includes orgaaiter and the nutrient-rich A and upper
B horizons. In the early stages of tree growth aedelopment, much of the nutrient
requirements of growing trees are provided by theenal soil and are immobilised in the
tree’s tissues. When canopy closure is reachedrdébe become more dependent on nutrient

cycling within the forest ecosystem receiving irgpisom forest litter and the atmosphere
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(McLaren & Cameron, 2005). Turner and Lambert (30Qddserved a 25% reduction in basal
area in &. radiataplantation following the removal of litter overl® year period. Trees in
slips are disadvantaged due to the loss of nutriehttop soils and are unable to access

nutrients via litter until much later in the rotati

2.4.2 Soil organic matter

Although the C:N ratio was significantly differenith an average of 13:1 for eroded plots
and 14:1 for controls, soil organic matter tendstabilise between 8:1 and 16:1 (McLaren &
Cameron, 2005) which might explain the lack of elation between the C:N ratio and tree
volume in regression analysis. The C:N ratio is legportant in forest soils than soil nitrogen
content as trees are able to access soil nitrdgengh mycorrhizal symbioses (Woolloas
al., 2002). There was a strong correlation betweeal ©f total N, total P and soil organic
matter and tree volume. Soil organic matter wagit@ntly less in eroded plots compared
to controls (P=0.001). Soil organic matter (SOM)ntemt is the mainstay of forest
productivity. Depending on environmental factorsclsuas temperature, water, and
interactions with other soil properties, SOM canéhadverse or beneficial effects on forest
productivity (Grigal & Vance, 2000). Variation iis properties is largely determined by the
amount of SOM in a soil (Federet al, 1993). Soil microbes, decomposing new litter an a
eroded site, take up nitrogen, phosphorus, andr athients, in mineral form from the
existing soil. As decomposition continues, £i9 given off to the atmosphere and the
requirement for nutrients decreases. However, dposition of new litter on newly eroded
sites can place heavy demands on soils which maytsent deficient as a result of lost top

and subsoil, leading to slower recovery of SOM (iBur& Lambert, 2011).

2.4.3 Soil phosphorus

A significant relationship (P=0.05) between totAbpphorus and tree volume was found in
this study which has been found in earlier trialdNew Zealand. A strong positive correlation
between productivity and soil phosphorus levels feasd in a trial in &. radiataforest at
Riverhead in Northland in northern North Island [{&al, 1970). In other trialsp. radiata
growth was found to respond positively to applicas of phosphate fertiliser. Phosphorus
deficiency is a common limiting factor in plantatidorestry. However, an association
between radiata roots and ectomycorrhizal fungi @almance the capacity &f radiata to
access forms of P that are not available to otlan® such as soil organic P (Davis & Lang,

1991; Daviset al, 1996). The soils in Pakuratahi, formed from madstand sandstone
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overlaid by weathered rhyolitic tephras. Thesessighd to be low in total P but have strong
buffering capacity (Palmeat al, 2005) which means that phosphorus can be adsorbéaol
the surfaces of soil minerals such as allophanelated become available for plant uptake.
Analysis of soils throughout the three profilesy(Bi3) revealed strong to moderate allophane
in the control plot and erosion scar wall soil seespHowever, Allophane was absent in the
slip profile as a result of the displacement of theeed tephras. Three Bray 2 extractions
(Bray & Kurtz, 1945) were carried out to provideiadication of available P in soil solution
and longer term P supply. Each subsequent extragiitoduced a decreasing but not
insubstantial amount of P, reflecting the abilifyttee Pakuratahi soils to continue to supply P
over time in both eroded and the control plotsr{ieailet al, 2005).

2.4.4 Soil nitrogen

Studies on soil nutrients in New Zealand plantafiorestry have revealed deficiencies in
nitrogen and the potential to improve productivityough fertilisation Early studies carried
out on central North Island soils revealed an iaseein volume increment of around § m
ha' yr' following nitrogen application and on less fertieils in Nelson responses were up
to 17 n? ha' yr* (Mead & Gadgil, 1978). Will (1971) found that mitren deficiencies
resulted in reduced branch and stem diameter growile soils analysed in Pakuratahi

revealed 50% less soil nitrogen in eroded plota thanon-eroded plots.

Soil slip erosion has reduced soil organic matted autrient levels which has led to a
reduction in diameter in trees growing in erodedtglin Pakuratahi. Amelioration may
require targeted fertilisation. In the 1950s roatfartilisation was carried out on forestry land
in New Zealand. Early field trials revealed imprments in tree diameter growth in plots
treated with superphosphate. Identified soil natriedeficiencies such as nitrogen,
phosphorus, and boron were routinely corrected diyilifation. However, this practice
dropped off by the late 1980s (Will, 1985). Fesglis are now used where management
studies or economic analysis suggest an advantage improve long term productivity
(Mead & Gadgil, 1995). In Pakuratahi, fertilisatiovas not included in the management
regime for the 1998 rotation of trees where thislgttook place. A significant reduction in
revenue from trees grown in slips in Pakuratahi heay to select fertilisation programmes in

future rotations.
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The potential yield of trial trees was analysedngsthe Atlas Forecaster model which
predicted a loss in revenue for trees grown atesicgites. The difference in value for total
recoverable volume was $7,500 per hectare and drdr000 per hectare for high quality
pruned logs. Non eroded plots covered an area 2f @a with an estimated return of
$76,000. Pakuratahi forest covers an area of 774Tha total area of slips in the entire
catchment is 12 hectares, with the potential fayuad $900,000 in reduced revenue.
Potential return for the entire catchment withdwg effects of erosion is around 217 million
dollars. Whether this justifies the expense ofilfsation depends on current fertiliser and log
prices. There is an economically optimal levekadsion where the cost of an extra unit of
mitigation is equal to the value of additional @ooscosts avoided (Crosson, 1997). Cost

benefit analysis could be carried out on this teitestimate the value of mitigation measures.

2.5 Conclusions

This study has shown that trees growing on eroded [.e. on shallow soils that had been
eroded due to soil and earth slips) yielded 14% le®an volume than those grown in
adjacent control sites, consistent with the findire§ an earlier study by Dean and Heron
(1998). The key influences on volume incrementhia Pakuratahi forest catchment were
total carbon, total nitrogen, total phosphorus aond organic matter. Economic analysis
undertaken using Geomaster Forecaster revealed r@@3Jétion in total recoverable volume
which equated to around $7500 per ha in reduceehtey from trees grown at eroded sites.
Future research may look at the cost of avoidegi@noby planting exotic forestry and

analyse the costs and benefits of applying fegtilis this site. Analysis of that nature could

be useful to for improving revenue returns.
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Chapter Three: Estimating soil and nutrient lossesn the
Pakuratahi forest following erosion

3.1 Introduction

3.1.1 Background

New Zealand loses approximately 400 million tonnésoil annually through erosion and
transport by rivers to the sea (MfE, 2013). Accatled soil erosion is a significant problem in
New Zealand hill country due to extensive defortestafirstly by early Polynesian settlers
beginning in the late 13 century followed by large-scale land clearancesBoyopean
settlers over the last ~200 years (McGlone, 1988GMne & Wilmshurst, 1999; Newnham
& Lowe, 1999; McWethyet al, 2010). Land use measures to mitigate the proliiaue
included retiring formerly unproductive pasture damlanting of exotic deciduous species
such as willow and poplar for erosion control, atahting permanent or plantation forestry.
The hill country of Hawke’s Bay on the east codsthe North Island in New Zealand has
historically experienced high rates of acceleratession and currently has approximately
130,000 ha of exotic plantation forest (MPI, 2013).

3.1.2 Site description

Sites within a forest catchment located in the HalwlBay were studied to determine soil
and nutrient loss following erosion (Chapter 2)kdratahi forest, managed by PanPac Ltd, is
situated 21 km north of Napier at latitude 39° 37" and longitude 176° 52’ 30”. The
catchment is 774 ha and is classified as steepflaitto moderately rounded hills and ridges
and narrow terraced valleys in the south. Elevatammges from 18 m to 355 m above sea
level. The Hawke’s Bay climate is generally warna any but can experience highly variable
extremes in rainfall and temperature. RainfallnBuenced by easterly and southerly winds
ascending the high country in the west of the nedithompson, 1987). An extreme rainfall
event is described as such following rainfall exiteg 100 mm in 24 hours (NIWA, 2013).

The Pakuratahi catchment has experienced reguteegnes rainfall events. Rainfall records
from four stations neighbouring the Pakuratahi lwaient recorded 80 days of rainfall over
100 mm between 1894 and 1993 (Fransen & BrownB®5) Although rainfall-initiated

erosion is dependent on terrain, vegetation caaatiecedent soil moisture, storm intensity
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and duration, it is estimated that approximatel® 2tm in two to three days is the minimum
rainfall required to induce erosion in the Hawk&ay hill country (Pageet al, 1993).
Shallow mass movement erosion is the most common & erosion in this region. Mass
movement in the form of shallow landslides or stibs generally result in the removal of
much of the soil profile which includes organic teatthe top soil, and upper subsoil. Mass
movement occurs in this landscape when pore-wagsspres build up where the soil mantle
makes contact with an impermeable boundary below. the soil weakens and loses
resistance, gravity transports the soil down thepesl (NWSCA, 1985; Crozier, 1986).
However, although this is a common occurrence @& dhst coast, very little research has

been carried out in New Zealand as to effects ibiesosion on forestry.

3.1.3 Monitoring

In the USA, large scale erosion monitoring commdricethe 1950s to establish a database
of actual and potential erosion risk for crop amgliailtural land (Wischmeier & Smith,
1978). This led to the development of the UniverSail Loss Equation (USLE) and
subsequent Revised Universal Soil Loss EquationJBE) which use rainfall, erodibility,
slope length and steepness, and vegetation coestitnate erosion. However, under forestry
soil erosion has received less attention becausieedime needed for long term monitoring
projects and the difficulty in accessing remotedier. To this end, various modifications
have been applied to the standard RUSLE factors then derivation to accommodate
mountainous (Millward & Mersey, 1999) and forestad/ironments (Prasannakumnetral,
2012) using geographic information systems (GIB)New Zealand, present and potential
erosion types have been captured by the NZ LandwRes Inventory (NZLRI) (Newsomet

al., 2008). The NZLRI is a geospatial database steatitdn a geographic information system
(GIS) and is based on five physical factors usedafsessing Land Use Capability (LUC)
(Lynn et al, 2009) rock, soil, slope, erosion and vegetatidawsomeet al, 2008). From
these data, it has been estimated that 7.9 M h&%g8f land in the North Island alone has
the potential for mass movement erosion (Basheat, 2010).

Prior to afforestation, the Pakuratahi catchmeqegenced widespread erosion following
extreme rainfall events. A series of aerial phoap@s of the area, taken from 1940 to 1994
were orthorectified and digitised, providing a geatsal output of maps and associated data
(Table 3.1). The resulting map recorded events &@ryears, and coincided with land

management changes and heavy rainfall (Franseno&iidie, 1995) (Fig. 3.1). These digital
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layers provided the basis for the present fieldtf soil and nutrient loss in a northern sub-
catchment of the Pakuratahi forest. Selected emostars under first rotation forestry were
measured for size and sampled for soil analysisriter to estimate soil and nutrient loss
from the area. The resulting data were extrapolaiethe whole catchment to determine the

scale of potential loss.

Table 3.1 Land use with associated extreme raiefahts (adapted from Fransen &
Brownlie, 1995; Harrisomt al, in press)

Year of Rainfall Date of Photo  Reason for

storm mm/72 hr photographs scale selection

1938 800 Mar-43 1:17000Erosion after April 1938 storm

1968 170 Nov-70 1:25000Conditions prior to forest planting, erosion
after 1968 storm

1980 190 Oct-81 1:25000Forest cover in Pakuratahi catchment,
erosion after 1980 storm

1988 490 Dec-88 1:2500CErosion after Cyclone Bola, 1988

1989 220 Jan-94 1:2700Q@onditions of site after 1989 event
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Figure 3.1 Mapped erosion over 50 years in Pakiir&@rest. (adapted from digital layers
created by Fransen & Brownlie, 1995)
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3.1.4 Models and classification

Incorporating terrain attributes and LIDAR dataemity captured for the Pakuratahi area, a
detailed estimate of potential erosion followindgrere rainfall events was determined using
a non-linear regression model, (Harrisenal, in press). Erosion data extracted from the
NZLRI (Newsomeet al, 2008) and ESC (Bloombergt al, 2011) were overlaid by the
Pakuratahi boundary to demonstrate some of thetiami in interpretation of large scale
models and nationwide classification. The ErosioeveBity Classification (ESC) was
developed by Bloomberegt al. (2011) to use in risk analysis for erosion, sesfitation and
adverse environmental effects associated with figre$Jsing NZLRI and LUC erosion

severity data, the classification broadly categarissk as high, moderate and low.

3.1.5 Objectives

The objectives of this study were to:

i) estimate soil displacement from eroded aredaeemorthern catchment of Pakuratahi forest
where plots were established to measure produgtisitd

i) estimate potential soil nutrient losses fromstbrical and future erosion events across the

catchment.
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3.2 Methods

3.2.1. Geospatial data

The GIS layers created from orthorectified aertabtpgraphs which map the historical land
use and erosion regime from 1940 to 1994 were ased basis for plot selection in this
project. Erosion scars of 0.02 ha and greater vaenatified in a desk top study using ESRI
ArcMap 10.1 and then located in the field. The minm scar size was designated at 0.02 ha
to ensure there were enough trees to measuredartituctivity study in chapter 2. The total
recorded area of all mapped slips in Pakuratahicabulated in a GIS by summing the areas

of all slips.

3.2.2. Plot identification

Fifteen plots within erosion scars in the northezaches of Pakuratahi forest were selected.
The 15 plots located within erosion scars weregoawwith adjacent non—eroded land of
similar aspect and slope to compare forest prodtct{Figs. 3.2 & 3.3). One pair of plots
was later dropped from the analysis due to an mdrerashout of the eroded plot following

heavy rainfall and channelling from an adjaceneé$broad.

R on. ot -;"!‘. e oA
Figure 3.2 Non-eroded terrain in Pakuratahi forest
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angelimrming pair with site in Fig 3.2

Figure 3.3 Eroded terrn of similar apect

The intention was to identify known slip scars wia@ge could be estimated from stored
digital surfaces and which were clearly definedha field. Having installed the plots and
recorded the position with both a Garmin GPSmap30end a Trimble ProXRT GPS, the
sites were mapped onto a GIS. Only 6 eroded sueged suitable for this study
corresponded with the historically mapped siteseaision. The 15 erosion scars were
measured in the field. Length measurements werestad] for slope. Depth was measured by
suspending a field tape measure across the sliprezaguring first the width, and then the
depth at the centre of the measurement (Pageal, 1999; M. Marden personal
communication, June 22 2012). Depth and width measents were taken at 5-m intervals
along the length of each scar.

3.2.3 LIDAR

LiDAR image data were acquired on 24 August 20EIngiNew Zealand Aerial Mapping’s

Optech ALTM 3100EA LiDAR system. The data for Patahi were collected by flying 900

m above lowest ground and using a scan angle ofielffees either side of nadir. The
outgoing laser pulse rate (PRF) was set at 100 &kt¥ a mirror-scan frequency 67 Hz. The
flight path was designed to generate a dataset avithinimum 4 points per square metre
pulse density in open ground. The height accuracyhe classified ground points was
checked by calculating height-difference statisbhesveen a Triangulated Irregular Network
(TIN) of the LIiDAR ground points and the field-semed points. The standard deviation
statistic for the data is +/-0.03 m. A 1 m DEM wgenerated from a TIN formed from the
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ground-classified LIDAR points for the catchmenta(ksonet al, in press). Historical and

study erosion sites were mapped onto the DEM.

3.2.4 Models and classification

A statistical model used to predict future landssidncluded the following variables: slope,
soil type, lithology, elevation, aspect, vegetatioover, upstream flow length, flow
accumulation, stream power index (SPI) and compdapdgraphic index (CTI, steady state
wetness index), and rainfall intensity. The Norein Regression model (NLRM) is based on
the assumption that the catchment is under padtlagisonet al, in press). Classification
for potential erosion and erosion estimation ugjagspatial data associated with the NZLRI
database and the ESC were applied to the Pakumgealspatial catchment using Arc Map
10.1 to gain an understanding of how each toolsasgkeither current or potential erosion.

3.3 Results

3.3.1 Field data
Each erosion scar chosen for analysis was measaregidth, depth, length and slope to

calculate the volume of potentially eroded soill{[Ea3.2).

Table 3.2 Summary of erosion scar measuremantsl@) at study plots
Width (m) Length (m) Depth(m) Slope (°) Volume (m)

Range 9.7-15.6 12.4-24.2 0.5-2.3 20-33 59.8-713.1
Mean 12.4 17.7 1.2 26.2 277.5
C.I. 95% 1.2 1.7 0.3 2.3 113.0

Analysis values of soil samples taken from paired-aroded plots were used to estimate
nutrient loss from each slip. The rationale forngssoil results from control plots was to
simulate the historical soil profile that had besrbsequently lost by erosion. Soils were
sampled to a depth of 0.1 m and results averagesssaall plots. For reporting purposes

erosion losses are based on 0.1 m of displaceditgpable 3.3).
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Table 3.3 Estimated soil and soil nutrient lossesferosion events in Pakuratahi to a depth
of 0.1 m(95% confidence interval in parentheses)

Per square Per slip Total volume of mapped
metre (kg) (n=14) (kg) slips throughout the
catchment (t)
Total carbon 2.26 (+0.42) 455.30 (x130.7) 270.990(B)
Total nitrogen 0.17 (x0.03) 33.95 (£9.7) 20.10.83
Total phosphorus 0.02 (+0.004) 4.98 (£1.6) 2.95 (x0.53)
Total soil loss 2.63 (x0.928) 22.70 (£6.3) 2385(5B59.9)

Based on estimated soil volume from slip measurésn@md measured bulk density, around
415 tonnes (t) of soil has been displaced fromltheneasured slip scars. At a sampling depth
of 0.1 m it was estimated that, on average, thdest@lots potentially lost 22 t of soil, 0.5 t
of total C, 0.034 t of total N, and 0.005 t of {dfa Extrapolating these data to encompass the
12 hectares of known slips from aerial photogragftBakuratahi, there has potentially been a
loss from this area of 2,385 t of soil, 271 t ofbmm, 20 t of nitrogen, and 3 t of total

phosphorus.

3.3.2 LIDAR and modelling

Hillshade was applied to the LIDAR generated DEM&entify erosion scars. The research
site locations and historical slips sites were nealppnto the DEM. However, the accuracy of
alignment was tenuous leaving little room for d#ifwe conclusions without further field
measurements using GPS. In this instance, the afyjdbe eroded plots could not be

established.

Using a nonlinear regression, Harrison et alpf@ss) investigated a statistical approach to
establish empirical relationships between rainifiadénsity and landslides (Table 3.4). The
“stable” category indicates areas that are the Ba#sceptible to erosion risk with the “upper
threshold” category being the most susceptibleggFB.5 & 3.6). Extreme rainfall events

with a 0.8% and 1% exceedance probability were hedidbased on storm events in 1938
(80-year event) and 1988 (100-year event). A 1Gf-gxtreme rainfall event has a return
period of 1% which means there is a 1% chanceetlesit could take place in any given year
(Pearson & Henderson, 1998).

46



Table 3.4 Predicted slip and stability values for &- and a 100-year storm event in
Pakuratahi catchment calculated using the regmessaxlelling (adapted from Harrison et al.,

in press)

Stability Class

Stable Moderately Quasi-

Lower Upper Total

stable stable  threshold threshold
80-year event
Area (kn?) 1.27 1.24 0.84 3.50 0.89 7.74
% of Region 16.41 15.97 10.88 45.27 11.5 100
100-year event
Area (krr?) 2.19 0.81 0.34 1.51 2.89 7.74
% of Region 28.28 10.52 4.45 19.45 37.3 100

B stavle

Moderately stable'g

- Quasi stable

Lower threshold
- Upper threshold
0

I stavle
- Quasi stable

Lower threshold
7 Upper threshold

Kiometers

[

Moderately stable'

Kilometers

Figure 3.4 a) Non-linear regression model. Prediesion following: a) an 80-year high,
rainfall event b) a 100-year high rainfall event

The potential soil and nutrient loss that couldurciollowing these two modelled events,

based on the estimated soil loss from measuresl &lif.1 m is outlined in Table 3.5.
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Table 3.5 Estimated soil and nutrient loss usigNlhRM model
for an 80 year and 100 year extreme rainfall event

80 year event: 100 year event:
1km?(tonnes) 3 km? (tonnes)

Total carbon 2260 6780
Total nitrogen 170 510
Total phosphorus 20 60
Total soil loss 2630 7890

The model predicted that 1 krof the total catchment area of 7.8 mas at high risk of
erosion from an 80-year event (Fig. 3.5), and yeaultnt was at risk from a 100-year event
(Fig. 3.6). The accuracy of this model was testgrest historical slip data in the Pakuratahi
catchment and the relationship between actual aedigied data returned a correlation of R
= 0.96 (Harrisoret al., in press). Extracting geospatial erosion datanfiéZLRI, the ESC,
and the regression model in the Pakuratahi regieealed some variation in how each model
predicted and classified risk (Table 3.6).

Table 3.6 Erosion susceptibility and predictionaare

Models Low Area Medium Area High Area Total
(ha) (ha) (ha) area
(ha)
NZLRI Neglible erosion 25 Slight to 731  Nil 0 756
moderate
ESC Low 26 Moderate 649 Very 133 808
high
NLRM Stable - 251 Quasistable- 434 Upper 89 774
80 moderately stable lower threshold threshold
NLRM Stable - 300 Quasistable- 185 Upper 289 774
100 moderately stable lower threshold threshold
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Very High

Kilometers

Figure 3.5a) NZLRI erosion classification (Newsoreeal, 2008) Erosion severity: 0 =
Neglible; 1 = slight; 2 = moderate. Erosion formmea Ss = soil slip, G = Gully
b) Erosion severity classification (Bloombergal, 2011).

It is important to note that NZLRI erosion map icaties severity and form of current erosion,
derived from aerial photographs and verificatiomotigh field measurements. The ESC
depicts the risks of erosion and potential dowmstreeffects on the environment in
association with plantation forestry using a comgapmodel based on potential erosion
classification in the NZLRI. The area describedtine ESC map as being high risk for
forestry and associated environmental effects iseatly classified as experiencing slight soll

and gully erosion.

3.4 Discussion

3.4.1 Erosion

Soll slip erosion does not necessarily result innamediate loss of soil and nutrients from an
area. The eroded soil and nutrients can be depositehe base of the slip or ‘stored’

elsewhere in a catchment (such as colluvium onénform of a terrace). However, there was
little evidence of deposits at the base of theyspldts in Pakuratahi with most slips being

situated on steep sided gullies, leading directwm to streams. The lack of such deposits
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led to the assumption that the eroded material deysosited in streams and washed
downstream and following temporary storage as dhad terraces. The results from soil
analysis and field measurements suggest that patgrt15 tonnes of soil have eroded from
the 14 measured erosion scars which cover an &r24d dectares. It is uncertain over what
period of time this has occurred because the agadi eroded site could not be determined.
Only six eroded sites identified in the field capended with the historically mapped sites of
erosion, leading to two potential explanationsthg slips identified for the study had not
been captured by earlier aerial photography ;)desis accuracy could be achieved by GPS
survey on steep terrain and under 23 year old.tt¢gag the Trimble ProXRT GPS receiver,
data were differentially corrected to an accuraty-€6 m. However, the majority of study
slips appeared to be in the vicinity of the sligearded in 1943 which would suggest

continuing failure of earlier slips.

3.4.2 Soil nutrients

An increase in soil nutrients over time due tcelitaccumulation is quite likely but because
the age of the scars is unknown, it is not cersairto how much impact litter has made on
eroded sites. Measured soil carbon has been fourtdkdrease following afforestation of
grasslands withP. radiata (Parfitt & Ross, 2011) but increases over timepase litter
accumulates, resulting in a higher soil total C\iBa& Condron, 2002; Pawt al, 2002;
Laganiéreet al, 2010). Ultimately the most reliable measuremérthange is to monitor the
same site over time to give a more reliable indcabf potential gains and losses following
erosion events and subsequent afforestation. Réseéthis nature has not yet been carried
out under forestry in New Zealand. The differentdorest productivity, with a reduction in
biomass and tree volume recorded in eroded sitegpaed to non-eroded sites, has been
noted (Smithet al, 1986; Dean & Heron, 1998; Francescatoal, 2001; Restrepet al,

2003) and is used as a measure of potential change.

There have been a number of studies involving padand in New Zealand which found
pasture and topsoil recovery to be slow followimgsen. Subsequently, measured topsoils
contained fewer soil nutrients compared to soilsnon-eroded areas, contributing to a
reduction in pasture production. Rosser and Rd3$1(2found that topsoil depths on eroded
plots were around a third of topsoil depths measuraon-eroded sites. On average, pasture
production on eroded hill country sites increaseanf 63 to 78% of that of non—eroded

pasture over 25 years. Sparling et al. (2003) tkdea recovery of 71-85% of topsoil
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characteristics on eroded pasture for sheep farrmamgpared to those of non-eroded sites
after 59 years. Estimated recovery of degraded-aeiohihill country was found to be around
48 years (Parshotam & Hewitt, 1995). And on siteslimited by soil moisture conditions,
pasture growth recovered to the levels of growtimon-eroded sites after 80 years in New

Zealand hill country (DeRosat al, 1995; in press).

3.4.3 Risk assessment

Without reliable time sequence monitoring of erasimder forestry, it is difficult to gauge
historical losses. However, using LIDAR and GlSel@yas a basis for models, the prediction
of future erosion risk and soil loss is becomingrenachievable. Harrison et al. (in press)
used a non-linear empirical regression model taliptepotential losses for at risk land in
Pakuratahi under pasture. Although Pakuratahiisently forested, the land is vulnerable to
erosion after harvesting, and is susceptible tsienoduring intense rainfall events in much
the same way as land under pasture, during this. tintil the age of around 5 to 8 yed?s,
radiata forest plantations are susceptible to erosiorofathg extreme rainfall events. Roots
from the harvested crop tend to lose their terstilength and new root mass from the next
rotation takes time to increase and provide stgb{iMarden, 2004; O'Loughlin, 2005;
Phillips et al, 2013). Therefore, erosion prediction post-harvissta useful tool for

sustainable management.

3.5 Conclusions

The aim of this project was to estimate soil anttient losses from the 14 mapped erosion
scars in the Pakuratahi forest and to gain an steleting of potential loss for the entire
catchment. Using these data and a detailed emipregaession model, it was possible to
calculate potential soil losses and predict futeresion following extreme rainfall events.
Current prediction models and classification shomse variation but are useful for providing
a practical but broad guide for management. If Bakuratahi forest is flown again for
LIDAR at a later date, a comparison study couldcbenpleted to estimate soil loss by
comparing current LIDAR data with that of the fiduGathering LIDAR data is expensive,
however, and until this form of collection becomrmesre affordable, we will be relying on

small catchment projects and prediction modellfagture research could include developing
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a nationwide method for monitoring and mapping angarosion across New Zealand, and

storing collected data in a central database shaasily updated.
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Chapter Four: Regional effects of erosion on forest
productivity following extreme rainfall events Hawkes Bay

4.1 Introduction

The climate in Hawke’s Bay region, in east coastthdsland, New Zealand, is largely
influenced by the hilly terrain and airstreams smog the country. Extremes of climate occur,
ranging from drought to brief but intense cycloatorms (Thompson, 1987). The relatively
soft sedimentary rock underlying shallow tephridlsson steep slopes is susceptible to
shallow landslides. Incidence of erosion may inseeaith slope (Schicker & Moon, 2012)
particularly when the land is sparsely vegetatelill{ps et al., 2013). The Hawke’s Bay
region was subjected to vast forest clearancd, bysPolynesian settlesa 1280 (McGlone

& Wilmshurst, 1999; Wilmhursét al., 2008; McWethyet al., 2010) followed by European
immigrants from the mid-1800’s onwards (Mcglone,83P Following extreme rainfall
events, severe erosion occurred on hill countryyseland in the Hawke’s Bay. In a bid to
prevent further erosion land owners were encouraggdant trees particularly after Cyclone
Bola in 1988 (MfE, 2013). But although the proteetiunction of trees and forest has been
well documented (Marden & Rowan, 1993; O'Loughl®05) there has been very little

research on the effects of soil erosion on forestiyctivity.

An understanding of the economic costs associaitdd@creased productivity on previously
eroded land could assist with forecasting potemtsts following future erosion events. In
addition to establishing the costs of decreasedymtivity, benefits of afforestation such as
ecosystem services need to be identified. An etesyservice is defined as “the flow of
value to human societies as a result of the stategaantity of natural capital” (TEEB, 2010)
Ecosystem services are made up of three key arelistal services, regulating services, and
provisioning services. The growing of timber is rapsioning service providing wood and
fibre. Regulating services carried out by forests slope stability and erosion control
(Phillips et al., 1989) provision of habitat (Pawseial., 2008; Bremer & Farley, 2010) flood
control (Serengilet al., 2011) carbon sequestration (Woollons & Manleyl20and the
filtering of contaminants and nutrients near watgrsv (Dymondet al., 2010). Planting
forests on formerly eroded land will help to pretvemther erosion but it comes at a cost to

the landowner. In chapters 2 and 3, the loss imymtvity for trees grown on formerly
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measured erosion scars. Using existing geospatdtal @hd prediction models, together with
catchment-based field data, it is possible to gairunderstanding of the potential effects of
erosion on forests across Hawke’s Bay and provndmsight into the scale of potential soil

and nutrient loss following an extreme rainfall eve-or this purpose, the well-documented
extreme rainfall event caused by Cyclone Bola weeduto analyse the effects of heavy

rainfall induced soil erosion on forestry. The ainfishis paper are to:

i) Extract geospatial data in land use, slope, veigetaind topography layers from
the NZLRI (Newsomeet al, 2008) to determine terrain within Hawke’s Bayttha
aligns with the terrain surfaces in the Pakurataitthment;

i) Determine the costs and benefits to forestry widimiations planted on potentially

erodible soils in Hawke’s Bay
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4.2 Methods

4.2.1 Study site description

A large tropical cyclone, Cyclone Bola hit New Zaad 7-9 March 1988, causing widespread
flooding and landslides. Over a 3-day period, 758 of rain was recorded, with 320 mm
and 329 mm occurring on successive days (Regal, 1994). Areas in which little soil
conservation or flood control had been carriedexyerienced severe damage. Over 3,600 ha
of farming and horticultural land were affected figoding costing around $90 million in
damages (1988 valued)asture and planted forests with trees aged 8 ymaidess were
among the worst hit areas during the storm (Mar@804). In the time since Cyclone Bola
caused widespread erosion, 1.3 million ha of fonast been planted across NZ. Of this land
area, around 8% has been planted in Hawke’'s Bayl,(207L2). Hawke’s Bay region is
roughly 1.4 million ha and currently has had 11D,0@ of radiata pine planted pine since
1988.

Field data was collected in the Pakuratahi foressupplement digital layers for analysis.
Pakuratahi is a hilly to steep catchment 21 km mat Napier. Within the steepland
catchment, 60% of the area contains slopes of 21/erThe three main soil orders (using the
New Zealand Soil Classification; Hewitt (2010) imetcatchment were identified as Pallic,
Pumice and Recent Soils, with predominantly samadynl topsoils (Eyles & Fahey, 2006;
Newsomeet al, 2008). On the upper ridges and steep slopeRuhd@ce Soils have formed
in situ on the Taupo Tephra (erupted AD 232 + 10 ) (Heg@l, 2012) and the Waimihia
Tephra (erupted 3401 + 108 cal. yr BP) (Loetal, 2013). The underlying lithology
consists of Tertiary and Cretaceous marine sedengnbcks, mudstones and sandstones

(Bland, 2007). The trees in the catchment at tihe bf this study were 23 years old.

4.2.2 Desk-top study

Erosion scars selected for field trials in the herh Pakuratahi catchment were identified
with the aid of the digital surfaces mapping erosio that area. Over 50 years of land-use
change were recorded through a series of aeridbghaphs that were digitised and stored in

a geographic information system (GIS) (Fransen &®Bilie, 1995) (Table 4.1).
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Table 4.1 Aerial photographs of Pakuratahi usedrfapping soil slips and land use with
associated extreme rainfall events (adapted franden and Brownlie, 1995; Harrison et al.,

in press)
Year of  Rainfall Date of Photo  Reason for
storm mm/72 hr photographs scale selection
1938 800 Mar-43 1:17000Erosion after April 1938 storm
1968 170 Nov-70 1:25000Conditions prior to forest planting, erosion
after 1968 storm
1980 190 Oct-81 1:25000Forest cover in Pakuratahi catchment,
erosion after 1980 storm
1988 490 Dec-88 1:2500CErosion after Cyclone Bola, 1988
1989 220 Jan-94 1:2700@Conditions of site after 1989 event

A total of five surfaces were created, identifylagdscape change from 1938 until 1996. The
surfaces revealed an increased incidence in erdsilmwing heavy rainfall when land was
under pasture and decreased erosion when land fieassted. The digital surfaces and
associated rainfall data gathered around the sameevtere collated to gain an understanding

of the effect of heavy rainfall on the catchmengiotime.

4.2.3 Field study

The selected eroded sites were measured for aceacdume, sampled for soil analysis, and
the trees growing on the scars were measured ighth@nd diameter at breast height (dbh) to
determine local forest productivity. The resultidgta were collated to determine soil and
nutrient loss across the catchment and to gainasumne of forest productivity on eroded sites

(i.e. landslide scars) compared to non-eroded. sites

4.2.4 GIS and economics

Growth simulation software, Atlas Forecaster (Wetstal, 2012) was used to estimate the
economic return from the trees measured in tha. tkUsing geospatial layers from the
NZLRI, data from the Pakuratahi area were extraatedl mapped using ESRI Arc GIS 10.1.
The intention was to outline the predominant slgod, order, and lithology in the catchment
and to identify areas under plantation forest inwkids Bay with similar terrain
characteristics to those in the Pakuratahi catchnf@roductivity and soil loss variables
estimated from the field study were then appliethts area to predict potential losses in the
event of an extreme rainfall event. Current fogestatistics were accessed from the National

Exotic Forest Description (2012).
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4.3 Results

Slope, soil order, and rock type were extractethftbe NZLRI database. Slopes of 21° or
more (E to H) only, were included in the analydike codes and descriptions are given in
Table 4.2.

Table 4.2 Slope class, NZLRI (adapted from Newsetrad., 2008)

Item code Class description Class range
E Moderately steep 21-25°

F Steep 25-35°

G Very steep 35-42°

H Precipitous >42°

Two major soil orders found in Pakuratahi, PalliedaPumice Soils, were identified
throughout the Hawke’s Bay region. The major roghet was identified as sandstone with
banded limestone which agrees with the definitimosd in Haywick et al. (1991) and Bland
et al. (2007) and Leet al. (2010). Once extracted, the slope, soil, and tygpk-data were
spatially joined and overlaid by forestry data agted from the Land cover database, version
3 (Landcare, 2013) to determine a target areareftoy that is currently growing on terrain
similar to that of Pakuratahi (Fig. 4.1). The conda data produced the output given in Table
4.3.
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Figure 4.1 Hawke’s Bay region outlining forest grmogr on Pallic and Pumice soils
overlaying sandstones on slopes over 21° (Digissh caccessed from NZLRI (Newsome et
al., 2008 and LCDB3 (Landcare, 2013) databasespb®thpsing Esri ArcMap 10.1
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Table 4.3 Areas of terrain attributes in Hawke’s Begion that correspond with those found
in Pakuratahi

Area (km?) Pumice Pallic  Slopes Lithology: Target Combined (soil,
Soils Soils >21° sandstone plantation slope, lithology,
and limestone forest and forest
Region 4478.8 2864.4 3926.348.4 1394.1 65.6
Pakuratahi 2.3 5.2 7.5 7.3 7.2 6.8

Analyses of terrains with similar lithologies, s9iand slopes to those of Pakuratahi returned

an area of around 65 Kmnder plantation forest. Pakuratahi covered ah6s of this area.

4.4 Discussion

An area 65 kmz of plantation forest in the Hawkess wdentified, with comparable soil and
terrain attributes to the Pakuratahi catchmenthiapter 3, it was estimated that around 2.63
kg m? of soil was lost from slopes following heavy raitaduced erosion. This is a
conservative estimate because only 0.1 m of tHepsaiile was considered for analysis and
the study covered a small area. Under forestryemitly erodible land is more stable than
under pasture (Fransen & Brownlie, 1995). Althostipe failure is dependent on hydraulic
conditions within the regolith and the responserdmfall events is both storm and site
specific (Hawke & McConchie, 2011) matuRe radiata plantations have been shown to
reduce mass movement erosion in high risk areasedeing sedimentation of streams and
flood risk (Dymondet al, 2012). Following harvesting however, the landuserable until
reforested. Old roots from the harvested crop beguhecay and lose their tensile strength. It
can take up to 8 years before new root mass inesessd provides slope stability (Marden &
Rowan, 1993; Phillipgt al, 2013).

With the increasing unpredictability of intensenfall events, potentially as a result of
climate change, forest managers could benefit fo@ing able to estimate the costs of land
degradation should areas of steepland forestryubgected to accelerated erosion between
forest rotations. If we apply the estimate of 2kg3mi“to the area of 65 kfrof land that was
identified as having similar terrain attributes?takuratahi, up to 169,000 tonnes of soil could
potentially be lost following an extreme rainfalemt in Hawke's Bay. Based on soil
chemical analyses from the Pakuratahi catchmenatéh 2), the associated nutrient loss
was calculated as 146900 t of carbon, 11050 ttadgen and 1300 t of phosphorus.
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A considerable body of research attests to theflersd afforestation of hilly or unstable
land (Hawley & Dymond, 1988; Hicks, 1991; Bastetral, 2010; Dymondet al, 2010;
Rosser & Ross, 2011). Following Cyclone Bola these been an increased move to afforest
potentially unstable land with permanent and plémtaforest particularly in the worst hit
regions such as the East Coast of the North Isl@hdre is, however, a cost to the land
owner/manager for growing trees on formerly erodmad due to smaller logs and the
requirements of remedial action such as fertilisatiThe study carried out in the northern
catchment of Pakuratahi (Chapter two) revealedttkats grown on eroded sites yielded 16%
less volume for high quality logs than trees in+gooded sites. A reduction in volume of this
magnitude equates to around $4,000 per hectaredénedsed revenue (Chapter 2). The
reduction in total recoverable volume for all gradd logs was estimated at around $7,500

per hectare on eroded sites (Chapter 2).

The costs associated with loss in revenue becatisge@eased productivity are thus
considerable. The value of the services providedffyestation of hill country terrain is also
significant, providing potential savings through pgoil preservation, preventing
sedimentation of waterways and subsequent floodtingw-lying areas. In a study on the
costs of avoided erosion, Barey al. (2012) concluded that regions in New Zealand with
high erosion rates would provide high levels of peblic benefit following afforestation.
Where the net private benefits were moderately thaggoolicy makers could adopt positive
incentives through funding or technology improvem@&ymondet al (2012) estimated the
cost of avoided erosion to be worth NZ $1 per toringhis study we have estimated that
approximately 65 kimof land in the Hawkes Bay is at risk of erosiomifr to that in the
Pakuratahi Catchment following an extreme raindaknt and a potential soil loss of 169000
tonnes if not forested. If forest owners are losh7§00 in total recoverable value per hectare
on eroded soil in the Pakuratahi, the value of @ewierosion for post Cyclone Bola
plantations in Hawke’s Bay with similar terrainrédtites, is estimated around $288 per tonne

of soil.

Production forestry’s contribution to erosion pretien through existing plantations is not
recognised financially across New Zealand. Theeshmwever, two major funded forestry
incentive schemes in NZ: the East Coast Foresinyefr (ECFP) and the Permanent Forest
Sink Initiative (PFSI) (MPI, 2013) that the indystran access. The ECFP was established in
a bid to control current and prevent future sodsesn in the Gisborne district. The 2010

grant rates for forestry are graded according écdibtance from Gisborne port (Table 4.4).
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Table 4.4 East Coast Forestry Project Grant (aéd, 2010)

Treatment Distance from Grant rates
Gisborne Port
(km)
Forestry 0-80 $1 476/ha
Forestry 81-150 $2 014/ha
Forestry 151- 215 $2 280/ha

Target land classified under the Land use clasdibos (Lynnet al, 2009) includes classes
7e and Classes 8e which are generally only suifabl®restry or conservation land. The
LUC subclass ‘e’ is a limitation: erodibility — “velne susceptibility to erosion is the dominant
limitation” (Lynn et al., 2009, pg. 9). Another ictive to establish permanent forests on
land previously unforested since 31 December 19&@ven by the PFSI, which aims to
facilitate carbon sequestration in permanent faggdts. Landowners are able to apply for
carbon credits under the NZ Emissions trading seh@m S) but there are financial penalties
for losses in stored carbon (e.g. through cledhfalvesting or damage through a natural
event) and fees to join the scheme. In additioretigea potential risk from future carbon

price uncertainty (Manley, 2013).

Incentive schemes like ECFP and PFSI, while usefulnot address the service that forestry
is currently providing through establishing plamdas on potentially erodible soils. In order
to be truly effective for erosion control, a grogimwareness of and research into, the
ecosystem services that forestry provides will beded in order to lobby for positive policy
changes towards financial recognition of ecosystegnvices. Dominatiet al. (2010)
examined soil forming processes and soil propetbedevelop a framework that classified
and quantified soils natural capital and ecosyssmvices. Using this framework they
established that the regulating services of saitden a Waikato dairy farm had greater value
from regulating than provisioning services (Dominat al, 2011). While forestry’s
provisioning services of producing timber are retsgd, the regulating services of avoided
erosion and flood control are not. A similar franoekvdeveloped for forestry would firstly
qualify the ecosystem services provided by affatest and secondly make provision for
financial recognition for services with far readibenefits. In time, financial recognition of
the ecosystem services provided by forestry mayowage land managers to explore
alternatives management methods. These could ie@lahting regimes such as continuous
cover where ‘the management of forests by follownajural processes so that the forest
canopy is always maintained at one or more levadsthe forest will largely self-regenerate’
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(Barton, 2008). Or less intensive harvesting angechispecies planting to prevent erosion

mid rotation.

4.5 Conclusions

Afforestation of steepland and hill country in tleast coast of the North Island has
contributed to a decrease in soil erosion and arease in flood control following extreme
rainfall events. Around 65 kivof potentially erodible land in the Hawkes Bayicegwas
identified as having similar terrain attributesRaduratahi, with shallow soils over sandstone,
steep slopes and supporting plantation forestrgaBse the Pakuratahi catchment is the only
area that has forest productivity related reseagshied out, only areas in the Hawkes Bay
that had the same terrain attributes under plamatrest were included in the analysis.
There will be many other locations within the regtbat have forest plantation on potentially
erodible soils. Trees planted on eroded soils énRbkuratahi resulted in a 16% lower return
in volume compared to those planted on non-eroded. sThe costs to the landowner were
estimated to be around $7500 per ha in lost prodtyct These costs are borne by the
landowner but could be offset if the ecosystemisesvof avoided erosion were recognised
financially. Future research is needed to develdmmework that classifies and quantifies
the regulating services provided by forestry sot tie value of afforestation of highly

erodible land is fully recognised.
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Chapter Five: Conclusions

5.1 Introduction

The aim to of this thesis was to investigate thpdot of soil erosion on forest productivity of
Pinus radiata plantation forestry in a catchmerfakuratah)i comprising mainly hilly to
steepland in Hawke’s Bay on the east coast of thihNsland, New Zealan®inus radiata
trees grown on both eroded and non-eroded siteg werasured and associated soils,
dominantly Pallic and Pumice soils together witlbhawdinate Recent soils (Hewitt, 2010),
were analysed from both sites to enable comparisonse made. Chapters 2 to 4 each
addressed one of three objectives outlined in @naptThe key findings of each chapter are

summarised below followed by recommendations fturiresearch.

The three main objectives set to achieve this aarewo:

1. measure the difference between soil propertiesroded (slipped) and non-eroded (non-
slipped) land under plantation forest and deterrttieeeffects on forest productivity (Chapter
2);

2. estimate soil and nutrient loss at catchmeriesgang LIDAR and GIS (Chapter 3);

3. investigate the potential for reduced produttigicross Hawke’s Bay in plantation forest
planted since the Cyclone Bola event in 1988 (Girapi

5.2 Summary and Conclusions

5.2.1 Impacts of shallow landslide erosion on fopeductivity

The objective addressed in Chapter 2 was to deterrthe impact of soil physical and
chemical properties oRinus radiata productivity. Results from soil analysis and fares
mensuration were statistically analysed using MiofoOffice Excel, (2007). Pairdetests
for sample means were used to test for signifidéfférences in soil properties, and average
tree size across the eroded and non-eroded sitgges$sion analysis was carried out to
determine any relationships between measured sopepties and tree volumes. Growth
simulation software, Atlas Forecaster, was useesstonate the economic/return value of the

trees measured in this trial. The key findings bafter 2 were:
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Selected soil properties measured at eroded sees significantly less than the same
properties at non-eroded sites: soil N (52% lesgil, C (47%), soil P (43%), C: N
ratio (8%), soil pH (3%), and mean soil depth (16%)

Regression analysis showed that volume in trees sigasficantly correlated with
reduced amounts of total C, total N, total P antagganic matter

High quality pruned logs for a 25 year rotation &vealued at 9% less in eroded plots
for total recoverable volume, with a reduction atat recoverable revenue at $7,500

per hectare.

5.2.2 Estimating soil and nutrient loss in Pakurata

The objective addressed in Chapter 3 was to ca&stal and nutrient loss from eroded sites

in Pakuratahi and to estimate potential losses ti@torical and future erosion events.

The key outcomes of Chapter 3 were:

At a depth of 0.1 m, it was estimated that the ayernoss per plot from erosion was
22 tonnes (t) of soil, 0.5t of C, 0.034 t of N @n@05 t of P

For all slips mapped across Pakuratahi (12 ha odt4 ha in total), soil and nutrient
loss equates to 2385 t of soil, 271 t of C, 20M@nd 3 t of P

Using a non-linear regression model, it was esegahghat ~1 krhand ~3 krfi of land

in Pakuratahi would be at high risk of erosion]daing an 80- year and a 100-year

extreme rainfall event, with associated soil log#e2630 t and 7890t, respectively

5.2.3 Regional effects on forest productivity feilog extreme rainfall events

The objective addressed in Chapter 4 was to idetgifrain in the Hawke’s Bay that was

comparable to that of the Pakuratahi catchmentderao gain an understanding of costs and

benefits to forestry for planting on potentiallyédible soils. The key outcomes of Chapter 4

were:

65 knt were identified as having terrain attributes simtb those at Pakuratahi

Up to 169,000 t of soil could be potentially logliéwing an extreme rainfall event
The value of the service provided by land ownersugh avoided erosion or erosion
mitigation is around $288 per t of soil

The value of ecosystem services provided by foyeistrnot currently recognised

financially in New Zealand.
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Afforestation of potentially erodible soils has heshown to reduce the incidence of erosion.
However, trees grown on eroded slopes tend to lalesmn volume and produce reduced
financial returns. Losses of soil and nutrientseveasliculated for Pakuratahi. An estimate of
potential value of avoided erosion was identified érodible soils in Hawke’s Bay which
have similar terrain attributes. The estimated s@s€ largely conservative as this analysis
does not take into account other potentially eredgwil types throughout the Hawke’s Bay
region. Currently the cost of maintaining viabl®guction of erodible hill country has been
borne by the forest owner/manager. The value oétlusystem services provided by forestry

is not yet recognised financially in New Zealand.

5.3 Further Research

Forestry is increasingly venturing onto marginalda while at the same time being made
accountable for sustainable practices. Additioneldfstudies on a catchment basis are
needed to provide raw data across a range of idiffeforested environments in New
Zealand. Data such as these would help quantifextent of the ecosystem services forestry
provides. Developing a framework that identifies ttosts and benefits both financially and
environmentally would in turn aid policy planning érosion mitigation where marginal land

can be used productively and sustainably.
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Appendix A

Soil profile Pakuratahi: scarp wall between eroded non-eroded
plot

Profile — Pinus radiata
Reference data
=  Soll classification:

- NZSC: Typic Immature Pallic Soils

-
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Figure Al. Soil profile described in Typic Immature PallicilSo
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Sitedata
= Location:
- NZTM 1932098 5640357
- profile located ~ 5 m from centre of plot 27 Pakahaforest, 21 km north west of
Napier
= Elevation: 309 m asl
= Geomorphic position: Profile on edge of slip wall concave spur of steep gully in hill
country
= Erosion/Deposition: Active
= Vegetation: Fern and blackberry undergrowth amoRgsis radiata
= Parent material: Tephra over sedimentary congloméEyles and Fahey, 2006)
= Drainage class: Moderately well drained

Soil data

Ah

0-16 cm Slightly moist, black (10 YR 2/1) very sitty gravelly sandy loam with fine
fresh, sub-rounded, sedimentary gravels; slighibkg, slightly plastic; peds
weak and friable; moderate, common fine polyhegeads; many, extremely
fine and very fine, ubiquitous, woody and fibrousots; moderately
allophanic; distinct, smooth boundary.

Bwl

16-27 cm Slightly moist; very dark brown (10YR 3i@ry slightly gravelly, sandy loam
with fine, slightly weathered, sub-angular pumicawgls; slightly sticky;
slightly plastic; peds weak and friable; few, wgaKine polyhedral peds; few
microfine, ubiquitous, woody and fibrous roots;osigly allophanic; distinct

wavy boundary.

Bw2

27-49 Slightly moist; brown (10YR4/3) very slightlyavelly, sandy loam with fine,
slightly weathered, sub-angular pumice gravelsghsly sticky, slightly
plastic; apedal, massive; few microfine and venge fubiquitous, woody and

fibrous roots; strongly allophanic; indistinct balamy.
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Bw3

49-69 Slightly moist; brown (10YR 5/3) very slightjravelly, sandy loam with fine,
fresh sub-rounded sedimentary and pumice gravittly sticky; slightly
plastic; apedal massive; few extremely fine andy\fare ubiquitous woody

and fibrous roots; moderately allophanic; indistinoundary.

bBC(f)

69 — on Slightly moist; yellowish brown (10YR 5/4nd pale brown (10YR 6/3)
slightly gravelly, sandy loam with medium fresh sovbinded sedimentary
gravels; slightly sticky; non plastic; apedal massifew, very fine, distinct,
strong brown (7.5 YR 4/6) mottles; few very fineiguotous, woody roots;
weakly allophanic.
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Appendix B

Soil profile Pakuratahi: within eroded plot

Profile - Pinus Radiata
Reference data

= Soil classification:

- NZSC: Typic Tephric Recent Saoll

Figure B1. Soil profile described in Typic Tephric RecentISoi
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Site data
= Location:
- NZTM: 193209 564035
- profile located ~ 2 m from centre of Plot 27 in Baktahi Forest
= Elevation: 308 m asl
= Geomorphic position: Profile in centre of earttpstin the sides of a gully in steep hill
country
= Erosion/Deposition: Active
= Vegetation: Fern undergrowth among#tus radiata
= Parent material: Sedimentary conglomerate
= Drainage class: moderately well drained

=  Comment: Soil is very mixed

Soil data
L

2mm
FH

BC(f)

0-40 cm Slightly moist, olive brown (2.5 Y 4/3)dahlack (2.5 Y 2.5/1) and light
yellowish brown (2.5 Y 6/4) slightly gravelly santbam with fine to medium
fresh, sub-rounded gravels; few, extremely finergirbrown (7.5 YR 4/6)
segregated concentrations; slightly sticky; modyatlastic; soil weak;
apedal massive; few, very fine, faint, strong brd® YR 4/6) mottles; very
fine, common, extremely fine, very fine, fine, maaii and coarse ubiquitous,

woody roots; non- allophanic; sharp, smooth bownda

1bAB

40-55 cm

(15 cm) Slightly moist, very dark, greyish brownq% 3/2) and olive brown (2.5 Y
4/3) slightly gravelly sandy loam with fine, mediiand coarse, fresh sub-
rounded gravels; slightly sticky; slightly plastgnil weak; peds weak and
friable; moderately pedal with many medium polylageds; very few, very

fine, dark yellowish brown (10 YR 4/6) mottles; fextremely fine and very
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2bBC(H)1
55-73 cm

2bBC(f)2

73 cm —on

fine ubiquitous woody roots; very weakly allophagrabrupt, irregular

boundary.

Moist, dark yellowish brown (10 YR 4/4)daslive brown (2.5 Y 4/4)
moderately gravelly, sandy loam with fine and medidfresh, sub-rounded
gravels; moderately sticky; moderately plastic| s@ak, apedal massive;
common fine and very fine, prominent, strong brdq®® YR 4/6) mottles;
few, extremely fine, ubiquitous woody roots; nolophanic; distinct, wavy

boundary.

Moist, dark yellowish brown (10 YR 3&f)d olive brown (2.5Y 4/4)
moderately gravelly, loamy sand with fine, freshih-sounded gravels;
moderately sticky; moderately plastic; soil firnpealal massive; common,
very fine and medium, prominent, dark brown (7.5 3R) mottles; few,

extremely fine, ubiquitous woody roots; non allopica
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Appendix C

Soil profile Pakuratahi: non eroded control plot

Profile — Pinus radiata
Reference data
» Soil classification:
- NZSC: Weathered Orthic Recent Soll

Figure C1. Soil profile described in the Weathered Orthic &e#Soil
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Site data

Location:

- NZTM 1932116 5640349

- profile located ~ 2 m from centre of plot 28 Pakahaforest, north of Napier
Elevation: 315 m asl
Geomorphic position: Profile concave spur of st&#3) gully in hill country
Erosion/Deposition: Inactive
Vegetation: grass, fern and blackberry undergramiongsPinus radiata
Parent material: Tephra and sedimentary conglomé¢Eates and Fahey, 2006)

Drainage class: Moderately well drained

Soil data

A

0-14 cm Dry, black (10 YR 2/1) non gravelly sandgrh; slightly sticky; non plastic;

AB

peds weak and friable; moderately abundant, fir@yhedral peds; many
extremely fine and very fine ubiquitous, woody ditlous roots; moderately

allophanic; abrupt smooth boundary.

14-26 cm Dry, dark greyish brown (10YR 4/2) verigistly gravelly sandy loam, with

medium slightly weathered sub-rounded gravels;h8llyg sticky; slightly

plastic; peds weak and friable; many, moderatedg,fipolyhedral peds; few
strong brown (7.5 YR 4/6) segregated concentratiomsny extremely fine
and very fine ubiquitous woody and fibrous rooterystrongly allophanic;

distinct, wavy boundary.
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Bw
26-35cm

bBC
35-59 cm

Cu

59 —oncm

Slightly moist, greyish brown (10YR 5/2)dayellowish brown (10YR 5/4)
very slightly gravelly sandy loam, with moderatdipe and medium sub
rounded gravels; slightly sticky; slightly plastiapedal massive; few, very
fine, strong brown (7.5 YR 4/6) segregated coneiains; few extra fine,
ubiquitous woody and fibrous roots; very stronglpghanic; distinct wavy

boundary.

Slightly moist, pale brown (10 YR 6/3) mecately gravelly sandy loam with
fresh, fine, medium, coarse and very coarse subded gravels; slightly
sticky; non plastic; apedal massive; few, very fisieong brown (7.5 YR 5/8)
segregated concentrations; few, extra fine, yeBbwirown (10 YR 5/8) faint
mottles; few, microfine, ubiquitous woody roots;akéy allophanic; indistinct

smooth boundary.

Moist, yellowish brown (10 YR 5/4) vesightly gravelly, loamy sand with
fresh, fine sub-rounded gravels; slightly stickgnnplastic; apedal massive;
few very fine, ubiquitous woody roots; weakly all@mic.
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