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Preface

The Ministry for Primary Industries (MPI) Sustainable Land Management and Climate
Change (SLMACC) programme provides funding for research to understand the impacts

of a changing global climate.






1 Introduction

1.1 BACKGROUND

The Emissions Trading Scheme (ETS) and the Permm&oeest Sink Initiative (PFSI)

were created by the New Zealand Government aparpackage of climate change
initiatives that will support New Zealand'’s ratditon of the Kyoto Protocol. The ETS and
PFSI provide investors and landowners with theitgid earn carbon units from eligible
forests (which include planted exotic, and plarded regenerating indigenous tree
species). The government allocates carbon unggigible forests under 100ha in size by
using a look-up table approach for key speciesrgbtitook-up tables are based either on
national or regional averages and may over-esticet®on sequestration rates for forests
planted on more marginal (high, dry, cold) landn@y under-estimate carbon
sequestration for forests planted in fertile lahlde spatial resolution of default look-up
tables for radiata pine can be improved by calibgathe existing radiata pine model (300
Index) to site factors, explicitly including envimmental variables as drivers of
productivity indices. These indices are used asts1fp the 300 Index growth model
together with typical silvicultural regimes, foasts that are known to be intact. The effect
of “atypical” low stockings on yield tables can@lse modelled. Simple field assessments
will dictate whether “atypical” look-up tables aebe applied. Improvements are needed
to the current ETS tables to more accurately refikeely tree growth rates and thus carbon
sequestration rates to ensure fair allocation diaaunits for investors, forest owners and
the Crown.

This research takes a three staged approach acrasge of tree species including radiata
pine, other planted species (Douglas-fir, redwaygress, Eucalyptus fastigata,
Eucalyptus nitens) and key regenerating indigespesies (manuka/kanuka and mixed
broadleaf). The research programme involved congpiixisting data and acquiring new
data to fill knowledge gaps. Radiata pine growtalisady well documented throughout
most of New Zealand so less research emphasisla@esdpon this species. In comparison,
the growth of other planted species is much lesklkmewn. Field based measurement of
these species was used to address gaps, althagghglps in coverage still exit because
these species are not widely planted. Howeveremadely strong relationships were
found between the growth of radiata pine and tleavtjr of other planted species, so it is
possible to predict the growth of other specieagisadiata pine as a covariate. The growth
of indigenous species is reported separately byltame Research. The results from this
underpinning research programme will form the bémispatial, empirical and process-
based modelling approaches to develop new loolabiles in future, in a format which
MAF can readily incorporate into the ETS and PRStams.

The vision of the research programme is that by626tvners of land afforested under
either the PFSI or ETS that are smaller than 1@0&able to use spatially based species
specific look-up tables to determine the amourdasbon sequestered by their forests. By
providing land owners realistic estimates of theoa sequestration potential of a range of
tree species, afforestation of marginal land iseeigd to increase, which will help

improve New Zealand’s future greenhouse gas balance

1.2 MODELLING RADIATA PINE CARBON STOCKS

In managed radiata pine stands the carbon stoukde up of five pools, including: 1)
Above ground biomass, 2) Below ground biomass,e&gdwood, 4) Litter, and 5) Carbon
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in mineral soil. The mineral soil carbon pool i4 addressed in this programme. The 4 live
and dead biomass pools are modelled by combinerg sblume and wood density using
the Forest Carbon Predictor. In New Zealand, MIRsUsorecaster Carbon (which is based
on Forest Carbon Predictor) to predict carbon f@inually by pool, using field data that
needs to be collected by Forest ETS participarts ¥0 ha or more of eligible forest. The
Field Measurement Approach (FMA) is not used by FPERicipants with less than 100 ha
of eligible forest. These participants are requiedse Lookup Tables. Lookup tables
were developed using the Forest Carbon Predicsarguegional averages of the two
“Productivity Indices”, the 300 Index, and mean tagdight (MTH). The 300 Index is
defined as the mean annual increment in stem volurder bark of radiata pine at age 30,
and assumes plots are managed using a standamtereqfh a final crop stocking of 300
stems per ha. The mean top height index is thagteedmean height at age 20 years of the
100 largest diameter stems per hectare.

Productivity indices from plots extracted from thermanent sample plot system were
used previously to prepare national surfaces oB@teindex and Site indes for NZ's
radiata pine plantations (Palmer et al., 2010)dBctvity indices were extrapolated
spatially using independent variables including@mperature, soil water balance, terrain
attributes, and land use history as spatial drisgéoductivity. By far the majority of the
plots used to develop these surfaces were instiallpte-1990 forest. However, post-1989
forests have resulted from the afforestation ofegalty more fertile managed grasslands.
Unlike site index, the 300 index is strongly infheed by site fertility. There is therefore
uncertainty around the applicability of the exigtB00 Index surface to ETS participant
forests. It was therefore considered importariésb the accuracy of the existing surface
using field plots installed by ETS participantstwit100ha of eligible forest and MfE’s
post-1989 and pre-1990 LUCAS plots. These plotsideoindependent data for testing the
accuracy of the existing 300 Index surface at pldmost-1989 forest site and pre-1990
forest sites. The analysis in this report is inezhtb provide a basis for improving the 300
Index productivity surface in future, if required.

Wood density is predicted from environmental vagabncluding air temperature and
nitrogen fertility, reflected by the adjusted 96IN ratio (Beets et al., 2007). The soil
nitrogen fertility surface layer was improved ussal data from MfE’s LUCAS plots,
which were installed systematically across NZ'snpga forest. These plots provide
nationally representative spatial coverage of Nd&nted forests. Improvement of the 300
Index surface and improvement of the nitrogen|fgrindex surface (C/N ratio) will
facilitate the development of improved carbon yigldles for ETS participants with < 100
ha of eligible forest, given the site location algicultural regime.

2 Improving look-up tables for radiata pine

Peter Beets and Thomas Paul

2.1 IDENTIFYING GAPS

A GIS gap analysis was carried out to identify emwiments where exotic forests are
currently grown but no growth data exist. The LUCIASM (2009) was used to identify
existing exotic forests and was overlaid with aaeater of Permanent Sample Plots
(PSP’s) with Radiata Pine. To reduce computer anekto match the resolution of
rasterized environmental layers all data were @it a resolution of 500 x 500 m (25
ha), which was considered sufficient to identifyjonaaps in PSP coverage.

Ministry for Primary Industries Improvement of lookup tables for ETS ¢ 5



The following environmental layers acquired from/AW were used to characterise each
500m x 500m pixel:

* Mean Annual Temperature ( °C, normalised data 1811B)

* Mean annual rainfall (mm, normalised data 19706200
In addition a separate analysis was carried oigteotify areas with extreme exposure, to
evaluate the sufficiency of PSP coverage with resfgetopographic exposure (TOPEX)
and the associated windiness of a site, as expaskn®wn to affect tree growth and stem
form.

Six thousand PSP’s currently stocked with radiate pnd with accurate coordinates were
used to identify forests with gaps in PSP cover&ggure 1 shows that forests in cold
areas with less than 9 °C mean annual temperateneoh well represented. Nor are forests
with high rainfall (>3800 mm) or forest on very dsiges (<600 mm). There is also a lack
of PSP’s in forests that receive more than 2400ainfall in areas with a mean annual
temperature >13 °C.

The spatial distribution of forests with the delsed climatic conditions is shown in Map 1
(dark green squares). The distribution is Soutimidicentric as the cool and wetter forests
are centred in the hill and high country of South€anterbury (with some additional
eastern coastal forests), Otago and Southlansiwbrthwhile to note that a high
percentage of these forests will be stocked withdbas-fir. Other forests that match the
climatic conditions are found in inland Marlboroygiound the Central Volcanic
Mountains and inland from the East Cape.

To evaluate if the full range of wind conditionsglanted pine forest is represented in the
PSP dataset, we show a histogram (distributiofprefsts with and without PSP’s in
relation to wind speed (annual monthly average wgipeled m/sec classes) (Figure 2).
Forests with annual mean monthly wind-speeds >62ane not well represented in the
PSP dataset. The spatial distribution of thesesteris shown in Map 1 (red areas). Non-
represented forests are mainly found in the Madbgh Sounds, Wellington Coast and
Wairarapa but also in the far North near Cape Reargl again the north east side of the
East Cape. Only a few areas on the East Coase@dhth Island (Banks Peninsula,
Dunedin and Catlins) have also unsampled foredts high wind speeds. Interestingly
none of the previously extreme sites show high vexyosure.
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Figure 1: Planted forests (red points) and thestriiiution along rainfall and temperature
gradients in comparison with the distribution alieda pine PSPs (black crosses).
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Figure 2: Frequency of forest cells with (greenyvithout (blue) PSPs along a wind
gradient (annual average m/s).

Histogramm of 25ha cells in planted forests with and without PSPs across windspeed
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Map 1: Distribution of forests in climatic envirommis not well represented by current
Radiata Pine PSPs. Dark green: forests with “ex@festimates (rainfall and temperature);
Red: forests exposed to high winds (>6.2 m/s, drenerage).
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2.2 SOIL NITROGEN FERTILITY INDEX (ADJUSTED C/N RATIO)

The Ministry for Primary Industries requires saittility estimates for Post-1989 land
registered under the ETS and would also like esasir Pre-1990 planted forest land, in
order to estimate carbon stocks and sequestr&imon stocks and sequestration are
being estimated using the Forest Carbon Predictiritas been implemented in
Forecaster-Carbon, which includes a wood densitgehihat predicts radiata pine outer
wood density as a function of the site mean anaudaémperature and the soil nitrogen
fertility (C/(N — 0.014) index (Beets et al.,200The nitrogen fertility index of a site can
be determined by sampling the mineral soil (O ++bdepth) and measuring the total
carbon (C) and nitrogen (N) concentrations. Bec#use is no provision under the Field
Measurement Approach (FMA) to directly measure feotility at sites registered under
New Zealand’s Emission Trading Scheme (ETS), it belnecessary to predict soil
fertility at participant’s site(s) indirectly fromxisting spatial information. Likewise,
improved lookup tables will require density estiesatlerived from a spatial soil fertility
layer.

Soll fertility varies spatially, depending on styipe and farm management activities such
as past fertilisation and the use of legumes (@&ndfixing clover). In general, soil fertility
improvement can be expected to be greatest onduiglity flat land, least on steep remote
farmland, and virtually non-existent on forest lamithout a pasture history. While stand
age is not expected to affect the soil fertilitgex (based on Scion trial results with
repeated measures of the adjusted C/N ratio)dsdurbance (mixing with subsoil) owing
to historical harvesting activities may have ocedrat Pre-1990 planted forest land. Post-
1989 planted forest is unlikely to have been hdaegesand soil disturbance will therefore
be minimal. The Ministry for the Environment (MfEand Use Map (LUM, 2011)
categorises grassland into subcategories thatkatg to differ in soil fertility. In addition,
soil fertility was directly measured in LUCAS platsstalled in planted forest, using a
defined protocol.

As part of LUCAS, a systematic grid-based assestofeoil fertility across NZ's planted
forest land was undertaken by sampling soil atspiloat intersected post-1989 (4-km grid)
and pre-1990 (8-km grid) planted forest. In additio the fertility index, these plots
provide information on the species and planting a@ditthe stand (i.e. stand age), and
whether the site was harvested. The LUM providesihpped land-use subcategory as at
1990 for each plot. LUCAS soil data provide nati@verage of planted forests, and have
the added advantage of ensuring that wood derstitpates for ETS will be consistent
with estimates for LUCAS (for national reportingrpases).

Grassland subcategories in the LUM that were adtecesince 1990, and land that was
already in forest as at 1990 include:

* High Producing Grassland,

e Low Producing Grassland;

* Grassland with Woody Biomass;

* Natural forest;

e Pre-1990 planted forest.

In this context, natural forest will likely be naally regenerating shrubland located within
areas of planted forest. It may have transitiomechfGrassland with Woody Biomass, and
hence the soil fertility of this category is unlikéo be equivalent to that of primary natural
forest.

Some pre-1990 forests were established on farmiatiee 1970’s and 1980’s, while most
others were established on cutover natural (nagxie)ary or secondary forest. The
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fertility of pre-1990 planted forest can be expddie differ from site to site, depending on
the level of improvement when the land was stilempasture.

2.21 Fertility index

The soil fertility index is calculated from the abtarbon (C) and nitrogen (N)
concentration in surface mineral soil (from O-5cepth) following Beets et al. (2007) as
follows:

C/(N-0.014)

This ratio, which is referred to as the adjusted @Gitio, was calculated for each LUCAS
plot intersecting post-1989 and pre-1990 planteesio

2.2.2 Soil fertility objectives

(1) Develop a regression model to predict soil feytiin a spatial basis, taking into
account soil type and past farm management faceneflected by the LUM
subcategories as at 1990.

(2) In addition to the LUM, incorporate data from thegétation Cover Map of New
Zealand to partition out pre-1990 forests estabtisbn pasture in the 1980'’s, and
assess whether this improves the soil fertility elod

(3) Develop a soil fertility layer for New Zealand bdsen the best model.

The number of planted forest plots (all specieshiswn by soil order and LUM category
in Table 1. Soil samples covered a range of sdiée and LUM categories. Most soll
orders were represented by twenty or more samphdsd 1), however Gley, Granular,
and Organic were represented by only 1 or 2 sangalels, and Oxidic, Semi-Arid, and
Anthropogenic were not sampled at all.

Table 1. Number of soil samples per LUM category (or subcategory) and soil order based on
planted forest plots (i.e. all species).

Grassland Planted
Grassland Grassland with Forest
High Low woody Natural Pre-

Soil Order producing producing biomass Forest Other 1990 Total
Allophanic 2 7 3 6 18
Brown 24 69 23 6 60 182
Gley 1 1
Granular 1 1 2
Melanic 3 4 1 2 10
Organic 1 1
Pallic 5 25 5 1 1 8 45
Podzol 3 3 6 11 23
Pumice 13 17 7 58 95
Raw 2 5 7
Recent 2 35 5 2 1 22 67
Ultic 7 5 1 19 32
Oxidic 0
Semiarid 0
Anthropic 0
Total 60 163 55 11 2 192 483

Ministry for Primary Industries Improvement of lookup tables for ETS 11



The corresponding mean adjusted C/N ratios foretisasegories are given in Table 2.
Poorly sampled soil orders were amalgamated isioge class called “Other Soils” for
regression analysis purposes. Fertile soils (Hrglalycing grassland) have the lowest
ratios, while infertile soils (pre-1990 planteddst) have the highest ratios, on average.

Table 2. Average adjusted C/N ratio of soil summarised by LUM category (or subcategory)
and soil order.

Grassland Planted
Grassland Grassland with Forest
High Low woody Natural Pre- Overall
Soil Order producing producing biomass Forest Other 1990 Average
Allophanic 13.3 12.9 13.5 18.1 14.8
Brown 14.7 15.0 16.7 17.2 215 17.4
Gley 14.7 14.7
Granular 13.8 19.5 16.7
Melanic 12.9 15.8 18.4 17.7 15.6
Organic 21.1 21.1
Pallic 13.7 14.5 13.8 23.8 17.2 19.7 15.6
Podzol 13.4 21.7 20.0 21.0 19.8
Pumice 13.6 14.5 15.8 20.9 18.4
Raw 28.8 40.0 36.8
Recent 13.0 14.6 14.6 14.1 14.1 21.2 16.7
Ultic 15.1 16.7 15.5 23.6 204
Average 14.2 15.1 16.3 17.2 15.6 21.7 17.8

2.2.3  Data analysis

The GLM procedure in SAS was used to examine tla¢ioaship between the adjusted

C/N ratio and various independent variables. Véembssessed included the LUM Land
use category as at 1990 (i.e. it included the thrassland subcategories, Pre-1990 planted
forest, Natural forest, and “Other”), and variati@sn other sources, including stand age,
rotation number, soil order, and wood supply reglodependent variables were examined
individually and in combination. Rotation numbedastand age were added to test various
assumptions. Specifically, while we do not expectility to change within a rotation (i.e.
age not likely to be significant based on Scioal iata), it is expected that pre-1990 forest
planted relatively recently (and thereforférttation) on a mix of grassland and cutover
forest sites will be on average more fertile thagr P990 forest planted predominantly on
cutover forest sites prior to the 1970's (and tferee2 rotation or higher).

The regression model that was developed to predittertility has two independent
variables: 1) The LUM land use category as at 19890ch included the Grassland
subcategory (High Producing, Low Producing, GWBJ) &tanted Forest category, and, 2)
the soil order. Data for all plots containing pkhspecies were included in the model.

The Vegetation Cover Map of New Zealand was thex tig partition out pre-1990
planted forests established on pasture in the B80'%, and the regression model refitted
to determine whether the VCM provided useful infation. This analysis was based on
radiata pine plots in the LUM.

12 « Improvement of lookup tables for ETS Ministry for Primary Industries



224  Assumptions

1. Site nitrogen fertility remains constant withina@ation - The statistical analysis
supported the assumption that “Stand Age” was igoificantly associated with
the fertility index (prob >F = 0.13).

2. The statistical analysis showed that second rotatiands had on average higher
C/N ratios (so were less fertile) than first ratatstands. This supports the view
that the more recently planted (and therefore atlystill 1% rotation) stands were
established on grassland, whereas older forests @gtablished on less fertile
cutover forest sites.

2.2.5  Nitrogen fertility model

The Grassland land use subcategories and Foregtusanbased on the LUM, as at 1990,
explained significant variation in the soil C/NicafTable 3). The average adjusted ratio
was lowest (i.e more fertile) for High ProducingaSsland, intermediate for Low
Producing Grassland, and highest (i.e. less fgfoleGrassland with Woody Biomass — in
line with expectations. Substantial variation witli grassland subcategory was evident.
Variation within grassland subcategories was exgikdiecause management inputs are
likely to vary spatially, both between and witharms. Pre-1990 planted forest soil was on
average the least fertile (highest adjusted C/M).atowever soil fertility varied
substantially within this land use as well.

Soil order on its own explained slightly less vaaa in the soil C/N ratio than the land use
subcategory at 1990 (Table 3). This was mainlytduge effect of raw sand, with an
adjusted ratio averaging around 45 for this saleorcompared with averages ranging from
15 — 21 for other soil orders. Model coefficients given in Table 4. Note that Wood
Supply Region was not tested at the time the CiNextility map was prepared.

However, the regression model in Table 3 with Regsosuperior to models without
region. We interpret this to mean that Regiondked#nces in afforestation captured some
of the improvement in soil fertility. Despite thimprovement in the model°Rrotation was
significant, with C/N decreasing from 22.2 i?f fotation stands to 19.95 in first rotation
stands (which implies that the more recent plastifig. £' rotation stands) were on more
fertile (Lower C/N) sites.

Table 3: Percentage variance in the adjusted C/N ratio (R2) explained by selected independent
variables in multiple regression models.

Number of Variables in regression model All Plots
Independent (Pre-1990 and
Variables Post-1989

R2
1 LUM Landuse subcategory 36
Soil order 35
2 LUM Landuse subcategory, Soil Order 59
3 LUM Landuse subcategory, Soil Order, Rotation 62
4 Region, LUM Landuse sub-category, Soil Order 65
5 Region, LUM Landuse sub-category, VCM, Soil Order 68

The model based on Land use category as at 1996d ke the LUM and Soil Order (i.e.
model with 2 variables), has aff 8 59% (Table 4). It was used to develop the adjiis
C/N ratio fertility map of New Zealand. Some adutial improvements in the soil fertility

Ministry for Primary Industries Improvement of lookup tables for ETS ¢ 13



surface are possible using additional sources taf, dach as region, and VCM, and
rotation number.

Table 4: Regression model for predicting soil fertility index (C/(N - 0.014)) for planted forest
(all species) using LUM layer and soil order.

All Planted Forest
Coefficient Estimate s.e.
Intercept 22.07 0.654
Allophanic -3.728 1.050
Brown -1.298 0.697
Melanic -2.052 1.291
Other soll -0.712 1.869
Pallic -2.133 0.847
Podzol 0.433 0.970
Pumice -1.512 0.731
Raw 23.86 1.698
Recent -3.322 0.795
Ultic 0 .
High Producing -6.553 0.528
Low Producing -5.434 0.404
GWB -4.332 0.548
Natural Forest -3.217 1.104
Other -3.715 2.520
Planted forest 0
R (%) 59
RMSE 3.51

2.2.6  Spatial soil fertility layer
The national adjusted C/(N — 0.014) ratio layertf@ North and South Island of New
Zealand are shown in Figures 1 and 2.
When implementing the final regression model, rioge:
» Soil orders grouped in “Other Soil” include theléeling: Oxidic, Semiarid,
Anthropic, Gley, Granular, and Organic soil.
* Land classified as Natural forest as at 1990 didmdude primary natural forest.
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Carbon to Nitrogen ratio

Value
- High : 4593

- Low: 11.79

4 1989 plots
1990 plots
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Figure 1. Soil fertility layer (adjusted C/N ratifgr the North Island of New Zealand.
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Carbon to Nitrogen ratio

Value
- High : 4593

. Low: 11.79

4 1989 plots
1990 plots

0 25 50 100
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Figure 2. Soil fertility layer (adjusted C/N) rafior the South Island of New Zealand.

2.2.7  Discussion of soil fertility

The implementation of the Forest Carbon Predicsdf@ecaster-Carbon for ETS purposes
requires spatial predictions of soil fertility thoav accurate predictions of outer wood
density. Factors influencing soil fertility in LUCRplots with soil data included grassland
subcategories (High Producing Grassland, Low ProguGrassland, and GWB) as
mapped within the LUM and soil order. Use of thizszors will facilitate more accurate
wood density predictions at specific sites for iggyants using the FMA. Likewise, wood
density can be more accurately calculated in futr@articipants using the Look-Up

table approach.
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The use of the LUM in this way will help ensuretthvaod density predictions of land
afforested after 1st January, 1990 reflect thel lelvsolil fertility improvement that has
occurred as a result of farm management activities to afforestation of the site.
Furthermore, consistency with carbon stock estimeitan LUCAS will be maintained,
which will help ensure that carbon credits undeSErFe not likely to be over or
underestimated using the FMA. Nevertheless, thectsfof periodic improvements to the
LUM will need to be incorporated within Forecastarbon.

228  Summary

 New Zealand’s Land Use and Carbon Analysis SystanCAS) plots provide
national coverage of soil fertility measurementpast-1989 and pre-1990 planted
forest. Plots were installed and measured in 2@WB2And in 2011, and will reflect
improvements in nitrogen fertility that had occurigy that time.

* The NZ LUM grassland subcategories (High Produ@ngssland, Low Producing
Grassland, and Grassland with Woody Biomass) #4932 and soil order explained
a significant proportion of the variation in soiéf®on/(Nitrogen - 0.014) ratio (an
index of nitrogen fertility) measured in the naabnetwork of LUCAS plots in
planted forest.

» Averaged across soil orders, High Producing Gradsted a low ratio (14.2), Low
Producing Grassland had an intermediate ratio JL&rfd Grassland with Woody
Biomass had a moderately high ratio (16.3). PrediBfest had the highest ratio
(21.7).

* Land Use Category as at 1990 and Soil order exgdla@pproximately 60% of the
variation in the adjusted C/N ratio.

* Pre-1990 planted forest has transitioned from edn@ssland prior to 1990 or from
forest land, which differ in soil fertility. The M@ post-dated the period when
major new plantings commenced in the early 1970w planting had decreased
markedly by the mid-1980’s, and therefore the VCGMImbt improve on the LUM
significantly.

* The use of the LUM will help ensure that wood dgngredictions of land
afforested after 1st January 1990 reflect the le¥sbil fertility improvement that
occurred as a result of farm management activaies t01990. Furthermore,
consistency with carbon stock estimates from LUGAIEbe maintained, which
will help ensure that carbon credits under ET Snateover or underestimated using
the FMA. Nevertheless, the effects of periodic ioy@ments to the LUM will need
to be incorporated within Forecaster.

3 300 Index for radiata pine in relation to LUM land-use
category and nitrogen fertility

3.1 LUCAS PLOT 300 INDEX ANALYSIS

The 300 Index was derived using LUCAS planted fiopésts with radiata pine. The
number of plots, n and the mean and range in tBdr&fex, and the mean soil fertility
index (adj C/N) are shown by Wood Supply Region Bl category in Table 1. Due to
mapping resolution limitations, some planted fopgsts were classified as “Natural
Forest” and “Other”.
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Table 1. LUCAS plots mean, minimum and maximum 300 Index by region and LUM category,
and associated mean soil C/N ratio.

Region and LUM category d n Mean 300 Index Min 300 Index  Max of 300 Index Mean adj C/N
=l Auckland Northland 48 27.7 16.5 40.5 20.2
Grassland - High producing 15 30.8 24.8 38.3 14.8
Grassland - Low producing 11 29.1 23.1 37.4 17.8
Grassland - With woody biomass 8 25.6 17.2 40.5 23.1
Natural Forest 6 26.4 21.5 38.0 22.3
Other 1 17.0 17.0 17.0 33.9
Planted_Forest 7 24.0 16.5 35.4 28.5
=/BOP 41 28.4 7.2 52.7 19.5
Grassland - High producing 1 27.7 27.7 27.7 13.2
Grassland - Low producing 10 29.7 20.6 34.3 15.9
Grassland - With woody biomass 5 35.9 26.2 52.7 15.3
Natural Forest 4 29.8 27.4 311 21.0
Planted_Forest 21 25.8 7.2 35.0 22.3
=l Canterbury West Coast 19 19.4 10.1 29.2 16.6
Grassland - High producing 2 21.0 20.9 21.1 13.2
Grassland - Low producing 7 15.4 10.1 20.3 13.1
Grassland - With woody biomass 6 22.2 15.7 27.5 15.7
Natural Forest 1 29.2 29.2 29.2 20.2
Planted_Forest 3 18.8 15.2 24.5 27.8
-IGisborne 66 30.3 3.3 48.8 14.3
Grassland - High producing 2 25.9 21.8 30.1 14.5
Grassland - Low producing 48 31.6 10.7 48.8 14.1
Grassland - With woody biomass 9 23.2 33 34.1 15.1
Natural Forest 4 33.2 21.4 38.9 14.4
Planted_Forest 3 30.4 22.1 38.3 15.1
-'Hawkes Bay/southern NI 139 30.1 5.1 51.6 15.0
Grassland - High producing 24 325 21.4 49.1 13.7
Grassland - Low producing 74 30.4 9.9 51.6 14.1
Grassland - With woody biomass 22 30.5 16.8 40.8 15.0
Natural Forest 9 27.3 11.0 38.9 17.8
Planted_Forest 10 24.1 5.1 339 21.7
=/Nelson 46 23.9 5.0 41.3 20.6
Grassland - High producing 1 36.4 36.4 36.4 17.0
Grassland - Low producing 14 23.8 13.0 41.3 17.7
Grassland - With woody biomass 16 26.1 16.5 39.2 20.4
Natural Forest 5 154 5.0 30.4 20.4
Planted_Forest 10 23.6 18.1 28.7 25.3
-IOtago 26 21.2 3.9 36.2 16.9
Grassland - High producing 5 22.4 3.9 36.2 13.4
Grassland - Low producing 8 19.9 16.1 25.0 17.1
Grassland - With woody biomass 6 20.4 14.1 27.2 15.1
Natural Forest 1 34.0 34.0 34.0 17.0
Other 1 23.1 23.1 23.1 17.2
Planted_Forest 5 20.1 10.2 26.1 22.5
=ISouthland 10 18.8 2.2 30.9 21.3
Grassland - Low producing 7 17.6 2.2 23.9 20.5
Grassland - With woody biomass 2 23.4 15.9 30.9 22.0
Planted_Forest 1 18.0 18.0 18.0 25.9
-'Waikato 41 27.3 14.4 37.2 19.5
Grassland - High producing 5 33.0 29.7 35.6 12.8
Grassland - Low producing 5 25.7 15.1 30.8 18.3
Grassland - With woody biomass 4 27.0 17.6 37.2 14.7
Planted_Forest 27 26.7 14.4 34.8 21.7
Grand Total 436 27.6 2.2 52.7 17.2
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Wood Supply Region and LUM subcategory jointly explonly 24% of the between plot
variation in 300 Index. The low%f the models in Table 2 is somewhat surprisimg) ia
reflected by the wide range in values of the 3@einwithin each of the categories (see
minimum/maximums in Table 1). Soil order and otfaetors such as temperature were not
significant after the effects of Region and LUMdaise subcategory were taken into
account. Region and soil G{i(Table 3, 4) explained slightly more variatior3@0 Index
than Region and LUM Landuse subcategory (Tablg, Which indicates that the LUM
landuse subcategories are serving as useful stesofya soil fertility. Other factors
including LUM land use subcategory, rotation numb&mperature, soil order, and
elevation were not significant after the effect®Refgion and soil C/N;were accounted
for.

Table 2: Percentage variance in 300 Index of LUCAS planted forest plots explained by
selected independent variables in multiple regression model.

Number of Variables in regression model R2
Independent
Variables
1 Region 0.20
LUM Landuse subcategory 0.05
2 Region, LUM Landuse subcategory 0.24

Table 3: Percentage variance in 300 Index of LUCAS planted forest plots explained by
selected independent variables in multiple regression model.

Number of Variables in regression model R2
Independent
Variables
1 Region 0.20
C/NadJ 0.09
2 Region, C/Ny 0.25

However, the Rof the model based on Region and soil C/Nadjilisvsry low. Variation

in the 300 Index clearly depends on factors reltdeRlegion (average climate, rainfall)
and soil fertility, however other factors must atsovery important, for example, solar
radiation (the 300 index varies appreciably withexs), weed competition early in the life
of a stand, and possibly the type of planting stock

3.2 WITHIN STAND VARIABILITY IN 300 INDEX

To improve understanding about variability in tf33ndex, 30 plots each 0.05 ha
horizontal area (which is the same area as a LUQlA&ted forest plot) were installed in a
post-1989 radiata pine plantation in the Bay ohBlé&rRegion. At this forest (Figure 3), the
1990 land use mapped as 74 = Grassland - with wbmaiyass, 75 = Grassland — high
producing, 76 = Grassland — low producing. 71ssnall amount of Natural forest, which
can be ignored. The 2008 land use is post-1988tf¢carrent). The soil C/)jratio, based
on transects across the forest, averaged 13.
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Figure 3. MfE’s Land Use Map (LUM) sub-categories & post-1989 planted forest stand
in the Bay of Plenty.

b

The 300 Index, which was estimated for each oDtB& ha plots, averaged 32.1 (and
ranged from 27.6 — 38.5. The existing 300 Indexasear gave predictions that ranged from
32 — 33 (1 ha resolution) for this forest, witharerage 300 Index of almost 33. At the
scale of a LUCAS plot 0.05 ha, the field data fas BOP forest, which had a planted
forest area of approximately 63 ha, shows thaBf@telndex can range between wide
limits. A major influencing factor was aspectgtB00 Index was up to 36% higher on
sunny aspects than shady aspects), with the I&0&sindices found in shaded gully
microsites, and the highest 300 Indices found imgsheltered microsites.

The LUCAS derived model (Table 4) was used to mtatie 300 Index at the BOP forest
site which had a C/jratio = 13. The predicted mean 300 Index was 30.6.
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Table 4: Regression model for predicting the 300 Index from Region and soil fertility (C/(N -
0.014)) for planted forest.

All Planted Forest
Coefficient Estimate s.e.
Intercept 33.92 1.659
Auckland Northland 0.633 1.437
BOP 1.089 1.491
Canterbury West -8.938 1.883
Coast
Gisborne 1.633 1.389
Hawkes Bay Southern 1.261 1.236
NI
Nelson -3.035 1.452
Otago -6.985 1.701
Southland -7.893 2.385
Walikato 0 -
C/(N-0.014) -0.338 0.0658
R? (%) 25
RMSE 6.75

Table 5: Regression model for predicting the 300 Index from Region and LUM landuse sub-
category for planted forest.

All Planted Forest
Coefficient Estimate s.e.
Intercept 26.02 1.116
Auckland Northland -1.302 1.541
BOP 1.020 1.523
Canterbury West -9.371 1.956
Coast
Gisborne 1.892 1.506
Hawkes Bay Southern 1.019 1.338
NI
Nelson -4.337 1.539
Otago -7.467 1.776
Southland -9.886 2.481
Walikato 0 -
Grass - high 5.371 1.275
producing
Grass — low 2.953 1.029
producing
Grass — woody 3.142 1.149
biomass
Natural forest 1.376 1.514
Other -1.547 4,964
Planted forest in 1990 0 -
R (%) 24
RMSE 6.828
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3.3 ETSPLOT 300 INDEX ANALYSIS

A substantial number of plots in forest establisbheax-pasture sites were recently
installed as part of the ETS. Participants withtd®89 planted forests exceeding 100 ha
in area are required to have carbon yield tablethfar forest(s) derived from plots
assessed using the field measurement approachpid®ted Scion with the resulting 300
Indices per plot, to test the accuracy of the exgs800 Index surface in Forecaster
Carbon. The ETS plots were intersected with MfB#M, to extract the grassland
subcategory for each plot. Because of mapping uésallimitations, approximately 500
ETS plots were not classified as grassland by th&lLThe plots incorrectly classified as
pre-1990 planted forest were assigned to a grasslancategory based on other ETS plots
nearby, for subsequent data analysis. Plots witixaof crop tree species and a small
number of plots that appeared to be outliers weteised. The accuracy of the existing
surface was assessed by comparing the measurddd#0of acceptable plots with the
value at the plot x,y coordinate predicted by tBé Bidex surface.

The measured 300 Indices showed strong regiorfatéifces (Table 6). The Bay of Plenty
region had the highest mean value (300 Index =)321&@le Canterbury, the West Coast,
and Marlborough had 300 Indices that averaged 2&ssr The 300 Index surface slightly
overpredicted measured values by 0.2% when aversgexhally across all plots (Table
6). Regional differences were apparent, with 3@k mean values overpredicted by
more than 10% in Canterbury and underpredicted dtnerthan 10% in Otago and
Southland. Predictions in other regions mostly aged within 5% of measured mean
values.

Table 6. Mean 300 Index values by region measured in ETS and LUCAS plots, corresponding
predictions from 300 Index surface in Forecaster Carbon, and prediction error.

Region n Measured| Predicted Prediction
300 Index | 300 Index | error %
Auckland 145 29.3 29.2 -0.3
Bay_of Plenty 453 32.8 324 -1.5
Canterbury 871 22.7 26.3 13.1
Gisborne 2343 | 31.8 32.8 2.6
Hawkes_Bay 2986 324 33.3 2.1
Manawatu_Wanganui 1898 31.2 29.8 -4.9
Marlborough 951 25.1 26.7 5.2
Nelson 23 28.4 29.5 3.6
Northland 606 28.3 30.0 5.0
Otago 1070 | 28.2 25.0 -13.4
Southland 241 29.4 26.7 -10.4
Taranaki 554 30.7 30.9 -0.1
Tasman 426 28.7 27.0 -6.9
Waikato 755 29.4 31.0 4.1
Wellington 790 29.7 28.8 -3.2
West_Coast 11 22.5 22.9 1.3
Overall Total or Mean 141283 30.0 30.3 0.2

Summaries by LUM subcategory are given in Tabled lay LUM subcategory within
region in Table 8. Ex-pasture sites had measur8dr8fices on average 19% greater than
pre-1990 forest sites. There was some bias evidehe 300 Index surface. Over-
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prediction was on average more apparent at leshiptive sites (Table 7), as evident from
the ranking: Grassland with Woody Biomass > pr@@lBlanted Forest > Other > Natural
Forest > Grassland — High producing > Grasslandw Broducing. Only Grassland —
Low producing was underpredicted.

Table 7. Mean 300 Index values by LUM subcategory measured in ETS and LUCAS plots,
corresponding predictions from 300 Index surface in Forecaster Carbon, and prediction error.
The mapping resolution is 1 ha, so in this and following table plots classified as “Natural

Forest” and “Other” can be interpreted as grassland.

LUM subcategory n Measured | Predicted | Prediction
300 Index | 300 Index | error %
Grassland - High producing 3223 30.9 31.6 1.3
Grassland - Low producing 8651 30.3 30.1 -1.4
Grassland - With woody biomass 1958 27.4 29.0 4.9
Natural Forest 93 29.0 29.6 1.6
Other 59 26.0 27.1 2.3
Planted Forest - Pre-1990 139 25.9 27.3 4.5
Overall Total or Mean 14128 30.0 30.3 0.2

The effect of site fertility (implied by the graasd subcategory) on the 300 Index varied
by region. In most regions, the 300 Index was araye appreciably higher in grassland
subcategories than Pre-1990 forest, although #gesisito be interpreted with caution
because the sample size based on LUCAS plots wasfemsome regions. 300 Indices
for pre-1990 planted forest plots were similar garage to those obtained for grassland
subcategories in areas such as Gisborne, whiclexysescted because pre-1990 forests in
that region were generally also established onastype sites.
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Table 8. Mean 300 Index values by LUM categories within region based on ETS and LUCAS
plots, corresponding predictions from 300 Index surface in Forecaster Carbon, and prediction

error.
Region/LUM subcategory n Measured | Predicted Prediction
300 Index | 300 Index error %
Auckland
Grassland - High producing 61 30.8 30.2 -2.0
Grassland - Low producing 42 27.9 28.8 3.3
Grassland - With woody biomass 37 29.1 28.1 -4.0
Planted Forest - Pre-1990 5 23.7 29.2 19.4
Bay of Plenty
Grassland - High producing 152 33.7 33.3 -1.3
Grassland - Low producing 231 33.1 324 -2.6
Grassland - With woody biomass 40 30.9 32.0 3.3
Other 2 34.4 31.6 -9.6
Planted Forest - Pre-1990 28 28.0 28.1 0.1
Canterbury
Grassland - High producing 287 22.6 25.2 9.5
Grassland - Low producing 353 22.7 26.7 14.2
Grassland - With woody biomass 221 22.7 27.1 15.9
Natural Forest 2 20.4 20.7 14
Other 5 19.0 25.7 22.1
Planted Forest - Pre-1990 3 21.8 25.1 12.9
Gisborne
Grassland - High producing 62 324 33.1 1.8
Grassland - Low producing 2086 31.9 32.8 2.2
Grassland - With woody biomass 168 30.4 32.8 6.7
Natural Forest 15 29.7 32.4 7.5
Other 3 22.0 35.4 39.2
Planted Forest - Pre-1990 9 29.8 32.7 7.0
Hawkes Bay
Grassland - High producing 1507 32.9 34.2 3.5
Grassland - Low producing 1247  32.0 32.3 -0.3
Grassland - With woody biomass 206 31.1 33.6 7.3
Natural Forest 2 30.0 27.2 -8.5
Other 16 26.7 25.4 -7.1
Planted Forest - Pre-1990 8 30.0 32.1 6.4
Manawatu Wanganui
Grassland - High producing 69 31.3 28.9 -8.7
Grassland - Low producing 1607 315 29.9 -5.8
Grassland - With woody biomass 195 29.2 30.0 1.7
Natural Forest 13 28.8 30.8 6.5
Other 8 17.1 22.2 22.7
Planted Forest - Pre-1990 6 19.9 23.5 15.9
Marlborough
Grassland - High producing 8 25.6 27.3 6.4
Grassland - Low producing 620 25.6 26.1 15
Grassland - With woody biomass 316 24.4 27.9 11.8
Natural Forest 3 18.3 26.8 32.1
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Planted Forest - Pre-1990 4 19.2 27.5 29.0
Nelson

Grassland - Low producing 16 28.9 30.1 4.2
Grassland - With woody biomass 5 27.2 28.5 4.5
Natural Forest 1 30.4 29.3 -4.0
Planted Forest - Pre-1990 1 26.4 25.7 -2.6
Northland

Grassland - High producing 436 29.2 30.7 4.3
Grassland - Low producing 92 25.9 26.5 1.1
Grassland - With woody biomass 69 25.4 30.5 16.1
Planted Forest - Pre-1990 9 29.2 28.9 -2.8
Otago

Grassland - High producing 294 29.7 26.0 -15.0
Grassland - Low producing 517 27.6 24.3 -14.4
Grassland - With woody biomass 232 27.7 25.3 -9.8
Natural Forest 13 28.1 27.6 -1.8
Other 6 29.9 24.3 -23.9
Planted Forest - Pre-1990 8 22.8 22.6 -0.5
Southland

Grassland - High producing 47 33.5 28.3 -18.7
Grassland - Low producing 168 28.6 26.4 -8.7
Grassland - With woody biomass 20 27.7 25.6 -7.9
Natural Forest 2 29.6 30.1 1.4
Other 2 28.2 26.6 -4.5
Planted Forest - Pre-1990 2 19.2 19.7 2.3
Taranaki

Grassland - High producing 28 35.4 35.8 0.5
Grassland - Low producing 466 30.4 30.5 -0.4
Grassland - With woody biomass 45 30.4 324 5.6
Natural Forest 11 31.3 28.2 -11.0
Other 1 35.2 27.0 -30.4
Planted Forest - Pre-1990 3 32.2 32.3 2.1
Tasman

Grassland - High producing 33 27.7 27.9 -0.9
Grassland - Low producing 253 29.9 27.3 -10.7
Grassland - With woody biomass 122 26.8 26.2 -2.8
Natural Forest 4 30.2 28.1 -10.4
Other 1 28.5 24.6 -15.8
Planted Forest - Pre-1990 13 23.0 27.3 14.8
Waikato

Grassland - High producing 185 30.5 31.2 0.9
Grassland - Low producing 415 29.5 31.6 5.6
Grassland - With woody biomass 89 27.1 29.8 8.2
Natural Forest 21 31.8 30.8 -3.1
Other 14 30.1 31.1 2.1
Planted Forest - Pre-1990 31 26.3 25.8 -2.2
Wellington

Grassland - High producing 54 29.2 30.5 4.4
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Grassland - Low producing 538 30.4 28.8 -5.7
Grassland - With woody biomass 186 28.1 28.4 0.6
Natural Forest 6 22.8 28.6 20.9
Other 1 20.0 27.2 26.6
Planted Forest - Pre-1990 5 25.2 26.6 54
West_ Coast

Grassland - With woody biomass 7 23.1 22.7 -2.0
Planted Forest - Pre-1990 4 21.4 23.1 7.1
Overall Total or Mean 14123 30.0 30.3 0.2

3.4 SUMMARY

* A comparison of 300 indices derived from ETS plaith predictions from the

existing 300 surface in Forecaster Carbon has geovinformation on the accuracy

of the existing surface regionally and with respbetlevel of grassland
improvement prior to afforestation of the site.

e The existing 300 Index surface has an overall ptaxh error of 0.2% although the

surface overpredicts in Canterbury (13%) and uneeipts in Otago (13%),

Southland (10%) and Tasman (7%), with predictionrsrin other regions of 5% or

less.

* The existing surface on average overpredicts atflsile sites (Pre-1990 forest
and grassland with woody biomass), and providesmable predictions at more

fertile sites (low producing grassland and highdo@ng grassland).
* Work on improve the 300 Index surface and incorpogahe new surface in
Forecaster Carbon is planned to occur in 2016.

4 Improving look-up tables for other planted species -

Species Productivity
C.L. Todoroki

41 EXISTING MODELS

Tools currently available at Scion for calculatstgnd carbon cover a range of tree
species, including Douglas-fir (Pseudotsuga mengidse eucalypts, the cypresses,

redwood (Sequoia sempervirens), totara (Podocdopars), and kauri (Agathis australis).

The most prevalent model for predicting carbon enhis C_Change (Beets, 1999).
Although developed for P. radiata, it can be usecbnjunction with other species with
input of species-specific volume and growth moaeld density data. C_Change is

implemented in the Forest Carbon Predictor (FCR} implemented in the Douglas-fir
calculator in 2008, and has linkages with the BEtigata web tool. For kauri, and as part of
his Master’s thesis, Greg Steward with the helpeter Beets, developed an Excel
spreadsheet for predicting carbon (Steward, 200Hi} is not incorporated in the kauri
calculator.
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Look-up tables have also been derived for variousst types (i.e. groupings of species)
based on results derived from C_Change and avesgeds the country and across
management regimes .A summary of the calculataysvén in the box below:

Species

D. Fir

Eucalypts

Cypress
Redwood
Totara
Kauri

Calculators Look-up table
(Forest type, thinning assumption)
C_Change, Douglas-fir, common thinning regimes
FCP,
Douglas-fir calculator: Excel
C_Change Exotic hardwoods group, no thinning

E. fastigataweb tool (MAF)
FFR EUFAS web calculator

* Exotic softwoods group, as Rarradiata
* Exotic softwoods group, as Rrradiata
* Indigenous forest group, no thinning
Excel worksheet Indigenous forest group, morting

*C_Change possible with input of species-speciéitad

Apart from Douglas-fir, carbon calculations for thier species are based on limited
information, and cannot be used to accurately ssprtestand in all regionals. In order to
achieve improved accuracy, greater geographicarege of models is required. This in
turn will necessitate additional sample plot measwents, and further planting and
management of the species.

4.2 IDENTIFYING GAPS

The first stage of the ETS look-up table reseatah pimed to determine gaps in existing
knowledge across a range of tree species. Theespeiestigated here include Douglas-fir
(Pseudotsuga menziesi@ucalypts Eucalyptus fastigata, E. nitens, E. regnamsd

poplar Populusspecies). Species of secondary interest incltlteedypresses (including
Cupressus lusitanicandC. macrocarpg redwood $equoia sempervireyjdotara
(Podocarpus totarg and kauri Agathis australis

A literature review and analysis of data and modalsently available for each of the
selected species was conducted. The literaturewesxamined climatic and
environmental factors necessary for the growthsarsiained productivity of the tree
species. A global approach was applied first, fedd by a local approach which examined
data held on the Permanent Sample Plot (PSP) systdnme and taper models available,
and published and unpublished reports.

In general, the geographic spread of the PSPsiglzeveighted to the Central North
Island. This is particularly true f@. fastigata, E. regnangndC. lusitanica for which
more than 40% of plots established in these spececated in the Bay of Plenty
Douglas-fir has the greatest representation ingefimodels, indices, data, and sites
within New Zealand. However, development of a paishity map at the national level for
Douglas-fir, using averaged climatic values (e.gamannual temperature, total annual
rainfall) has been unsuccessful (Watt et al. 2008B)ses for weak correlations?(€0.1)
between productivity indices and environmentalatales were speculated to be due to
Swiss needle cast infestation, and/or to the prawes of the material. Another reason
proposed here is that the variables were baseglemages, rather than on climatic
extremes. The latter have been shown to be imgdgaroductivity (Waring et al. 2008)
and help explain why New Zealand grown Douglagffaduces up to 40% more wood
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volume annually than that recorded on the best sitéhe Pacific Northwest (PNW) of the
United States.

The least represented species in terms of moaelses, data, and sites are the poplars
which are geographically scattered, have had lathg-term research trials, but have been
highly recommended by Shelbourne and Wilkinson 7)2& a promising species for both
production forestry and soil conservation.

The cypresses are grown throughout New Zealand ederythe majority of sample plots
are established witB. macrocarpafollowed closely i C. lusitanicaand models have
been developed for each species, and as a comioeel.

Our current knowledge of species productivity imte of climate, soil, geographic
coverage, and density studies is summarised itatile below. The greatest body of
research, information, models, and PSPs are assdagth Douglas-fir. The least
represented species is the poplars. However, eveases where there is a compelling
body of information, knowledge gaps, caused by imdabe underlying data, still exist. For
example, models developed for lusitanica(CULUS) andC. macrocarpg CUMAC) are
biased towards younger trees. Growth model&fdastigataare based on data that is
predominantly from the Central North Island, ané tluthe limited amount of data, the
model (incorporated in the. fastigatacalculator) has not been subjected to validatiah w
independent data. There is no calculator for tothk@gh growth curves for the species
have been developed. However growth curves (fobésal area and volume) ignore
mortality, thus estimates would be expected tous-estimated, particularly at higher
ages.

Note that in those cases where productivity israefiusing environmental (climate, soil)
data, mortality caused by disease or other abiatiors has, in general, not been
integrated within the models.
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Figure 3.1: Summary of current state of knowledigeetected alternative species

Productivity Productivity Calculator  Soils supporting PSP Density
index defined by PSPs geographic studies
climate & coverage
______________________________________ SO
Species #Soil orders  #Regions #Regions
(of 15) (of 15) (of 15)
Douglas- v v
fir
Cypresses v CULUS v
E. v
fastigata
E. nitens
E.
regnans
Redwood v v v
Poplar 3
Totara P 6
Kauri v 4 6 4
Key:
BNz T2 [5 Te | 12113 15

S| = Site Index; SBAP=Site Basal Area Potential

4.3 IMPLICATIONS OF RESULTS

The models identified in this review are the bestilable for predicting productivity,
however none (including those for Douglas-fir) @maurately predict growth for the
combination of all environmental (temperature, fainsoil, altitude, wind) gradients.

To improve the accuracy of look-up tables that pte\pre-calculated carbon stock tables
for key species, this report analyses our curreié ©f knowledge, and hence determines
gaps in existing knowledge.

A literature review and gap analysis was conduofezlir current understanding of
productivity of alternative (species apart frémus radiatg forestry species in New
Zealand. Priority species for this gap analysis mosed Douglas-firRseudotsuga
menziesii) eucalypts Eucalyptus fastigata, E. nitens, E. regngam@d poplar®Populus
species). Species of secondary interest inclutedypresses (includingupressus
lusitanicaandC. macrocarpg redwood $equoia sempervirepydotara Podocarpus
totara), and kauri Agathis australis

The review for each species covered the currehisstd species site productivity. This
included whether or not productivity indices, sitdices, volume equations, taper
equations, wood density equations, and growth nsduksdl been developed. If developed,
the limitations of the datasets upon which theyeandveloped (for example in terms of
age or site limitations) were examined.

The distribution of the current network of Permar@ample Plots (PSPs) associated with
each species was also examined, and summarisegjioyr In addition climatic
(temperature, rainfall) and biophysical (soil clasation) data were also obtained, and
summarise by region.
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For Douglas-fir, the review was extended to deteenmwhat research had been performed
in investigating the extent and impact of the SviNeedle Cast disease on the species. Of
particular interest, were estimates on the impa8wvass-needle cast on productivity via
reduction of volume production, growth rate or etimeasures of productivity.

There are various measures of productivity, inciggrimary productivity (net and gross),
site productivity or site index. Productivity cae measured by tree growth in terms of
height, basal area, and volume.

Primary productivity is the rate at which energp@ind or organic matter created by
photosynthesis, per unit of the earth’s surfaceupdrtime (Whittaker 1975). Productivity
is expressed as oven dry organic matter irfiyfmor energy in kCal/fdyr. In contrast, the
amount of organic matter present at a given tireeupit of the earth’s surface, is standing
crop or biomass, and is usually expressed a8 ayg/nf, or as t/ha.

On the other hand, site productivity provides a snea of height growth; and for a stand is
expressed as site index. Site index, a commonly mshod for indicating productivity of
a range of plantation species throughout the wslthe mean top height of the 100
largest-diameter trees per hectare. Foradiatathe base age for site index is 20 years,
and for Douglas-fir 40 years, whereas a base ag6 géars was used by Berrill (2004) for
C. lusitanicaandC. macrocarpa

Productivity, in its various forms, differs from @species to another and from one site to
another and is influenced primarily by moisture &mperature, and secondarily by
nutrients and succession (Whittaker 1975). Otheofa that influence productivity

include density or spacing, i.e. the number ofdnger unit area (Evans 1992), disease,
pests, drought, fire, and mortality.

Productivities generally increase with increasestimitation (Fig. 1a) and increase with
increasing temperature (Fig. 1b), although for Dastdir productivity does not necessarily
increase with increasing temperature. Douglasriit species other than radiata pine tend
to have more specific microsite requirements fomgh (Ledgard et al. 2005). F@x.
lusitanicg Watt et al. (2009a) found productivity to be ughced by potential root depth,
summer frosts, date of planting, and vegetatiorecov

3000 3000

3000
. 25004 Yy =—

3 - 1315000 "o
- |+ # ; /
A 2000 + o
z
. - 200
0 [ < 1500
000 ¢ % o ¥ § 10004 0g
h & £ X
B o c
IS / ’ -
N - a P J DO0&64x - D
* o & Y = 3000 (e ) 3 AN &
& 500- o0 - . N
0

1000 2000 3000 4000 10 —100 -50 00 50 100 150 200 250

Precipitation, mm/yr Mean Annwe! Temperature, *'C
Fig. 1a.Net primary productivity, above & Fig. 1b.Net primary productivity, above &
below ground, in relation to mean annual below ground, in relation to mean annual
precipitation. temperature.
Source: Lieth (1973).
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NPP(rainfall) = 3000 - (1 — g~0-000664x) [1]
where x is measured in mm/yr
3000
1 + el.315—0.119x [2]

NPP(temperature) =
where X is measured in °C.

Typical climatic criteria used to aid the selectand siting of tree species include rainfall,
mean annual temperature, maximum and minimum sebsanperature, and length of dry
season. An example of climate data being usedeiatify the environmental limits of
species is the world climatic mapping program (W®@RBooth et al 2002). The software
uses data derived from a global 0.5°x0.5° datas#irecludes data for 67,477 locations.
The data is compatible with that found in the Fsge€ompendium (CAB 2010) for

rainfall and temperature ranges, though changtsetdata ranges can also be made as
illustrated in the example f&t. taeda(loblolly pine) by Booth et al. (2002). WORLD
provides world-wide coverage of major landmassetueling Antarctica.

Environmental limits (rainfall, temperature, anttatle) for selected tree species were
obtained from global accounts available within Boeestry Compendium (CAB 2010,
Table 1).

Table 1. Environmental limits for the alternative species under review

Species Mean Dry season Mean max Mean min Mean Absolute Altitude
annual (months temp hottest temp annual min (m)
rainfall with month (°C) coldest temp (°C) temp (°C)

(mm) <40mm month (°C)
rain)

A. australit 1000-2500 0-? 27-28 13-16 13-16 -3 0-700

C. lawsoniani 1000-2250 6-8 20-33 -2-5 5-11 -22 0-1950

C. arizonic: 300-600 0-4 18-40 -9-2 6-20 -35 0-2400

C. leylandi 450-1800 0-6 13-24 2-12 6-15 -20 0-350

C. lusitanict 600-1500 4-2 24-33 0-6 12-20 -15 0-3000

C.macrocarp. 500-1000 4-8 20-24 5-5 12-15 3 0-100

E fastigat: 750-1900 0-5 22-29 -1-6 12-18 -10 300-1400

E. niten: 750-1500 0-6 20-28 -1-7 9-18 -12 600-1780

E. regnan 700-2000 0-5 18-29 0-10 10-20 -7 0-1100

P. menzies 350-1750 0-3 7-30 -10-5 0-11 -35 0-3260

P. deltoide 380-3000 0-1 22-30 -10-12 12-16 -45 0-3000

P. eugeni 300-1500 0-1 15-30 -5-15 9-20 -29 0-3000

P. nigre 300-1000 2-3 18-31 -5-12 9-17 -29 0-4000

P. totare 700-2000 0-0 26-32 -5-3 9-15 -9 0-650

S. sempervirel  §40-3100 2-4 25-35 9--1 10-16 -12 0-915

Source: CAB (2010) Note: highlighted ranges indiaadrrected values.
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4.4 NEW ZEALAND CLIMATE AND ESTIMATED NET PRIMARY PRODUCTIVITY
(NPP)

According to the National Institute of Water andmsispheric Research (NIWA 2012),
“most areas of New Zealand have between 600 and 180 of rainfall, spread throughout
the year with a dry period during the summer”. Hegremean annual rainfall varies
considerably between regions (Fig. 2a), as does meaual temperature which ranges
from 10°C in the south to 16°C in the north (Fig.2b

This is equivalent to a range in net primary prdivity (NPP) of 990-1960 g/fyr (from
Eqn 1) and 1410-1930 gffgr (from Eqn 2). Based on these results one wexjtect NPP
to be in the range of about 1000-2000 over mudizfThis range (1000-2000 gifyr) is
regarded as being the normal range of NPP for foosst communities (Whittaker 1975).
However, a drop in temperature of 0.7°C occursefary 100 m of altitude (NIWA 2012).
With altitudes of up to 910 m being consideredeonlithin the range of commercial
planting for exotic species (Weston 1957) NPP wdndaxpected to fall as illustrated in
Fig. 3.
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Fig. 2a.Mean annual rainfall Fig. 2b. Mean annual temperature

Source: NIWA (2012)
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4.5 CURRENT STATE OF ALTERNATIVE SPECIES IN THE PSP DATABASE

There are some 3694 plots associated with Douglaé cypresses, eucalypts. (
fastigata, E. nitensandE. regnany coast redwood, poplar, totara, and kauri (F)g. 4
Nearly half (1764 plots) are associated with Dosidla(10 mixed, 1754 pure stands) and
a further quarter (934 plots) with the three eugtly species (39 mixed, 895 pure). The
cypresses (including hybrids) account for aboutfiftte of the plots (16 mixed, 750 pure)
while coast redwood, totara, kauri, and poplarliding hybrids) are associated with 114,
60, 43, and 13 plots respectively. Breakdown ofploés by individual species is given in
Table 2.

Regional breakdown of the PSP plots is shown bgiepen Table 3 and mapped, also by
species, in Figs (5a to 5f). Gaps are evidentlfapecies, including Douglas-fir for which
there are no PSP plots located in Nelson/Tasmaarrégefer NN, PSMEN, Table 3).
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Fig. 4. Alternative species in Permanent Sample Plot databa
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Table 2. Number of plots of each of the species under review.

PSP Code Species Common name # plots #pure
AGAUS Agathisaustralis Kauri 43 23
CCLHG  x. Cupressocyparis leylandii Haggerston Grey leyland cypress 2 1
CCLLG  x. Cupressocyparis leylandii Naylors Blue leyland cypress 11 8
CHLAW Chamaecyparis lawsoniana Lawson cypress 35 35
CUARZ  Cupressus arizonica Arizona cypress 22 22
CULEY  Cupressus leylandii Leyland cypress 10 10
CULUS  Cupressus lusitanica Mexican cypress 239 232
CUMAC Cupressus macrocarpa Monterey cypress 419 414
CUMIX  Cupressusnixture Cypress mixture 28 28
EUFAS  Eucalyptus fastigata brown barrel 174 160
EUNIT Eucalyptus nitens shining gum 356 351
EUREG Eucalyptus regnans mountain ash 404 384
PCTOT Podocarpus totara totara 60 26
PODEL Populus deltoids eastern cottonwood 1 1
POEUG Populus eugenei hybrid black poplar 2 2
POMIX  Populusmixture Poplar mixture 3 3
POREG Populus regenerata * 2 2
POROB Populus robusta * 2 2
POSER Populus serotina * 2 2
POXRU  Populus x rumford Rumford poplar 1 1
PSMEN Pseudotsuga menziesii Douglas-fir 1764 1754
SQSEM Sequoia sempervirens Coast redwood 114 87

*not listed on CAB forestry compendium

Table 3. Number of plots, by region for which measurements are held in the Permanent
Sample Plot database.

Species AK BP CY GS HB MB NN NT OT SD TR WC WK WM WN
AGAUS 20 5 2 4 8 4
CCLHG 1 1
CCLLG 5 5 1
CHLAW 18 2 1 8 1 5
CUARZ 22
CULEY 1 1 8
CuULUS 6 99 10 22 10 3 35 1 13 34 3 3
CUMAC 55 45 5 8 9 10 175 56 7 1 9 23 10 6
CUMIX 8 12 4 4
CU-all 14 167 106 27 22 14 15 210 58 15 2 23 57 27 9
EUFAS 80 4 1 2 15 1 5 48 15 3
EUNIT 135 5 2 5 62 38 52 6 51
EUREG 181 1 2 43 3 1 13 3 150 5 2
PCTOT 2 10 1 1 45 1
PODEL 1
POEUG 2
POMIX 3
POREG 2
POROB 2
POSER 2
POXRU 1
PO-all 8 3 2
PSMEN 473 354 6 156 16 270 221 82 3 45 89 26 23
SQSEM 20 29 20 22 8 1 1 1 5 7
AK=Auckland BP=Bay of Plenty CY=Canterbury = GS=Gish®rn

HB=Hawkes Bay
MB=Marlborough NN=Nelson/Tasman NT=Northland OTagu

SD=Southland
TR=Taranaki
WN=Wellington

WC=West Coast WK=Waikato WM=Wanganuafdwatu
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Figure 5. Regional distribution of species for which measoents are held in PSP
database.

4.6 CLIMATIC CONDITIONS OF PSPS

Mean annual rainfall at the PSP plot locationstedas indicated in Fig. 5 ranged from
480 to 4380 mm. The cypresses were located on pitishe greatest mean annual
rainfall. Totara and kauri demonstrated the leastability in rainfall, whileE. nitens with
the largest interquartile range, grew on plots wittie variability in rainfall (Fig. 6). From
Equation 1, NPP is estimated at 820-2840°/m

Mean annual temperature at the PSP plots ranged@ré to 15.9°C. Minimum
temperature ranged from -0.8 to 12.2°C, and maxirtemperature from 12 to 20°C.
Again, E. nitensdemonstrated the greatest variability in climabaditions, as shown by
the interquartile ranges. sempervireralso had a large interquartile temperature range
(Fig. 7). From equation 2, NPP is then expectdaketwithin the range of 1110-1920

g/mélyr.
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4.7 SOILS UNDERLYING PSPS

Many of the PSPs are established on Brown so#sirtbst extensive soils covering 43% of
New Zealand and occurring in places where sumnaargit is uncommon and which are
not waterlogged in winter. Brown soils are onehs 15 New Zealand Soil Classification
(NZSC) soil orders. The two least extensive sdilstliropic and Semiarid) were absent
from the PSPs. The former (which are found in urdy@as and areas that have been
mined) covers less than 1% of New Zealand, whidalter (which occur in inland Otago
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and southern Canterbury, where annual precipitasitess than about 500 mm) covers
about 1%. The NZSC soil classification for soil gps where PSPs are established is
shown in Table 4. The soil orders underlying egudcies in the PSP plots is given in

Table 5.

Table 4. New Zealand soil classifications associated with each of the Permanent Sample Plot
locations. Anthropic and Semiarid soils are intentionally omitted.

B:Brown
E:Melanic
G:Gley
L:Allophanic
M:Pumice
N:Granular
0O:Organic
P:Pallic
W:Raw
R:Recent
U:Ultic
X:Oxidic

Z:Podzols

Orthic Brown
EO

Orthic Melanic
GO

Orthic Gley
LO

Orthic Allophanic

MO

Orthic Pumice
NO

Orthic Granular
oM

Mesic Organic
Pl

Immature Pallic
WO

Orthic Raw

RO

Orthic Recent
ubD

Densipan Ultic
XO

Orthic Oxidic
Z0

Orthic Podzol

Allophanic Brown  Sandy Brown

GR

Recent Gley

LI

Impeded Allophanic
Ml

Impeded Pumice

PJ PP

Argillic Pallic Perch-Gley Pallic
WF WH

Fluvial Raw

RF RS

Fluvial Recent Sandy Recent
UE uy

Albic Ultic Yellow Ultic

ZP ZX

Perch-Gley Podzol Pan Podzol

Hydrothermal Raw Sandy Raw

BM BF
Mafic Brown Firm Brown
BA
Acid Brown
PX
Fragic Pallic
WS WX

Rocky Raw
RT
Tephric Recent
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Table 5. New Zealand soil classifications by species.
NZSC Classification Key for Soil Orders (defined inTable 4)

Speies B E G L M N O p R u w X z
AGAUS BO LO MO RO
CULEY MO PP RO
BF,BL RO,RS UD,UE WO 70,zP
cuus PP GO,GR LILLO MI,MO om P RORSUBHE WO %
BF BL PLPJ RF,RO
cumac pEBe GR LO MIMO OM oioh by ReRy UE WS zZp
BA.BF RF.RO
euras P45F EM G0 Lo mimo oM CROuy 0
euniT  SABE Eo LO  MI,MO OM PPPX RFRTUEUY 70
EUREG BF,BO LO MO Pl RORT WO 70
PCTOT BABO MO  NO Pl RFRO UY X0
PO-all GO PJ,PX 0
BABF
PSMEN BLBM EO GO LO MIMO NO PLPJ RFRO ;v wh 2ol AP
a0 PPPX RT 7X
SQSEM ng" EO GO LO MO PI,PX RE’EO WH 7P

4.8 WOOD DENSITY

Beets et al. (2008a) found significant regionalesténces in wood density for some
species, includin®@. menziesjiC. macrocarpaandC. lusitanicafor which the differences
were highly significant. Because no significantretation was found between region
means and the corresponding means based on thenprme trial, the study concluded
that regional differences appeared to be relatéactd differences in site fertility, rather
than to broad geographic differences in mean arsiuémperature. Mean whole stem
wood density (including bark) and mean outerwoaglddensity at breast height are given
by species in Tables 6 and 7. Large differenceg wbserved between species, and these
are shown in Table 8, by region. Regional gapskaly evident.

Table 6. Whole stem density of wood plus bark (WSD). Source: Beets et al. 2008a.

Species Mean WSD No. regions No. studies No. trees  Regionintercept Slope P-value

P-value
SQSEM 310 6 12 36 0.7826 276 0.7 0.5827
CULUS 336 9 24 283 0.0261 316 1.2 0.0225
PODEL 357 1 1 4
POEUG 357 1 3 9 .
CUMAC 370 9 24 141 0.0008 342 0.7 0.0537
CULEY 370 3 12 50 0.1124 404.2 -1.7 0.3097
EUREG 389 6 28 120 0.0368 363 1.5 <.0001
CUARZ 393 1 1 3 .
EUNIT 408 4 15 117 0.0414 373 4.3 <.0001
PSMEN 411 7 82 3321 0.0003 401 0.3 0.5647
EUFAS 420 2 6 22 0.5433 363 2.2 0.0003
PCTOT 370 2 3 19 0.6108 . . .
AGAUS 435 4 7 49 0.4367
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Table 7. Breast height outerwood basic density (BHBD). Source: Beets et al. 2008a.

Species Mean BHBD No. regions No. studies No. trees Regionintercept Slope P-value

P-value
SQSEM 333 6 12 36 0.7826 296 0.7 0.5827
CULUS 361 9 24 283 0.0261 339 1.3 0.0225
PODEL 383 1 1 4
POEUG 383 1 3 9 .
CUMAC 396 9 24 141 0.0008 367 0.8 0.0537
CULEY 397 3 12 50 0.1124 433.6 -1.8 0.3097
EUREG 406 6 28 159 0.0643 380 1.7 <.0001
CUARZ 422 1 1 3 .
EUNIT 437 4 15 117 0.0414 400 4.7 <.0001
PSMEN 441 7 82 3330 0.0003 429 0.3 0.5095
EUFAS 450 2 6 22 0.5433 389 2.4 0.0003
PCTOT 384 2 3 19 0.6599 . . .
AGAUS 460 4 7 49 0.2621

Table 8. Whole stem (wood and bark) density by species and region (defined in Table 3).

Source: Beets et al. 2008a.
Species NT AK BP WK GS HB TR WM WN NN MB WC CY OT SD

SQSEM . 353 313 317 341 . . 270 . . . 210

CULUS 372 321 356 357 328 340 337 327 . 386 .

PODEL . . 357

POEUG . . 357 . . . . . . . . . . .
CUMAC 413 . 353 . 331 376 356 391 369 . . 380 418
CULEY . . 357 399 375

EUREG . . 381 414 429 369 . . . . . 378 . 462
CUARZ . . 393 . . . . . . . . . .

EUNIT . . 396 420 . . . . . . . 426 496
PSMEN . . 396 422 . . . 419 . 437 . . 427 455 409
EUFAS . . 413 449

PCTOT . . 364 385 . . .

AGAUS 446 459 . 403 . . 414
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4.9 IMPROVING LOOK-UP TABLES FOR OTHER PLANTED SPECIES - REVIEW
GAPS BY SPECIES

Results of the literature review and gap analysisach of the species under
consideration, beginning with Douglas-fir the mpeavalent of alternative species,
follows.

491 Douglas-fir [PSMEN]

Douglas-fir, the most abundant of the alternatpecges (refer Fig.4), is associated with
PSPs in 13 of the 15 regions of New Zealand (rEédale 3), and is the most well
represented species in terms of productivity ingli@ie index and the 500 Index) ,
volume, taper, growth and yield models. A Douglasdlculator, that enables carbon
estimation, has also been developed

However, development of a productivity map at theanal level for Douglas-fir has not
been successful. Watt et al. (2009b) determinatithivas not possible to produce a
national-level map because the productivity indivese only weakly correlated {R0.1)
with mean annual air temperature, annual rainfadl ather environmental variables. They
speculated that the low correlations could be dusther Swiss needle cast infestation,
and/or to the provenance of the material, and cmea that examination of productivity at
the regional, rather than national level may betlehile. Another important point to note
is that the variables tested in the study weredaseaveraged climatic values (e.g. mean
annual temperature, total annual rainfall) ratle@ssnal variations or climatic extremes,
which have been demonstrated to being importaptdductivity.

Waring et al. (2008), on questioning why New Zedlgrown Douglas-fir produces up to
40% more wood volume annually than that recordetherbest sites in the Pacific
Northwest (PNW) of the United States (Ledgard aettd®, 1985), and on determining
that mean annual values of temperature, precipitatind solar irradiance were similar at
sites examined within NZ and within the PNW, cownled that the higher NZ yields could
be attributed to differences in temperature exteraeorded in the PNW during the
summer growing season. The higher temperatureraggeaused greater deficits in
daytime air humidity, resulting in reduced stomatahductance and photosynthesis.

The current state of knowledge for Douglas-firisgeg below.

Douglas-fir 500 Index

This productivity index combines site index andabasea ‘level’ (as represented by site
basal area potential, SBAP), and can be used tpaanyields across a range of sites. The
index has been standardised to a specific regimieeMing thinning to waste by 15m MTH
to 500 stems/ha, and then growing the stand tal@ges. Hence it has been named the
‘500 Index’ (Knowles 2005).

Douglas-fir calculator

The calculator (Knowles 2008, Knowles et al. 20@848)3b, 2004, available from Future
Forest Research Ltd) can be used to analyse givdhog quality, to determine the
average BA increment for a fully stocked standge 40, and to estimate biomass and
carbon stocks in Douglas-fir stands growing in Ngaaland. Carbon estimates are made
using a series of stand-level functions (Knowlealet2010), and developed through
algebraic manipulation of the equations presenyeldnette et al. (2001) and Ranger and
Gelhaye (2001).

A recent upgrade to the calculator (Version 4.0ngay et al. 2011) has removed bias in
the growth model which caused under-predictiorofeihg thinning. Furthermore,
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validation exercises have indicated that overafults are unbiased (Kimberley and van
der Colff 2010).

Growth and yield models

Growth and yield models for Douglas-fir growingfaur regions of the South Island
(Nelson, Westland, Canterbury, Southland) are asdable online (Lee 2012). Van der
Colff and Shula (2006) developed a distance-inddpentree growth model for Douglas-
fir. The model predicts the growth and yield otansl of trees at an individual tree level,
using a list of trees obtained from inventory, @neldicts diameter at breast height and
total tree height growth and the probability of sadity to project the stand into the future.
Typical information contained for each tree ineettist includes individual tree breast-
height diameters, heights, and the weighting oheadividual (the number of trees per
hectare represented by the individual). This isantrast to a stand growth model that
requires stand level statistics only to predictgig before predicting a diameter
distribution at the desired future age. The adwgata an individual tree model is that in
projecting inventory information, the data collettan individual trees (e.g., on stem
guality) is not lost by any amalgamation to staewkl averages.

Reduced growth due to Swiss needle cast disease

Kimberley et al. (2011b) analysed the effect of &aneedle-cast on growth increment
using PSP data based on Douglas-fir trees agedbrt®b and 60 years and plots located
between 38-46° latitude, from Southland to Baylehg. Climatic variables (mean
temperature, mean minimum temperature, annualalgiahd mean monthly rainfall) were
extracted for each PSP from biophysical geograipifiicmation system (GIS) surfaces
developed for New Zealand (Leathwick et al. 20@23teady decline in growth rate over a
30-year period from the first appearancéofjaeumanni{the cause of the disease) to a
point when it stabilized at a lower increment le¥4i20 years later was found. The
cumulative mean reduction was 25% for mean tophteity % for basal area, and 32% for
stem volume. Volume growth rate decline was graatédre North Island (35%) than the
South Island (23%) of New Zealand. Mortality did mcrease as a result of infection by
P. gaeumanniiThe disease had less effect on cooler sitescedlyehose with low spring
minimum temperatures (p<0.001). Negligible growtitlthe occurred on sites with daily
minimum October temperatures averaging below 3.R¥ies of reduced growth are given
in Table 9.

Table 9. Estimates of the percentage reduction in growth increments attributable to
Phaeocryptopus gaeumannii. Source: Kimberley et al. (2011b)
Reduction in growth (%)

Volume CAlI Mean top height CAl Basal area CAl

All New Zealand 31.9 25.4 27.3
North Island 34.6 27.0 35.5
South Island 22.9 22.8 19.5

CAI = current annual increment.

Watt et al. (2011) used a process-based niche ngGHEVIEX) to project the potential
habitat suitable for Douglas-fir and to predict attance of th&. gaeumannipathogen

and severity of Swiss needle cast. The climate gdanenarios used for the 2080s
indicated that the land area suitable for Dougliaprbduction in the North Island would
reduce from the current level of near 100% to 3% &4 the total land area by 2080s. In
the North Island, four of the six climate changersrios predicted substantial increases in
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disease severity that would make the affected nsgimoarginal for Douglas-fir by the
2080s. In contrast, most regions in the South ¢slaere projected to sustain relatively low
levels of disease, and remain suitable for Doufjtas-

Under current climate, Watt et al. (2011) found ¢inéire North Island to be suitable for
Douglas-fir and for the pathogen. However the ¢fté¢he pathogen on sites north of the
Bay of Plenty has yet to be quantified. Given theager reduction in growth rates for the
northern dataset used by Kimberley et al. (2014 b¢duction in excess of the values
presented in Table 9 for the North Island coulekeected.

Volume and taper functions

A number of volume and taper functions have beerldeed for Douglas-fir. The
functions have diameter, rather than age, as thermariable. The diameter range of trees
within a stand is used to select sample treestlaadlata, when combined with that from
other forests within the same region, forms thesbiasm which the model can be derived.
In general tree volume and taper equations are tosgetermine the stem volume of trees
given measurements such as breast height diammeteree height. They can also be used
to predict volume, diameters and taper of arbitsteyn sections. The equations are basic
components of stand inventory, growth and yieldegoplanning and production
simulation systems. One such system developediah 8@t incorporates volume and
taper equations is Atlas Forecaster . This softw@skprovides the ability to predict the
impacts of site, silviculture and genetics on &ad branch growth and wood properties,
and hence on wood value, internal rate of retuthreet present value. Equations relevant
to Douglas-fir and included within Atlas Forecasteg listed in Table 10. To ensure
reliable estimates, the equations used should p@ppate to the age, location, and
silviculture of the stands to which they are apglie

Table 10. Douglas-fir volume/taper equations available within Atlas Forecaster software

Vol/Taper Number District Created Treatment* Forest

Vol 120 ASHY 1973 U ASHY
Vol&Taper 136 ALL NZ 1977 uT ALL NZ
Vol&Taper 228 LONG age 33-371986 U Longwood
Vol&Taper 273 NN 1990 T G. Downs
Vol&Taper 274 SD 1990 T Southland
Vol&Taper 275 CA 1990 T Canterbury
Vol 438 Kaingaroa 2002 T FCF KANG

*T = thinned; U = unthinned

Biomass

Keyes and Grier (1981) estimated the above- amaiAbglound biomass of 40-year-old
Douglas-fir stands on both low and high producyigites. Above-ground biomass was
estimated using logarithmic regressions of treevglright on stem diameter (Dice 1970).
An individual tree equation that estimates abovaigd biomass from total tree height and
breast height diameter was developed by Moore €2@11).

Biomass data of New Zealand-grown Douglas-fir weéected by Nordmeyer and
Ledgard (1993) who sampled five 15-year-old traesvgng at a site in the Craigieburn
Range (lat. 41°10’S, long. 171°45’E, elev.1040 Additional data were also collected
from the same site 13 years later when the trees 2&years old and from two other sites
in the South Island high country (Alan Nordmeyetpublished data).

More recently Oliver et al. (2011) examined aboaed below-ground biomass of a 28-
year-old stand in Kaingaroa and above-ground bisroéa 31-year-old stand in
Whakarewarewa. Above-ground biomass was 318 t/Kaiagaroa and 273 t/ha at
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Whakarewarewa, with the percentage of stem woosl! lpdwk amounting to 77% in each
stand. Below-ground biomass at Kaingaroa totallé8 ¥ha with 68% found in roots
above 10 cm diameter including the bole (root sto€tke root/shoot ratio of the
Kaingaroa stand was 0.19.

In addition to the above past research, curremiares includes biomass studies in
Southland and Canterbury, wood density studiesarhass trees, and a national wood
density survey. As part of this research, Mark Kamy, in conjunction with Stuart
Kennedy, is working on an improved wood density gladhich is integrated with the 500
Index model and C_Change, a model for predictiagtaltion tree carbon stocks in above
and below ground biomass and litter pools. Furthii@rmation on the new model should
be available later this year.

4.9.2 Eucalypts [EUFAS, EUNIT, EUREG]

As each of the three eucalypt speciesféstigata, E. nitens, E. regnarek substantially
different, they are reviewed separately, rathen géma combined group. Growth and
productivity are reviewed below, while a more gahéackground into the species can be
found in publications such as Miller et al. (199200).

The growth rate of eucalypts can be at least asaf# radiataon favourable sites
(Maclaren 2004). The average site indexHofastigataat age 20 is 31.2m with a range of
23.7-37.3m while the range f&: regnanss higher at 25.8-45.2m. HoweMEr nitensis
highly susceptible to paroplysis, and infectiontlig disease will have a negative effect on
productivity.

Locations of eucalypt PSPs also differ by speckragion E. regnands associated with
the most plots (404), followed closely By nitenswith 356 plotsE. fastigata however,

has been established with only about half that rermobplots (174). Only six (of the 15)
regions for which PSP data are held, comprisénediet species (refer Table 3).

E. regnansappears to be sited in warmer climes than eleitensor E. fastigata(refer

to both the global data presented in Table 1 ariddtatistics shown in Fig. 6), however
this does not necessarily imply tHatregnansannot grow in colder regions. Weston
(1957) reported thdt. regnansappears extremely tolerant to climate and wiktate very
severe frosts of up to -6°C. Ashton (1958) condiietgperiments, both in the field and in
refrigerators, and found thit regnansseedlings were sensitive to frost, and under
artificial frost, softened seedlings were killecabut -3°C and well-hardened seedlings at
-6°C. In the field the lethal frost temperature \game degrees lowdt. regnans

however, is sensitive to salt winds (Weston 1957).

E. fastigatais a fast growing species that is disease resiatahcan tolerate a wide range
of New Zealand environments. It has high potemtsaa plantation species for pulp and
paper, timber, and for carbon forestry. Howevesyfficient PSPs exist to develop a robust
empirical growth and yield model for the entire nty. To circumvent this issue, a
process-based model 3-8 physiological processes for predicting growtatighly), was
parameterised fdE. fastigatafor New Zealand conditions, and used to simulaterges of
management scenarios for decision makers to agsessitability of this species
throughout the country (Meason et al. 2011).

Meason et al. (2010) developed a carbon sequestrnagb tool folE. fastigata In the
process, they found that stand growth varied readipywith the most productive sites
located in Northland and the least productiveisit8outhland. They also found that wood
core density was not influenced by site produgtjvior by region.

Austin et al. (1984) developed response surfadesn(s below) foriE. fastigataand other
eucalypt species grown in Australia using mean altemperature, mean annual rainfall,
radiation index and geology. The analysis indicat@dwilinear response curves for
temperature and rainfall, and linear for radiatimhex with higher probability of
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occurrence on granite (Fig. 8). The model predithechighest probability (0.70 on
sediments) of findinge. fastigatabeing under environmental conditions of mean annual
temperature approximately 11 °C and mean annuahathof 1 200 mm on steep, very
protected (gully) southern slopes. Under similardittons, but on exposed northern slopes
the probability fell to 0.22. The relative importanof the environmental variables in
predicting the occurrence Bf fastigatawas temperature (68.3 change in deviance),
rainfall (26.1), radiation index (15.3), and geoldd.8). In contrast, environmental drivers
considered by Meason and colleagues (Meason angdy 2009, Meason et al. 20Xy
E. fastigatagrown in New Zealand included temperature, rainfadst, soil depth, and
plant available soil phosphorus.

(@) Mean annual rainfall  (mm)

1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000
~— T T T T T T T T LI ¢ T T T T T T ™ T T T T T T T T T
oz

Radiation index = 0-70 I Radiation index = 1-0

E. fastigata

E. fastigata E. fastigata

Fig. 8. Predicted response surfaces of probability of occurrence for selected eucalypt species in relation to mean annual temperature and
mean annual rainfall at different levels of radiation index on sediments. The predicted surfaces are based on continuous quadratic (or

Figure 8. Response surfaces feucalyptus fastigatan Australia. Source: Austin et al.
(1984).

Growth and yield
Growth models have been developedHonitens, E. fastigatandE. regnans

E. regnans model No. 1

TheE. regnanggrowth model (Hayward 1988) was developed frona diam over 220
plots, located in Kinleith Forest. Thus the modejeographically limited to the volcanic
plateau. Furthermore, the trees were relativelynga(3-15 years old) and stocking ranged
from 2500 to 600 stems/ha. The model, which exadualthinning function, was validated
in 1990 (McKenzie 1990). Validation showed the modas adequate for unthinned
stands less than 15 years of age.

E. regnans model No. 2

A new model (MacLean and van Zyl 1997) was subseityudeveloped to address some
of the limitations ofE. regnandNo. 1. It included thinning functions and incorat&ad an
extended range of sites and ages, with over 90@unements from 138 plots. The
majority of data were from the central North Islaarda but there was also data from
Northland and Southland, were used to constructhe2 growth model. A thinning
function was included in the model. Tree age wilgslatively young with a range of 3.2
to 32.2 years. Stocking ranged from 50 to 2900 stieap and MAI from 0.77 to 51.04
(m*halyr), Table 11. These MAI seem relatively low Miller et al. (2000) report that
MAI for volume is typically 20-30 m3/ha/yr. Subseunnt validation indicated that the
model was adequate for stands under 20 years of age
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Table 11. Summary of data used in development of E. regnans No. 2 growth model.

Age Site MTH  Stems/ha BA MAI Vol
(years) Index (m) (m*ha) (m*halyr) (m°ha)
Mean 9.7 359 20.2 612 14.6 10.93 119.5
Min 3.2 258 m5.8 50 1.1 0.77 3.6
Max 322 482 557 2900 76.4 51.04 1226.2

E. nitens

Candy (1997) developed a growth modelEomnitenswith data sourced from plantations
in Tasmania and New Zealand. The combined dataagtiged 2 to 34 years (mean 7
years), MAI 0.4 to 32.4 ftha/yr (mean 10.7 halyr), site index at age 15 ranging from
13.8 to 38.9 (mean 26.2), and initial stocking 00 10 2600 stems/ha (mean 1142
stems/ha). An independent data set from Otagol@R7 Garden regime trial site) was
used to compare with growth predictions from thadyagrowth model. The model was
found to consistently underestimate basal areatiréo the Garden regime trial site
(Berrill 1999).

E. fastigata

A stand growth model fdE. fastigatawas developed using a combination of PSP and
Carter Holt Harvey Forests (CHHF), (van der Cotfti&imberley 2005). The latter plots
were mainly located mainly in Kinleith Forest estat the Central North Island. The
combined dataset had a mean age of 16.8 year®e(radg¢6 years), MTH of 29.5m (range
10.7-58.4m), and a mean final stocking of 1259 stem(range 220-4400 stems/ha).

A growth and yield model fdE. fastigatawas developed by Berrill and Hay (2005) using
data from a combination of 66 PSPs and 45 othés plotained using the “Method for the
Assessment of Recoverable Volume by Log Type”, ncoramonly known as MARVL
The data were predominantly from the North Isladdr{hland, Bay of Plenty, Central
North Island, Wanganui/Manawatu) but four plot$@P and 2 MARVL) were located in
the Nelson/Marlborough region. Tree age ranged 2am66 years (mean 12 years), and
stocking from 21 to 5000 stems/ha (mean 1111 steaps/

Volume and taper functions

Two national equations fd. nitens have been developed. Equation T256 was developed
in by Gordon et al. (1990) and can be applieddedranging in DBH from 6 to 56 cm and
in height from 4 to 33 m. Equation T435 was devetbjm 2000 and can be applied to trees
ranging in DBH from 3 to 64 cm and in height frono439 m. A further function, 201,

was developed by E. Baalmann in 2011. Commentsdrafaof this FEA volume and

taper function are reported in Goulding (2009).

Equation T276 was developed térfastigatain 1992 (Smart 1992). It is based on
sectional measurements of 90 trees growing in #r@r@l North Island and can be applied
to trees ranging in DBH from 10 to 100 cm and irghefrom 13 to 55 m. There are also
two older volume equations; number 34 developel®BO and based on data from Oakura
Forest, Taranaki; and number 38, created in 1961.

Chikumbo and Nicholas (2011) used stand volume isptiyether with models for stand
basal area and average stand height, to deterrficierd thinning regimes for E. fastigata
that provided a balance between volume and valo@ugtion.

Equation T247 was developed torregnandy Hayward (1987). It is applicable to trees
ranging in DBH from 8 to 50 cm and in height fron80 m, and is based on sectional
measurements of 364 trees growing in former NZFests in the Central North Island.

The original data was held by Carter Holt Harveyests Ltd. and appears to be
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unavailable for use in any volume and taper eqonagweision. The taper function was also
undefined at the tip of the tree.

E. fastigata calculator and web-based tools

A web-based calculator fewaluating the economics of growikg fastigatais available
on the Future Forests Research (FFR) website (H&&EL). The calculator uses the
fastigatagrowth model (van der Colff and Kimberley 2005).

Other research, culminating in a web-based caloufat carbon forestry (Meason et al.
2010) has also been developed and has shown thatrsductivity forE. fastigatais
influenced by extractable phosphorus and soil order

Biomass and density

Moore et al. (2011) developed a generalised abovengl biomass equation, derived
from168Eucalyptudrees of a variety of specids. (hitens E. fastigataE. saligna E.
regnansandE. maideni). A number of other biomass studies have beerpedd
(Madgwick et al. (1981) foE. fastigataandE. nitens Frederick et al. (1982a and 1985)
for E. regnan¥ Frederick et al. (1982b) also analysed wood ithen$ youngE. regnans
and McKinley et al. (2000) analysed thattoffastigata, E. nitens, E. regnamsd other
species.

49.3 Poplars [PODEL, POEUG, POMIX, POREG, POROB, POSER]

Research related to the poplar species is somdintiegd, with the least number of PSP
plots established (just 13), and with these berwggaphically scattered (refer Fig 5fF).
However, volume and taper functions have been dpeel for the species, and growth and
yield reported.

Poplars are commonly planted on moist, unstablepdill country to combat soill
erosion. However they have also been identifiepramising for production forestry. In
particular,P. trichocarpawas identified by Shelbourne and Wilkinson (1983 a

promising species for both production forestry aail conservation.

Poplars offer other advantages including (Macl&@od):

1. The ability to grow in wetter areas than radiateepiprovided that the water is
not stagnant.

2. Poplar can be planted out of reach of livestockheform of poles, without the
need to either fence the plantings or to forgo iggafor several years.

3. The foliage can provide valuable stock feed dudrmughts, but only at the
considerable cost of pollarding, or by schedulingmal clearwood pruning to
coincide with a feed shortage.

Recent trials of poplar clones bred for soil siahtion (Mclvor et al. 2011) showed
favourable results, with the experimental clonasalestrating similar survival to
commercial clones, and showing a high tolerancgimol. P. maximowiczii x P. nigra
clones were considered particularly suitable fddeosites subject to severe winter frosts
and to warmer sites with regular rainfall, but Ieeged to sites prone to salt spray and to
summer drought.

Growth and yield

Wilkinson (2000) reported that poplars are fastagng trees in their natural habitats,
commonly exceeding 30 m in height and 90 cm in éi@mwhen maturd?. deltoids the
fastest growing commercial forest species in N@uterica, and planted at 2700 stems/ha
without irrigation yielded 140 ffha total volume at age four, whike trichocarpahas
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been at 500 fitha in 24 years. In NZ, at age 12 and with a stmckf 500 s/ha, the
volume of seven families &. deltoidesat Brookfield Arboretum at Napier, ranged
between 283 and 442%ha; equivalent to 20-37 Yma/yr (Wilkinson 2000).

Poplar yield tables for predicting mean top anduawe were developed by MacLean
(1997) based on 34 MARVL inventories. After theligidn of supplementary data, the
height and volume functions were re-estimated (Me&tel and Knowles 1998). Using this
model to achieve maximum growth rates (optimal, sitepruning, very high stocking)
enables a productivity of about 53.5/ha/yr at age 15 — a figure close to the maximum
theorised for radiata pine (Maclaren 2004).

Volume and taper functions

Volume equation 113 (RO, WN) was created for popid972, and a national volume
and taper equation, 394, was created in 1998.

Wood density

McElwee and Knowles (1998) reported a density raf@80 to 450 kg/rhfor the outer
10 rings at age 15 &f. trichocarpaj.e. approaching that of Douglas-fir. Mean breast
height outer wood density values fordeltoidsandP. eugenebf 383 kg/ni (refer Table
7) also falls within this range.

McElwee and Knowles (1998) concluded:

1. The past introduction and breeding of poplars leher effectively explored the
genetic variability among and within the 30-40 spsof the genus nor provided
adequate genetic base populations of any speci@srtoer breeding for soil
conservation and for production forestry.

2. ltis strongly contended that the genus has gmeaalised potential for production
forestry in New Zealand which has never been erploand that the identification
of valuable species could provide needed divemiproducts, markets and genetic
material for an industry that is dependent on Jevy species.

49.4 Cypresses [CULEY, CULUS, CUMAC]

The cypresses are established throughout New Zkalésough there are about 20 species
of the genu€upressugMiller and Knowles 1996), the majority of PSPe pfanted with
eitherC. macrocarpg419 plots) olC. lusitanica(239 plots). For this reason, model
development has been largely restricted to thesespgcies. With relatively young crops
(C. lusitannicaaveraged 12.7 years, a@dmacrocarpél?.1 years) from which
measurements were obtained, the models for gromdlyield were biased towards
younger trees.

A productivity profile was developed f@. lusitanica(Watt et al. 2009a) from PSPs that
covered most of the North Island, but limited td$d& and northern regions of the West
Coast in the South Island. Sites that were eitbey cold (mean annual temperature 8.5 -
10.5 C) or dry (mean annual rainfall 600 - 972 mwe)e not represented. While
lusitanicais susceptible to damage by salt windsmacrocarpas not (Weston 1957).
Recent silvicultural trials (Low and Andersen 20&aigygest that. lusitanicagrows best
when planted at 1100 stems/ha, pruned and thirmadinal stocking of 400 stems/ha at
age eight (or ten metres in height), and harvestede 30, with the production of 806 m
on good sites. Results f@. macrocarpawvere similar, though less aggressive thinning was
recommended to account for mortality due to canker.

Growth and yield

Preliminary growth and yield models, with a base afj30 years for site index, were
developed fo€. lusitanicaandC. macrocarpaby Berrill (2004). A wide range of height

Ministry for Primary Industries Improvement of lookup tables for ETS « 47



growth rates, ranging from 15 to 35 m mean topliteag) age 30 was observed. Berrill
(2004) also developed basal area, mortality, amanve modelsHowever data used in
model development were biased towards younger (iedde 12).

Table 12. Cupressus lusitanica and C. macrocarpa sample plot count, maximum age, and
mean annual volume increment (MAI) by geographic region. Source: Berrill (2004)

Region C.lustanica __C.macrocarpa
No. Max Max No. Max Max
Plots age MAI Plots age MAI
(m°ha) (m*ha)
North Northland 34 41 19.3 4 42 17.2
Island
Auckland 6 8 11.0 - - -
Bay of Plenty 47 41 24.6 20 39 15.5
Waikato 33 67 19.8 23 61 22.6
Gisborne 20 31 20.3 3 4 6.3
Hawke’s Bay 10 28 26.0 - - -
Taranaki 1 32 19.6 1 33 29.0
Wanganui/Manawatu 3 31 17.5 10 34 20.0
Wellington 3 13 18.5 6 51 22.9
All regions 157 67 26.0 67 61 29.0
South Nelson 1 13 11.4 8 36 4.7
Island
West Coast 8 14 9.2 7 16 18.9
Canterbury - - - 21 55 16.9
Otago - - - 53 72 36.1
Southland - - - 7 18 16.4
All regions 9 4 11.4 96 72 36.1

49.5 Coastredwood [SQSEM]

Coast redwood, though intolerant of strong prengilvinds, salt-laden coastal winds and
vulnerable to out-of-season frosts (Weston 195f),grow well in New Zealand. When
young, coast redwood is very sensitive to climaie site factors, and retarded or checked
early growth is common when conditions are lesa taal (Knowles and Miller 1993).

The majority of the coast redwood PSPs are lodatélie North Island. However there are
also a number of plots established in the Sou#ntklextending down to Southland.
Despite this, a number of growth and yield modeal$ jproductivity indices have been
developed. Coast redwood site index has been fmurahge between 17 and 49 m, and
the newly developed 400 Index from 6 to 50ha/yr (Palmer et al. 2009).

Productivity models and maps of New Zealand ccabtivood were developed by Palmer
et al. (2009). They were based on data (23 pl&syed from the PSP database subject to
the coast redwood trees being at least 15 yeamnaldvith screening for coppicing. The
PSP data was used to develop multiple regressiaelsof S. sempervirens site index and
400 Index using independent variables obtained fraerpolated climate surfaces and a
national ancillary soil phosphorus map. Palmei.g2809) found that temperature was
important to productivity, accounting for 55 and®4 df the variance in 400 index and site
index respectively. Furthermore, the final 400 md®del accounted for 76% of the
variance in the data. Independent model varialethe 400 index included mean spring
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air temperature, subsoil acid soluble phosphoms naean summer vapour pressure
deficit, with these variables respectively accaumfior 55, 16, and 5% of the variance.
The final site index model explained 82% of theadadriance using mean annual daily
temperature and mean summer vapour pressure defiititthe variables accounting for
71, and 11% of the variance, respectively. Althotighproductivity models and surfaces
related PSP data to environmental conditionsdlieate and soil), data from drier (e.g.
Canterbury, Otago, Northland) or wetter regiong.(&/est Coast) were not represented.
Thus the model is suited to temperate climatic @ (i.e. a mild climate, free from
extremes), and limitations of the model cannotrbmediately addressed.

Site Index

Palmer et al. (2009) defined site index for coasdivood as the height of the 100 largest
diameter trees per hectare at breast height ageat8 (i.e. 40 years after attaining a MTH
of 1.4 m, which typically occurs at about age 3rggeSite index was derived from
measurements of age and mean top height (MTH, imeight of the 100 largest diameter
trees per hectare). Spatial datasets used to mipe@hdex included climatic data; namely
mean annual daily air temperature and mean sumapaw pressure deficit. Mean annual
daily temperature was limited to a lower value 0f6EC and mean summer vapour
pressure deficit constrained between 0.42 andKPa7 Site index values ranged from 17
to 49 m.

Basal area growth

An index of basal area growth, BA40/400 was derifrech measurements of age, stocking
and BA using the BA model. BA40/400 is definedlzs BA at BH age 40 years for a
stand growing at 400 stems ha-1.

400-index

The 400 index (Palmer et al. 2009) is defined asstem volume mean annual increment
at breast height age 40 years for a reference eegfm00 stems ha-1. The index was
derived from spatial datasets that included meangpemperature, mean summer vapour
pressure deficit, and subsoil acid soluble phogpa@and combined both site index and
basal area growth. For the PSP data used in thelptbd 400 index ranged from 6 to 50
m3/halyr.

Redwood calculator

The redwood calculator described by the New ZeaRedivood Company (2012) and
upgraded by van der Colff and Kimberley (2011) a&spsite index at age 40 and a “400
Index Basal Area”. It was originally based on caasiwood data collated from 14 stands
(Lismore, Wenita, Akatarawa, Te Wera Forest, Wil]9ggongotaha, New Plymouth,
Totara Grove Farm, Mangatu Cpt 98, Mangatu Cptiténui, Patunamu, Ruatoria Cpt
303, and Brann). The Excel-based calculator inaates a growth model (Kimberley et

al. 2011a). The calculator requires input of itisitocking, site index, mortality, basal area,
diameter at breast height, stem volume, mean tmghthe@nd crown height, and other
variables. Stem volume under bark is calculatedgugie T458/F458 tree volume/taper
functions (van der Colff 2005).

Growth and yield models

A growth model that predicts basal area (BA) anami@p height (MTH, mean height of
the 100 largest diameter trees per hectare) atetrawwlume function, have also been
developed by Scion. The growth model was constduaseng data from stem analysis of
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trees from eight 20 to 30 year old stands suppléadenith data from a national series of
32 permanent sample plots (PSPs). The projectmigested by NZ Forestry Limited
(NZF) and was jointly funded by NZF and The New |Aed Redwood Company
(TNZRC), the New Zealand based subsidiary of theeB@Vheeler Company of
California. The model uses a common-asymptote ChapRichards function (Richards,
1959) to predict MTH, and for predicting BA usesaramorphic Schumacher function
(Schumacher, 1939) with the asymptote parametgingaas a function of stocking.

A review of the effects of silvicultural practicess recently conducted however there was
insufficient data to develop a stand level modelpi@dicting the response to thinning and
pruning (Grace and Meason 2011).

Volume and taper functions

NZ Coast redwood volume and taper functions (T4888Hunctions) were developed by
van der Colff (2005). The functions were reviewgdvieason (2010) who recommended
the development of separate volume and taper emsafior slow growing/low productivity
sites whilst also recommending clear specificatiomnglistinguishing between these site
types. About the same time, new equations (T472)4eére developed (van der Colff
2010) as the former functions (T458/F458) were i@red unsatisfactory for estimating
volumes/taper of smaller trees. The new equaticTe \itted to tree sectional
measurement data collected in 2005 and 2009, aretex a range of ages and densities.
The 2005 data was collected from trees aged fréon68 years. The 2009 data comprised
two stands, one stocked at 625 stems/ha, the atli&75 stems/ha, and both aged seven
years.

Biomass

Biomass data was collected for young 3 and 4-ykbcaast redwood trees and below-
ground observations were published by Phillipd.g2812). In the US, Jenkins et al.
(2003, 2004) developed generalised allometric egsfor predicting total aboveground
(oven-dry) biomass for individual stems given DBFbast redwoods were classified as
cedar/larch softwoods. The biomass equation wasedform:

BM = Exp(bO + blin DBH)
where BM = total aboveground biomass (kg) for tr&é&scm and larger in DBH (cm), and,
for b0 =-2.0336 and bl = 2.2592. The equationbes®d on a sample size of 196 stems,
with RMSE = 0.2946 and R2 = 0.981.

Density

Basic density of 45-year old coast redwoods growiegr Tauranga was found to be 356
kg/m3 (Colbert and McConchie 1983). This is lesstthe 380 kg/m3 for US old growth
trees but more than the 340 kg/m3 for young gravaés (US FPL 1974). Density varies
with height up stem and with distance from pithsiBalensity also appears to be subject to
regional variation (Colbert and McConchie 1983, Mgu 983, Table 13). One coast
redwood growing in Hokitika, recorded with a protiuty of 19.74 m3 at 0.31 m3/annum
had an exceptionally low basic density of just Rg5n3 (Young 1983).
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Table 13. Basic density by location. Source (Young 1983).

Sample Source No. trees Age Basic density
(years)  (kg/m°)
Taumaruni 2 29 348
Helensville 1 ~60 380
Whakarewarewa SF Cpt2 7 50 289
FRI Arboretum 1 ~50 397
Waitapu SF Cpt 2 2 63 460
Whakarewarewa Cpt 2 7 69 327
Mangakino 4 - 336
Gisborne 2 40 365
East Cape 2 49 367
Tauranga 5 45 353
Hokitika 1 64 225
Mean 36 52 332

49.6 Totara [PCTOT]

Totara permanent sample plots are located in théhNsland, with 75% of these being
located in Northland. Because of this, the variatroenvironmental gradients (refer Figs 6
& 7 for annual rainfall and temperature, respedyivior this species is small. However
totara has also been established as planted stanmdmy other parts of the North Island,
as small woodlots or shelter belts. Furthermorea# been suggested by Bergin and Pardy
(1987) that totara could be grown successfully plaatation species for timber
production. To this end, a long-term genetics tied been established (Bergin, 2001).
These trials were used to examine the populatioeties of totara as well as growth and
form (Alderson-Wallace et al. 2010).

Though there are some limitations in the modelsddeed below), diameter and height
growth have been studied, and models of volumebasdl! area developed.

Diameter and height growth

Bergin and Kimberley (2009) examined diameter amdlit growth of two totara stands,
one aged 100 years, the other 21 years, and thenss to thinning. For the 21-year old
stand, mean stem diameter varied from 8.6-21.5arrthe thinned plots and 9.3-18.6 cm
for the unthinned plots. Diameter growth averagadss all plots showed a 3-fold
increase in response to thinning.

Volume and basal area

Bergin and Kimberley (2003) derived growth curvestbtara, aged 10-94 years. Both
basal area and volume growth curves, while indigasiow growth over the first 20-30
years, demonstrated an exponential form. At agge@@s, basal area was 11&/ma, and
volume 800 nYha. Mean annual increment for totara stocked@0ktems/ha was
estimated at 10 ffha at 60 years. Note that the model ignored nigrtahus estimates of
volume and basal area would be expected to beestanated, particularly at higher ages.

Wood density

Bergin and Kimberley (2009) also examined heartwarod sapwood densities. The former
ranged from low of 402 kg/frto 558kg/m, and the latter from 407 kgfrto 608 kg/mi,
giving an overall disc weighted value of 476 ki/m
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Biomass

To develop new regression equations for biomasshbode-ground carbon estimation,
Beets et al (2008b) assessed totara trees in tlen@ka region and found a range in breast
height (1.4m) basic density of 250 to 432 k(at 0-5 cm), and 353 to 474 kgiifat 5-15
cm).

497 Kauri [AGAUS]

Kauri, like totara, with all PSPs established ie North Island, has little variation in
environmental gradients (refer Figs 6 and 7). Untiitara, more is known about its growth
and yield. Furthermore, a kauri calculator hasmdgdeen developed (in conjunction with
Scion and Tane’s Tree Trust, with funding from 8westainable Farming Fund) and is
available through membership of FFR.

Height and diameter growth

Observations of growth in natural stands indicaéamannual increment of 2.5-6.0 mm in
diameter and 0.3 m in height (Steward and Bever&fi§®). In planted stands, mean
annual growth of kauri has been reported at 7.0imdameter and 0.36 m in height
(Pardy et al., 1992). Steward (2011a) found a asinfieight increment of 0.4 m/yr for
planted kauri for periods of up to 30 years. At &Qeplanted kauri was predicted to be 20
m in height, over twice the height of kauri in nafustands, and to be 28.1 m by 100 years.

Growth and yield

A preliminary stand productivity model, based otadaom two 60-year-old unthinned
kauri stands in New Plymouth, predicted tree hetdgl#5 m and diameter of 34 cm at age
80 years (Herbert et al., 1996). At 80 years, tetabd volume in stands containing 1300
stems/ha was predicted to be 110%ha.

Basal area

A stand basal area model, valid for stand densitlyinvthe range of 300-1400 stems/ha,
was developed from data from thirteen planted kstamds (Chikumbo and Steward,

2007). Predicted basal area values were simildrase of Herbert et al. (1996) until age

60. From age 60 the extrapolated values were ceraity larger (22% at age 80).

Steward (2011a) developed models of growth andymtodty, valid for stands from 320-
2000 stems/ha, for three stand types (plantednsegmwth unthinned and thinned), and
for a combined data set of the three stands. Riddari data was derived from 31 PSPs
located in 25 planted stands and ranging in age ftd-83 years at the last assessment.
Kauri in all stand types were found to be slow sbablish with little height growth in
planted stands for the first five years after plamtand for the first 25 years in natural
stands. Similar trends were observed for basalardavhole-tree volume. Productivity in
planted stands was better than that in second-gretands. Basal area at age 50 averaged
64.9 nf/ha for all planted stands, and was predicted t8%@& nf/ha at age 100. Whole-
tree volume was predicted to increase byl1¥hatannum for all stands, but was as high
as 20.6 nYhalyr in one 70 year old stand. The maximum praditg of kauri was
observed in one high-performing young kauri planstand where whole-tree volume
increment in excess of 30°ha/yr were predicted for a period from age 15-30.

Kauri calculator

A kauri calculator is available on FFR website teriers. The calculator incorporates
models developed for MTH, volume and basal aramafanaged, unimproved stands.
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Biomass

Beets et al (2008b) assessed the biomass of deamshes and foliage of felled kauri
trees located in Hunua and Taranaki in order telb® new regression equations for
biomass and above-ground carbon estimation. TreesHunua were 130 years old, while
those from Taranaki were 69 years old.

Wood quality

Work is currently in progress (Steward 2011b) tealiep an understanding of the wood
quality and characteristics of plantation-grown Nésaland kauri based on standing tree
measurements and increment cores from stands vaitidroutside the current natural
range of the species, and with comparisons madekaitri of similar diameter in natural
stands.

Summary and conclusions

The models identified in this review are the bestilable for predicting productivity,
however none (including those for Douglas-fir) emaurately predict growth for the
combination of all environmental (temperature, fainsoil, altitude, wind) gradients. The
geographic spread of the PSPs is heavily weiglutédet North Island with a porosity of
plots associated with. fastigataandC. lusitanica

Our current knowledge of species productivity imtg of climate, soil, geographic
coverage, and density studies is summarised ireTabbelow. The colour-coded cells
indicate the total number of regions or soil ordegsociated with each species. The
maximum number for each is 15 (refer Table 3 ferrégions, and Table 4 for the soill
orders). Gaps in knowledge, for all species, agarty evident. Less apparent are other
knowledge gaps caused by bias in the underlying. dfatr example, models developed for
C. lusitanica(CULUS) andC. macrocarpg CUMAC) are biased towards younger trees.
Growth models foE. fastigataare based on data that is predominantly from #&@l
North Island, and due to the limited amount of ddta model (incorporated in tie
fastigatacalculator) has not been subjected to validatidh imdependent data. There is
no calculator for totara, though growth curvestfa species have been developed.
However growth curves (for the basal area and ve)ugnore mortality, thus estimates
would be expected to be over-estimated, particuktrhigher ages.

Note that in those cases where productivity israefiusing environmental (climate, soil)
data, mortality caused by disease or other abiatitors has, in general, not been
integrated within the models.

Ministry for Primary Industries Improvement of lookup tables for ETS ¢ 53



Table 14: Summary of current state of knowledge of selected alternative species

Productivity Productivity Calculator Soils supporting PSP Density
index defined by PSPs geographic studies
climate & coverage
____________________________________ SOU
Species #Soil orders  #Regions (of  #Regions
(of 15) 15) (of 15)
Douglas- v v
fir
Cypresses v CULUS v
E. v
fastigata
E. nitens
E. regnans
Redwood v v v
Poplar
Totara
Kauri v
Key:
EZINs T2 [5 e | 12 113 15

Sl = Site Index; SBAP=Site Basal Area Potential

In conclusion, the current information available &ternative species is not adequate to
predict productivity and carbon sequestration aately throughout New Zealand. In view
of the gaps identified in this review, further sdenplots should be established; particularly
for the poplars, totara, and kauri. To improveithbalance in the current geographic
distribution of PSPs, additional plots should balelsshed in regions currently
underrepresented — notably the South Island anthMad. To improve and/or validate
current models, further measurements of the revdeve species are also require,
particularly forE. fastigata These recommendations will improve and PSP databad
the models over the long term. To improve predicion productivity in the short term, it
is recommended that other methods are investigathading pair plots withP. radiata
process-based modelling, and an improved undeiisgod drivers of growth for
alternative species.

4.10 NEW PLOTS TO FILL GAPS

A total of 421 plots were used to in the analys$ialternative species productivity (Table
15). A total of 80 new plots across 12 sites wéraegically located and installed for key
alternative species to increase the distributioplots throughout the country with wood
density data and growth data, to address geogmphdeficiencies. The following
sections on wood density of other species incotpdrath existing and new data.

Three of these other species were used in thedopiog growth analysis in section 8;
Eucalyptus fastigataCupressus lusitanicandSequoia sempervirenshese species are
most suitable for carbon sequestration and hatesegeographic spread to determine if
alternative species productivity could be robuptigdicted from radiata pine productivity.
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Table 15: Alternative species used in this study by plot type

Species Number of Number of new
existing plots plots

Cupressus lusitanica 161

Eucalyptus fastigata 65 7
Eucalyptus nitens 11
Eucalyptus regnans 17
Eucalyptus saligna 15
Sequoia sempervirens 115 30

5 Improving wood density and growth of eucalyptus using
data for Northland

C.L. Todoroki and D.F. Meason

5.1 INTRODUCTION

This report compares the survival, growth, woodsitgnbasal area, and biomass of four
eucalypt species,.Eastigata, E. nitens, E.regnarendE. saligna growing on two sites in
Northland. Comparisons are made with existing ghonvodels and with other allometric
relationships, e.g. for estimating above-ground bimass. A correction is made to the
fastigatamodel developed by Van der Colff and KimberleyG2D Data from this study
has been forwarded to augment the Atlas Permarsenpl@ Plot system.
The four species,.Hastigata, E. nitens, E.regnarendE. saligng (FAS, NIT, REG, SAL
respectively) grew on two sites in Northland (omeGarnation Road, the other on Karaka
Road). Each site comprised a series of eucalypbksttment trials, established at 2500
stems per hectare (sph) and thinned to a stocKitgs0 sph at age two. Tree
measurements were made when the trees were 24ofessgs. Wood density cores were
obtained at 21 years f&. fastigatg and at 24 years for the other species. The salfviv
growth, wood density, basal area, and biomass e&amined and compared by species.
Main findings:

1) SAL exhibited the greatest survival rate and NI& lgast.

2) Forking was more pronounced with FAS, particulamythe CARN site.

3) REG recorded the greatest mean diameter and SAkdise

4) Tree volume ranking (Bt REG > FAS > NIT > SAL

5) Core density ranking (kgfn (FAS = SAL) > NIT > REG

6) Stand volume ranking (ftha): (FAS=REG) > SAL > NIT

7) Basal area ranking (ifna): (FAS = REG) > (SAL = NIT)

8) Stem mass ranking (kg/ha): REG = FASIIT > SAL
Overall REG and FAS performed well in terms of deden, volume, basal area, and
biomass. FAS and SAL performed well in terms of doensity. However, NIT did not
achieve top rankings for any of the measured alulileded factors.
Of the height-diameter models evaluated, the laggformed diameter models performed
best. The Patterson function for FAS provided sntileight results based on quadratic
mean diameter. However, the Candy model appeanedder-predict NIT Northland
growth.
The density-age relationship developed by Measah €2010), while demonstrating a
good fit to that derived from the Northland FAS egyrneeds to be interpreted with care, as
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the former study relates to density of the outembof cores, while the latter study
presented here relates to pith to bark densitythEuresearch is required to develop a
relationship linking the two.

5.2 BACKGROUND

Northland sites

The sites were located in Northland, one on Cawnd®oad, known hereafter as CARN,
(35° 34' N, 173° 46.5' W, altitude 195 m), the othe KRKA Road, known hereafter as
KRKA, (35° 34' N, 173° 54.5' W, altitude 135 m)h&d CARN site had a mean annual
rainfall of 1917 mm, mean annual temperature 0244C, and gentle slope, while the
KRKA site had lower rainfall of 1623 mm, and a blily greater mean annual temperature
of 14.40°C, and a flat slope. Both sites were dbesdras sheltered (Shelbourne et al.
2000), and when established on plots measuring £@.6m, were planted with 64 trees
per plot, 2500 stems per hectare. Tree speciasded|E. fastigata(FAS), E. nitens
(NIT), E. regnangdREG), ancE. saligna(SAL). At age two, trees on both sites were
thinned to a stocking of 1250 sph. The experimedaealgn used in the trials was
randomised complete blocks with replications whiare generally balanced, except
where poor survival necessitated rejection of aéwms.
Study variables
Tree diameter (D) was measured at breast heightgnohtree top height (H) from the
ground to apex (m) when the trees were 24 yearsAsltheights were not recorded for all
trees, estimates of tree heights were derived tlameter-height relationships for each
site and species.
Height-diameter models
Three model forms which have been used by variatiwes (e.g. Ker and Smith, 1955;
Curtis 1967), were evaluated for goodness of fit:

1) H=a+bD

2) H=at+bD+cD

3) H=a+bIn(D)
Relationships developed for FAfere subsequently compared with earlier relatiqgsshi
developed for two FAS stands (Oliver et al. 200@wgng in the central North Island
(Kaingaroa Nelder and Kapenga). The Kaingaroa Neidtdd was 30 years of age while
the Kapenga stand was 8 years of age.
Patterson equation for Fastigata
The height-diameter curve given by the Pattersaraton to predict heights across the
range of diameters within a stand (Goulding & Syiyl1979) was also compared. The
equation had the form:

b _2|5
h=14+ (a + E)

where h is mean top height (m), d is mean top dian{éhe quadratic mean diameter of the
100 largest stems per hectare in cm), and a anel toefficients.
Coefficientsa andb were obtained from a Eucalypt Cooperative repan (der Colff and
Kimberley, 2005). They were however transposedim gtudy, as the coefficients given in
the report were inconsistent with a figure showtimg relationship. The figure was first
used to derive approximate values for the coefiitsicand then it was obvious that the
coefficients given should be swapped. Coefficierstsd in this study were:

a=0.154

b =4.330
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The Patterson function for FAS was based a sanff@il@bomeasurements from 118 plots
held in the Permanent Sample Plot (PSP) systemtréas ranged in age from 10 to 66
years, with a mean of nearly 17 years.
Mean top diameter
To derive mean top diameter, the number of stenpsined to achieve 100 stems per
hectare was calculated for both sites using rasind,then the quadratic mean diameter
calculated. The procedure was repeated for tremddrked stems counted as one tree).
Eucalypt tree volume model
Tree volume (V) was calculated from diameter angdhtaising the general volume
equation for eucalypts developed from PSP datai(weltable 38). The equation was of
the form:

V = DP'* (HY/(H-1.4)P?* e”3 + by
With coefficients b= 2.009, b= 0.757, B =-9.703557, and4= 0.
Basal area
Tree basal area was calculatedt(®/200)? (m?), plot basal area as the sum of tree basal
areas divided by the plot area (generally 0.025B6utasomewhat less for FAS plots on the
KRKA site), and stand basal area (BA%/ha) for each species and site calculated as the
mean plot basal area.
Wood density
Wood density was determined from one-sided, pithaik, core samples. The core
samples were extracted from NIT, REG, and SAL wineas were 24 years old, whereas
density cores of FAS were 21 years old. An esegnodthe density of whole stem plus
bark thickness was obtained using a conversioofadt0.905 following Beets et al.
(2008).
Mean wood density for the 21 year-old FAS coresevaso compared to the age-density
equation developed by Meason et al. (2010).
Stem biomass
Stem biomass (SB, kg) was calculated as the pradwehole stem density (calculated as
0.905 x core density) and volume:

SB = 0.905 x core density x V
Aboveground biomass
Aboveground biomass, AGB (kg), was estimated ugiegyeneral equation of Williams et
al. (2005):

IN(AGB) = -2.0596 + 2.1561 In(D) + 0.1362 (In(4))
from which carbon content can be calculated asthaltboveground biomass:

i.e. C=%x AGB

Statistical analysis
A graphical approach, with box plots, was first leggpas a useful visual check for
normality, skewness, homogeneity of variance, atdalion of outliers (Quinn and
Keough 2002) within sites. Comparisons were madeuanalysis of variance (ANOVA)
and were followed by post hoc testing, using thkeljxHonestly Significant Difference
(HSD) for pairwise comparisons. An alpha value @80was used throughout.

5.3 RESULTS AND DISCUSSION

Of the four Eucalypt species, SAL had the mostisurg trees, while NIT appeared to
have the highest mortality rate, with the lowesmnber of surviving trees (Table 1). FAS
had the greatest percentage of forked trees, pktig on the CARN site.
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Table 1. Number of trees of each species assessed on the Northland sites. Trees were 24
years of age when assessed for height and diameter. Core density samples were from 21-

year-old FAS and 24 year-old NIT, REG, and SAL trees.

Site Species #plots #trees Hrees! #forked trees %forked freore
hectare samples
CARN FAS 6 144 938 33 23 9
NIT 6 58 378 3 5 24
REG 6 85 553 3 4 24
SAL 6 160 1042 7 4 25
""" KRKA  FAS 9 9% 31 7 8 15
NIT 5 42 328 2 5 19
REG 6 97 632 2 2 27
SAL 6 149 970 9 6 25
~ Combined FAS 15 234 609 40 17 24
NIT 11 100 355 5 5 43
REG 12 182 592 5 3 51
SAL 12 309 1006 16 5 50

Given that there were 938 fastigata trees per hreetaCARN, and 391 at KRKA, the
guadratic mean diameter, QMD, was based on thar§)gdt trees/stems on the former site
and 23 on the latter. QMD at CARN was 59 cm fonst€i.e. forks treated as separate
stems) and 64 cm for trees (i.e. with forks com@)n&he equivalent values for KRKA
were 50 and 53 cm respectively.

Diameter and height (actual measurements onlyildigions of the eucalypt samples are
shown, by site, in box plots of Figure 1.

CARN KRKA CARN KRKA

35

Diameter (cm)

i
30 4 | ' - ' ' : -
' ] ' - ]

Measured height(rm)

1
20 — : —

=l o=

FAS NIT REG SAL FAS NIT REG SAL FAS NIT REG SAL FAS NIT REG SAL

Figure 1. Summary of data collected from the two Northlards of Eucalypts.

Mean tree diameter was greatest for REG, followesaty by FAS and NIT, and least for
SAL (Table 2). Analysis of variance indicated tbdterences in diameter between
species, as assessed on all stems, was highlficagmi(p <0.001). There was also strong
evidence to suggest statistically significant digfeces between sites (p = 0.02). However
when forked stems were treated as single treeslianteters of forked trees calculated to
give the same combined cross-sectional area astireaht (i.e. D = sqrt(B3+D,*+D3%)
differences between sites were no longer signifigas0.16).
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Hereafter, all diameters, estimated heights, vokjraed other variables refer to those
obtained from single trees using the equivalenhétzr as defined above.

Table 2. Mean diameter (* standard deviation) of measured stems, trees, and height-assessed

subsamples.
All stems All trees Height-assessed
subsample
Species N D (cm) N D (cm) N D (cm)
CARN
“FAS 178 36.2¢11.5b 144 403+12.7a 44 39.4+9.3
NIT 61 32.3t7.3cC 58 33.1+7.9b 46 34.6£7.7
REG 87 41.4+14.7 a 85 41.9+14.7a 38 44.1+14.0
SAL 169 22.3+9.7 d 160 23.2+9.4c 42 29.9+10.3
'''''''''''''''''''''''''''''' KRKA
FAS 94 37.1+9.4ab 90 38.8+10.8a 36 39.849.9
NIT 44 36.2+12.0b 42 37.4+13.2a 15 35.6+11.6
REG 99 41.0£13.0a 97 41.5£13.0a 19 43.6£11.7
SAL 158 25.4+10.7 c 149 26.2+10.8b 20 30.6+7.1
"""""""""""""""""""""" Combined sites
"FAS 272 365+#10.8b 234 39.7¢12.0a 80 36.245.2
NIT 105 34.0£9.7b 100 34.9+10.6b 61 33.6+3.7
REG 186 41.2+13.8 a 182 41.7£13.8a 57 38.5+7.1
SAL 327 23.8+10.3c 309 24.6+10.2c 62 33.5+6.9

Height-diameter relationships

Parameters for the three height-diameter modelspbgies and site, are shown in Table 3.
The third model form H=a+bIn(D) provided the begtll-result, being appropriate to all
species across both sites. Greater height-grosththé same diameter, was particularly
pronounced for FAS growing on KRKA (Table 4, Figdie
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Table 3. Parameters of models predicting height, H, from breast-height diameter D.

Equation Site Species a b c SE(@) SE() SE(c)? R
H=a+bD CARN FAS 185 0.425 2.4 0.059 0.55
NIT 26.1 0.212 2.3  0.064 0.20

REG 20.0 0.422 2.1 0.045 0.71

SAL 16.1 0.579 2.1  0.066 0.66

KRKA FAS 225 0.374 2.1 0.053 0.59

NIT 255 0.244 2.2 0.059 0.57

REG 149 0.537 3.9 0.087 0.69

SAL 128 0.677 3.3 0.107 0.69
Combined FAS 20.3 0.403 1.7 0.041 0.55

NIT 25.7 0.227 1.7 0.046 0.29

REG 18.7 0.451 1.9 0.041 0.69

SAL 155 0.596 1.7 0.055 0.66

H=a+bD+cD'  CARN FAS -7.19 172 -0.0155 799 0.39 0.0046 0.65
NIT -295 189 -0.0232 8.64 049 0.0067 0.37

REG -1.79 151 -0.0122 355 0.16 0.0018 0.87

Combined FAS 5.09 1.17 -0.0092 564 0.28 0.003390.5

REG -200 149 -0.0118 3.79 0.18 0.0020 0.81

H=a+bIn(D) CARN FAS -29.14 17.66 8.07 221 0.60
NIT 485 8.12 7.62 2.16 0.24

REG -28.6  18.03 5.50 1.47 0.81

SAL -21.1  16.34 6.09 1.82 0.67

KRKA FAS -16.9 14.85 750 2.05 0.61
NIT 1.01 9.40 8.06 2.28 0.57

REG 416 214 121 3.24 0.72

SAL -38.6 21.2 105 3.10 0.72

Combined FAS -234 163 5.76 1.57 0.58
NIT 3.31 8.60 5.76 1.63 0.32

REG -32.0 18.9 5.21 1.39 0.77

SAL -235 170 5.19 1.54 0.67

Table 4. Parameters and fit statistics of a mixed-effects model, based on the relationship H =

a +bin(D), developed by grouping trees within plots within sites.
Equation Site Species a b SE(@) SE(b) RMSE MAPE

Combined FAS -22.6 161 554 149 3.33 7.29
NIT 235 887 543 153 2.99 6.72
REG -322 190 472 1.25 3.39 7.57
SAL -235 170 519 154 3.91 9.91
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Figure 2. Diameter-height relationships given by the form & + b In (x). Model
coefficients are given in Table 4.
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Figure 3. Comparison of Northland FAS growth with an oltlsider stand, a younger
Kapenga stand, and the Patterson function. Quadregan diameter (QMD) is shown for
both Northland sites for trees (forks combinedleditriangles) and stems (hollow
triangles).
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Table 5. General statistics of measured and estimated tree heights and volumes.
Site  Height of measured Estimated Height Estimated Volume Core density

trees (m) (m) (md) (kg/nt)
CARN
FAS 35.345.3 35.445.8 1.83+1.32 492+48
NIT 33.4+3.6 33.1+2.4 1.09+0.57 43130
REG 38.8+7.0 37.1+7.4 2.15+1.52 382434
SAL 33.447.4 28.5+6.5 0.58+0.57 473455
- KRKA
FAS 37.4+4.8 36.6+4.1 1.68+1.13 493+47
NIT 34.2+3.8 34.0£2.5 1.54+1.42 441447
REG 38.3+7.6 37.446.7 2.03+1.51 388+102
SAL 33.545.8 30.5+9.2 0.78+0.80 499456
" Combinedsites
FAS 36.2a 359a 1.78 b 493 a
NIT 336b 335b 1.28¢ 435b
REG 385a 37.3a 2.08a 385¢
SAL 334c 295¢ 0.68d 486 a
Tree volume

Estimated tree volumes (Table 5) did not diffengigantly between sites (p=0.135).
Within species, differences in means were stasibyisignificant:
Tree volume ranking (combined sites): REG > FASI® N SAL

Density
Core density distributions are shown in Figure HerE appears to be slightly less variation

within species on the CARN site. However, on batdss the lowest median density is
associated with the REG cores, followed by the dbifes. FAS and SAL have higher
wood density, on average, than either NIT or REGa@e are two very low density core
readings on the KRKA site for Regnans. The medieows on the plot corresponds to a
value of 405 kg/iwhile the mean value is 17 less at 388 Kg/m
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Figure 4. Eucalypt wood density collected from breast heagite density samples.

Density of the corewood samples did not differ gigantly between sites (p = 0.178),
however there were significant differences betwsgeties. With data grouped by species
results of ANOVA followed by Tukey’s HSD test gatre following density rankings:

FAS = SAL > NIT > REG

However, since FAS samples were younger, it woelddasonable to assume FAS > SAL
> NIT > REG

There was no apparent relationship between deasdydiameter (Figure 5) for FAS, NIT,
and REG. However, for SAL density tended to inceeaith increasing diameter {R

0.34).
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Figure 5. Relationship between diameter and density ofdbie@ight core samples.

The mean density of the cores from the combined §A8ds, at age 21 years, at 493
kg/m? (Table 3), demonstrated a good fit to the dermifg-relationship developed by
Meason et al. (2010), Figure 6.

Stand-level results

Figure 6 shows the range, upper and lower quarailed median of total tree volume and
basal area on a per hectare basis as calculatdtefeucalypt plots. Basal area trends were
similar to volume trends.
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Figure 6. Relationship between E. fastigata outerwood (okit&mn) wood core density and
age (Meason et al., 2010) with mean density oNbehland cores superimposed at age
21.

Volume and basal area

Two of the six FAS plots on CARN exhibited plot uples and basal areas that were
considerably greater than the mean values. Medrvplome of FAS on CARN was 1719
m>ha. In comparison, plots, A2 and C7, had plot mas of 2519 and 2545%ha
respectively. Both plots comprised forked treefo(Ked trees on A2 and 6 on C7)
however the largest trees on each of the plots siagte leaders. One tree on A2 (Tree 21)
had a diameter of just over 80 cm, while on C7léingest single leader tree had a diameter
of nearly 70 cm (Tree 28).

NIT plots were of low volume and basal area. Neithte had NIT volume exceeding 1000
kg/m®. The maximum volume, associated with a plot on KRias 853 n¥ha.

Ranking total volume across both sites (Table %% (FAS=REG) > SAL> NIT.
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Figure 6. Distributions of volume and basal area per hedbgrsite and species.

Table 6. Stand level statistics on a per hectare basis and ratio of stem to estimated
aboveground biomass (AGB).

Site Species Total volume Basal area Stem biomass AGB Stem:AGB
(m¥ha) (m?/ha) (M kg/ha) (M kg/ha)
CARN FAS 1719 a 131 a 0.756 a 2.397 a 0.323 ab
NIT 411c 34c 0.161c 0.533 ¢ 0.302 b
REG 1187 ab 86 b 0.406 b 1.707 ab 0.242c
SAL 604 bc 51 bc 0.258 bc 0.766 bc 0.338 a
KRKA FAS 939 ab 71 ab 0.478 a 1.302 ab 0.329 a
NIT 507 b 41b 0.197 b 0.691b 0.300 ab
REG 1281l a 94 a 0.467 a 1.827 a 0.250 b
SAL 758 b 61 ab 0.342 ab 0.996 b 0.346 a
Combined FAS 1251 a 95 a 0.571a 1.740 a 0.327 ab
NIT 454 ¢ 37b 0.177 c 0.604 b 0.301b
REG 1234 a 90 a 0.437 ab 1.767 a 0.246 c
SAL 681 b 56 b 0.300 bc 0.881b 0.342 a

Basal area per hectare was greatest for REG astfteadNIT on both sites. On the

combined sites FAS was found to be equivalent t& Rihd SAL equivalent to NIT.
Thus the rank order for basal area on the comlsited is:
(FAS=REG) > (SAL=NIT).

Based on the Candy (1997) models, NIT at age 2 yaal with a volume of about 450
m/ha, corresponds to growth on a site with a sitiexnof 24 (Figure 8b). This in turn
corresponds to a basal area of about 2han(Figure 8a), a lower result than that found for
the Northlands NIT (37 ftha).
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Figure 8. Comparsion of Northland NIT results with the Cagdowth model. Source:
Candy (1997).

Stem and aboveground biomass

Figure 9 shows boxplots of stem and abovegrounch&ss, estimated using mean plot
density times volume times 0.905, and the equatifdfilliams (2005) respectively.

Trends for stem biomass and aboveground biomassmailar. NIT clearly demonstrates
the least mass and REG has considerably greatar(mwhih is statistically significantly
different) than NIT. SAL’s mass lies between th&methese two species. However, results
for FAS differ between sites. Overall, the stermiéss ranking is REG = SAL > NIT,
which is consistent for both sites.

While trends were similar, the ratio of stem masAGB (Table 4) was about 25-35%.
This contrasts with that found for 8-year old FASQiver et al. (2009) at Kapenga (64%)
and 30 year-old FAS in the Nelder trial at Kaingaf@8%), suggesting that the general
equation for predicting AGB (Williams 2005), deveéa from 11 sites across the Northern
Territory, Queensland and New South Wales, maypaduitable for these Northland
Eucalypts.
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Figure 9. Distributions of stem and estimated abovegrouathhss (following Williams
2005) per hectare by site and species.
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6 Improving wood density of cypress

C.L. Todoroki and D.F. Meason

Overview

The purpose of this study was to determine wheth#icient data exist to develop wood
density by age profiles for two cypress spedgyresses lusitanicandC. macrocarpa,
across a range of regions and growth environments.

Wood density data collated for analysis includedStudies contained in Scion’s wood
density database following an update by Beets. €2@08); 2) Cores estimated by
Silviscan and discs cut at 3 m intervals from 2aryad trees grown on the Scion campus
grounds (Low et al. 2005); 3) Density data fromganoy trials at Gwavas (Hawkes Bay)
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and Strathallan (in Southland), courtesy of Chdriev. Reports on Scion’s science
information database (SIDNEY) and data availabl¢henAtlas Permanent Sample Plot
(PSP) database were also investigated, to fill.gaps

Gaps in knowledge, in terms of tree age and regiere identified. Relationships
between age and density were developed with egisi@ta.

6.1 WOOD DENSITY DATABASE

The wood density database (Beets et al. 2008) gesthe most comprehensive review of
wood density surveys conducted in New Zealand @nesges, and other species. Density
measurements were obtained from a variety of stydieme captured whole stem wood
basic density, some breast height outerwood (resiracted and unextracted — at a range
of depths) basic density, and others whole stendvpbas bark density. For each study, the
location, tree species, stand age, number of tneesshantable log basic density (mean,
minimum, maximum), whole stem wood and bark dens$itgast height outerwood (0-
50mm depth or in some cases the outer 5 ringsg asisity (mean, minimum,

maximum), breast height (50-150mm depth) basicitefmean, minimum, maximum),
and reference to data source, if available, wetered in the database.

Using the database, Beets et al. (2008) found megjaifferences in wood density f@x.
lusitanicaandC. macrocarpaBeets et al also found that tree age signifiganfluenced
whole stem density . lusitanica The authors further noted “The lack of informatimn
the effects of tree age probably does not mattecddoon stock estimation purposes for
trees in natural forest plots, because the butk@fcarbon is likely to be contained in large
trees in mature stands. The lack of data at yogeg eay, however, be an issue for young
stands that are included in Emissions Trading Seh@iS) and in Kyoto compliant Land
Use and Carbon Analysis System (LUCAS) plots, paldirly those from the more
common species such Bseudotsuga menziesiiypress, eucalyptus, and redwood.”

Results are summarised in Table 1 and Table 2abierl, linear regressions with stand
age are given (intercept, slope and p-value) tcatd if age information is important,
while Table 2 summaries wood density by region.

Table 1. Wood density averaged across all studies compiled by Beets et al. (2008). The upper
half of the table gives whole stem density of wood plus bark (WSD), and the lower half gives
breast height outerwood basic density (BHBD). Note that both sets of values were from the
same studies. P-values for region and age are also given.

Whole stem wood plus bark studies Age regression
Species Mean No. No. No. Region Intercept  Slope P-
. WSD_______regions studies trees . P-value .. value__
C. lusitanica 336 9 24 283 0.0261 316 1.2 0.0225
C. macrocarpa 370 9 24 141 0.0008 342 0.7 0.0537
Breast height outerwood studies Age regression
Mean No. No. No. Region P- Intercept  Slope P-
eeeiiie...._.....BHBD_____regions_ studies rees value ] value
C. lusitanica 361 9 24 283 0.0261 339 1.3 0.0225
C. macrocarpa 396 9 24 141 0.0008 367 0.8 0.0537
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Table 2. Whole stem (wood and bark) density and breast height outerwood basic density by
species and region. Source: Beets et al. (2008).

Region C. lusitanica C. macrocarpa
"""""""""""" Whole stem  Breast height ~ Whole stem  Breast height
Northland 372 399 413 443
Auckland 321 344 . .
Bay of Plenty 356 382 353 379
Waikato 357 383 . .
Gisborne 328 352 331 355
Hawkes Bay 340 365 376 403
Taranaki 337 361 356 382
Wanganui/ 327 351 391 419
Manawatu
Wellington . . 369 396
Nelson 386 415
Marlborough . . . .
Westcoast . . 380 408
Canterbury . . 418 448
Otago
Southland

Regional gaps apparent in Table 2 are illustratdéigure 1. Canterbury, Marlborough,
Otago, Southland, West Coast, and Wellington ateepmesented in th€. lusitanica

wood density studies, while Auckland, Marlborouljlel]son, Otago, Southland, Waikato
are not represented in tlle macrocarpavood density studies. Note that density data from
the Strathallan progeny trial in Southland (diseddster in this report) provides some

new information that addresses this regional gagd foyear-oldC. macrocarpa
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Cupressus lusitanica Cupressus macrocarpa
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Regions

Figure 1. Regional distributions of C. lusitanica & C. macrocarpa trees in the wood
density database. Regional codes are provided in Table 3.

Current PSP stands could be utilised to fill somine gaps (Table 3). F&@. lusitanica
PSP stands currently exist in Canterbury, West Caad Wellington, but not in
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Marlborough, Otago, and Southland. EarmacrocarpaPSP stands currently exist in
Marlborough, Otago, Southland, and Waikato, butim&uckland or Nelson.

Table 3. Current PSP stand age statistics: min-max; mean.

Region C. lusitanica C. macrocarpa
""""""""""""""""""""""" Min-max ~~ mean  Min-max  mean
Northland NT 22-29 23 21-33 22

Auckland AK 17-21 18

Bay of Plenty BP 10-44 21 17-23 17
Waikato WK 18-82 25 19-77 23
Gisborne GS 12-37 24 11-12 12
Hawkes Bay HB 28-45 31 25 25
Taranaki TR 46 46 47 47
Wanganui/Manawatu WM 27 27 52 52
Wellington WN 20-27 24 25-65 38
Nelson NN 14 14

Marlborough MB 20-31 22
Westcoast wC 16-29 21 26-31 28
Canterbury CYy 3-52 30 14-38 22
Otago oT 18-66 29
Southland SD 25-31 27
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Within the wood density database, stand age rafiged9 to 65 forC. lusitanicaand

from 12 to 70 foriC. macrocarpawith mean ages of 27 and 29 years, respectively.
However age classes were often represented byedisgls or stands and some age classes
were not represented (Figure 2).
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Figure 2. Age distribution ofC. lusitanicaandC. macrocarpastands in wood density
database.

The relationship between age and mean log densisysivonger fo€. lusitanicathanC.
macrocarpa(Figure 3). The logarithmic transform of age pd®d a better relationship
than a simple linear relationship fGr lusitanica however forC. macrocarpahere was

little difference in terms of Rvalues and residual plots. Figure 3 also showtiriear
relationships between age and breast height outehdensity (refer Table 1).

The uppermosE. lusitanicaoutlier (age 14, density 431 kgiywas for a Northland stand
(Figure 3) while the lowermost outlier was an 1aryeld stand from Gisborne. The two
lowermostC. macrocarpalensities were 332 kgfhfor a 28 year old stand in Hawkes Bay
and 334 kg/mfor a 19 year old stand in Gisborne.
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Figure 3. Relationship between stand age and mean logtgi¢asC. lusitanicaandC.
macrocarpastands. Linear relationships between age and mme@ast height outerwood
density (after Beets et al. 2008) are also shown.
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6.1.1  Young Cypress Trial

Siliviscan density data from Scion campus trees

Density derived from the 21 year-old trees (L8usitanicaand 17C. macrocarpavia
Silviscan of 10 mm pith-to-bark increment coregaotied at breast height are shown in
Figure 4. Mean values for each species are showigire 5. Note that only 15 rings are
shown due to data beyond ring 15 being unreliald#nile the most vigorous trees had 19
rings at 1.4 metres, the rest had 17 or 18 ringsvév¥er, there was difficulty in
apportioning true ring boundaries as the cyprease&nown to produce false rings.
Therefore, as the density data does not refledirtigevalue for a 21 year-old tree, tree age
is approximated to 19 years.

Density trends from pith to bark, as assessed lvis&an, are similar for both species. The
mean density o€. macrocarpawhen averaged from pith-to-bark is about 12% higher
than that ofC. lusitanica

Density (kg/m3)

300 -

T T T T T T
5 10 15

Ring number at breast height

Figure 4. Silviscan density data by ring number from pidnided from breast height
cores.
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Figure 5. Mean density derived from Silviscan data, measbrering number in the pith
to bark direction, of 1&. lusitanica(bottom line) and 1. macrocarpgtop line) breast
height cores.

Mean weighted density for each breast height cangpge was calculated using ring width,
(Figure 6). Mean weighted density was 408 kyfon C. lusitanicaand 457 kg/mfor C.
macrocarpa The rather high density values reflect that Stan estimates air-dry density
(typically 12-15% moisture content) rather thanibaensity. To estimate basic density for
C. lusitanicaandC. macrocarpdrom air-dry density data from Silviscan, conversio
factors were derived froi@. lusitanica data extracted from a report by McConchie and
Young (1976), and from algebraic rearrangemenh@fetguation derived by Young (1983)
for C. macrocarp&refer below for further details), to give 341 @887 kg/m,

respectively.
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Figure 6. Weighted mean air-dry density derived from Siais breast height cores. Box
plot whiskers extend to the most extreme data ppprovided they are no more than 1.5
times the interquartile range from the box. Ousljiére. points outside the whiskers, are
denoted as circles. The horizontal line within Itle& denotes the median, and the asterisk
denotes the mean.

Variation in basic density of discs sampled at Beight intervals is shown in the left
panel of Figure 7. While the majority of trees shemwinitial drop in density with increased
height, this trend is not consistent between altdr The right panel shows estimates of
mean tree basic density derived from the discs.hidpeer density o€. macrocarpas
clearly evident.
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Figure 7. Basic density of discs at 3 m height intervadt]land mean tree density derived
from weighted means of the discs, (right) of 21ryad cypress trees. Symbols are as
described for Fig. 6.

An alternative estimate of basic density at brbagiht was obtained by calculating the
average of the discs at 0 and 3 m. The resultsharen in Figure 8. Overall, mean breast
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height basic density @. lusitanicawas about 350 kg/frandC. macrocarpad04 kg/nf,
which are slightly higher than breast height badsinsity estimates derived from Silviscan.
Overall, mean tree density was 345 and 405 RégnC. lusitanicaandC. macrocarpa
respectively
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Figure 8. Estimated breast height basic density of 21-p&hcypress trees grown on
campus at Scion. Symbols are as described foi6Fig.

6.1.2 Strathallan macrocarpa and Gwavas lusitanica progeny trials

The trial design of the Gwava&s lusitanicaprogeny trial is a single-tree plot, sets-in
replications layout with just over 100 familiesyidied into six sets of 19 trees plus a
control seedlot from the Tairua seed stand. Themidrees were mainly selected as
outstanding individuals in New Zealand stands, widme families coming from breeding
programs in Kenya and some families from Colombia.

One tree of each family was assigned to each adpliso each family had 30 trees in the
trial. The 30 or so families were selected on thgidof above average growth rate, good
branching and low levels of malformation and thé tsees within each family selected for
sampling were chosen on the basis that they werbdht of the 30 trees available per
family.

The trees, though not a random sample of a statithbhge, can be considered as
representative of stands established from seedatet from these individuals (2 seedlots
in 1999 / 2000) or more recent stands establistued $eed collected in PROSEED's seed
orchard of the best phenotype from these famihaswere grafted into their Amberley
seed orchard.

The Strathallal©. macrocarpdrial is the same layout as the Gwa@aslusitanica
progeny trial, with the families originating fronuistanding trees in New Zealand stands.
The best growing families were selected for densiiye sampling. Resistance to cypress
canker Seiridiumspecies) was an additional selection criterion.
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When assessed for densi@, lusitanicastands at Gwavas were 12 and 13 yearstld.
macrocarpastands were 12 years old at Gwavas and 11 yeagt Sltfathallan. Mean
density ofC. macrocarpaat Gwavas was 386 kgfwhile that at Strathallan was 364
kg/m®. However, the difference in means was not sigaifity different @ = 0.05).

Density at breast height obtained from sample cagreBown by site, species, and age in
Figure 9.
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Figure 9. Mean breast height basic densityGoflusitanicaandC. macrocarpaat progeny
trials at Gwavas and Strathallan. Symbols are ssrited for Fig. 6.

6.1.3  Other Literature (SiDNEY)

McConchie and Young (1976) examined wood densiti5&f discs obtained from felled
C. lusitanicatrees when first thinned at a provenance triflangatu Forest (Gisborne).
Green, air-dry, and basic densityyfday Dair-arys Doasig Were assessed on all discs, each
containing 10 growth rings. Mean density was 1@8%, and 361 kg/frwith standard
deviations of 41, 40, and 34 kgimespectively. The relationship between greenidens
and basic density (equation 1), after removal af owtliers, with an Rof 0.99, was:

[1] C. lusitanica Dair-dry = 1.197XQasic — 0.992

Equation 2 shows the algebraic rearrangement adtexqul to calculate basic density from
air-dry density forC. lusitanica
[2] C |US|tanlca Dbasic = O.835XQir-dry + 0829

The relationship between green and air-dry dengity poor.
Young (1983) examined wood properties of 26 trees45-year-oldC. macrocarpastand

in Whakarewarewa Forest and found a significamtti@hship between basic and air-dry
density:
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[3] C. macrocarpa Dair-dry = 1.214XDyasic— 12.7

Equation 4 shows the algebraic rearrangement dadltbge relationship to calculate basic
density from air-dry density fa€. macrocarpa
[4] C. macrocarpa Doasic = 0.824XDQjr-ary + 10.5

Green density of. macrocarpawas also found to correlate well with basic dgnsit
(kg/m?):
[5] C. macrocarpa Dgreen = 1.576XDasic + 230

The relationship between breast height diameteH DBm) and whole tree weighted
basic density, Re (equation 6) foC. macrocarpawvas:
[6] C. macrocarpa Dyee = 451 — 0.14xDBHcorrelation coefficient, r = -0.54)

Density data from the above studies, and anoth€elystonducted in a 70 year-ai
macrocarpastand on the West Coast (Colbert and McConchié)128e included in the
wood density database.

Haslett (1986) provided an overview of wood projesrforC. lusitanica C. macrocarpa
and hybrids, and reported that there was verg htélriation in density between and within
trees. However no specific information, such asagd number of trees, or location(s)
was provided. Green, air-dry, and basic densigpsnted by Haslett are provided in Table
4.

Table 4. Density (kg/m3) of C. lusitanica and C. macrocarpa. Source Haslett (1986).

Species Green Air-dry (12% mc) Basic
C. lusitanica 910 460 385
C. macrocarpa 820 405

Bannister and Orman (1960) reported air-dry derssity basic specific gravity &.
lusitanica.The study was based on seven trees; three 21-getiees from Waipoua
(Northland), two29-year old trees from Tairua (Wd®), and two 45 year-old trees from
the Whakarewarewa arboretum (BP). Air-dry densitiese 449, 416, and 449 kgfrt

the three sites respectively, while basic spegifavity was 360, 350, and 370 kg/m
respectively. Using Equation 1, basic densityGotusitanicais thus estimated to be 375,
347, and 375 kg/firespectively, which are close to the measuredegallihe authors also
presented height-age and diameter-height curvebéompecies, with comparisons to data
from Kenya (Figures 10a and 10b respectively).

78 « Improvement of lookup tables for ETS Ministry for Primary Industries



. o — .

a) Crosses represent trees at Whakarewarewa, b) Relationship between diameter and height.
unless otherwise indicated. Curves I, Il, and IlI Dotted lines show approximately how spacing
represent mean height-age data for the 3 site- affects stem growth.

quality classes in Kenya (Griffith 1958).

Figure 10. C. lusitanicagrowth relationships. Source Bannister and Orma6Q).

McKinley et al (2000) reported whole-tree basic wood densityfdar cypress species

that were amalgamated into one group due to irgeffi data. The species were
Chamaecyparis lawsoniar(durray) Parl, Ch. nootkatensi@D.Don) Spach x1Cupressus
macrocarpa, C. lusitanicMiller, andC. macrocarpasordon. The group ranged in age
from 13 to 52 years and comprised 119 trees of lwthie majority (85 trees) wefeh.
Lawsonianavhich spanned the age range, and_3Qusitanicatrees (all aged 43 years and
with density averaging 413 kgfin No information was provided regarding the specie
breakdown of the remaining four trees. No relatmmdetween age and density was found
for the grouped species.

6.2 SUMMARY

There appears to be a reasonably strong relatipihgtiveen density and age or
lusitanicaand, although weaker, also f6r macrocarpgFigure 11). Outliers from
Northland in particular, but also Hawkes Bay, appgediave influenced this result (i.e. the
weaker relationship). Additional data obtained fritra progeny trials, the young cypress
study (YCS), and forC. lusitanicaBannister and Orman (1960), had little effect on
relationships developed using only data currentbilable in the wood density database
(Figure 11).

Density derived from Silviscan assessment of mthdrk increment cores of 21 year-old
trees, suggests that, on average, densig. ofiacrocarpas about 12 % higher than that of
C. lusitanica In the direction pith-bark, density appears itafly decrease until about

ring 4, and then increase to a level slightly higihan the level at the pith at about ring 15.
Young (1983) found a decreasing trend in dens#y éxtended slightly beyond ring 5 (to
about ring 7), but then also increased until aloimgt 20 before declining again. As some
trees bucked this trend, while others increasetemsity before ring 5, when averaged over
a sample of trees, this will give a relatively ftetnsity trend as has been observed in past
studies.
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Figure 11 Relationship between breast height basic deasitlyage foCupresses
lusitanica(CULUS) andC. macrocarpg CUMAC). Solid lines represent regressions
developed from the Density DataBase (DB) only (Feg8), while dashed lines, and
equations of corresponding colour, include all of@ints. Equations 2 and 4 are applied
to Silviscan and Bannister & Orman (1960) datastin@ate basic density from air-dry
density. YCS = Young Cypress Study.

There are gaps in regional data for both spec@sCFlusitanicacurrent PSP’s in stands
in Canterbury, West Coast, and Wellington couldgdepled to assist with filling gaps.
For C. macrocarparegions with stands that could be sampled incMéddborough,

Otago, Southland, and Waikato. Regions where dedatt exists (even if limited to one
tree) are shown in Figure 12. Apart from the Bayl@nty and, foC. macrocarpathe
Wanaganui/Manawatu region, the range in tree agensrally limited to 20 years or less.

Also lacking from current surveys, possibly duehte small sample sizes, are data relating
to tree spacing. This is likely to influence treewth (refer Figure 10) and hence wood
density. ForC. macrocarpapresence and severity of cypress canker is lilcegtso
influence wood density.
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Figure 12 Summary of cypress density data by age and region
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7 Improving wood density of Sequoia sempervirens

C.L. Todoroki and D.F. Meason

Overview

The purpose of this study was to determine wheth#icient data exist to develop wood
density by age profiles for the redwoo8gquoia sempervirenacross a range of regions and
growth environments.

Wood density data collated for analysis includedstudies contained in Scion’s wood
density database following an update by Beets. €2@08); 2) 10 year-old density data from
two of the Kuser young provenance trials locatedhenEast Coast and in Taranaki (courtesy
of D. Meason), and from a further 10 year-old stemithe King Country; 3) Density data

from the Rotoehu redwood provenance trial (courtdsy. Low); 4) Density data of 38-year-
old Mangatu redwoods (courtesy of R. McKinley). Bep on Scion’s Science Information
Database (SiDNEY) and data available on the AteErsnanent Sample Plot (PSP) database
were also investigated.

Gaps in knowledge, in terms of tree age and regaomsdentified. The relationship between
basic density and air-dry density is investigated @ompared with an existing relationship. A
preliminary relationship between stand age anditleissdeveloped.

7.1 WOOD DENSITY DATABASE

The wood density database (Beets et al. 2008) gesvthe most comprehensive review to
date of wood density surveys conducted in New Zwhém redwoods and other species.
Density measurements were obtained from a variesyudlies; some captured whole stem
wood basic density, some breast height outerwasinfextracted and unextracted -range of
depths) basic density, and others whole stem waadljark density. For each study, the
location, tree species, stand age, number of tnees;hantable log basic density (mean,
minimum, maximum), whole stem wood and bark densitgast height outerwood (0-50mm
depth or in some cases the outer 5 rings) basisitggmean, minimum, maximum), breast
height (50-150mm depth) basic density (mean, minsnmaximum), and reference to data
source, if available, were entered in the database.

Summary data from Beets et al. (2008) are providédbles 1 and 2. In Table 1, linear
regressions with stand age are given (intercembesand p-value) to indicate if age
information is important, while Table 2 summariesod density by region. With the
available stand data, neither relationship wasddorbe significant.

Table 1. Wood density of S. sempervirens averaged across all studies compiled by Beets et al. P-
values for region and age are also given. Source: Beets et al. (2008).

Age regression

Density study Mean No. No. studies No. trees Regionintercept Slope P-value
density regions P-value

Whole stem wood plus bark 310 6 12 36 0.7826 . 276 7 0.0.5827

Breast height outerwood 333 6 12 36 0.7826 296 0.7.5827
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Table 2. Whole stem (wood and bark) density and breast height outerwood basic density of S.
sempervirens by region. Source: Beets et al. (2008).

Region Whole stem Breast height No. studies No.*rees Tree age

Northland

Auckland 354 380 1

Bay of Plenty 313 336 5 5,1,7,2,7 45,50,50,63,69
Waikato 317 340 1 45
Gisborne 341 366 2 2,2 40,49
Hawkes Bay

Taranaki . . .
Wanganui/Manawatu 270 290 2 2,2 28,29
Wellington

Nelson

Marlborough

West Coast 210 225 1 1 64
Canterbury

Otago

Southland

*individual trees from which one or more logs, bagrdiscs, or increment core was obtained

Regional gaps are apparent in Table 2. In the Nelkdimd,S. sempervirengensity datas not
available for Northland, Hawkes Bay, Taranaki, &vellington, while the only region that is
represented in the South Island is the West Cbiastever, the solitary tree sampled in that
West Coast study (Young 1983, refer below for ferttietails) was not sourced from a
managed stand, and therefore should not be coeslidetbe representative of South Isl&d
sempervirensrees.

The number of studies conducted by region is ilaietl in Figure 1. Note that within regions,
though density studies have been conducted, gdipsxstt. For example, for the Auckland
region, density data was based on only two boads $rom a single 60-year-old tree. The
Wanganui/Manawatu studies were also based on tetirseample size (two boards for the
study of 28 year-old trees, and a total of six dedor the 29 year-old study).

|
Sequoia sempetrvirens

Number of studies

T T T T T T
AK BP GS wc WK W

Regions

Figure 1. Regional distributions db. sempervirensees in the wood density database. (AK =
Auckland, BP = Bay of Plenty, GS = Gisborne, WC e3MCoast, WK = Waikato, WM =
Wanganui/Manawatu).
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Within the wood density database, stand age fol thgtudies ranged from 28 to 69 years,
but within these limits, gaps still exist (Figure 2

1 1 1 1

1
Sequoia sempervirens

Nurmber of studies
N
1
]
1

LU dl il |

T T 1 T
30 40 50 60 70

Age (years)

Figure 2. Age distribution ofS. sempervirenstands in wood density database.

The relationship between age and densitysiasempervirendata held on the wood density
database was poor{R 0.13), however after removal of the non-plaotatiVest Coast tree, a
stronger relationship based on the logarithmicstiamm of age was derived here*(R0.29),
and is shown in Figure 3.
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y =296 + 0.7 x; Beets et al. (2008)
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Figure 3. Relationship between stand age and mean logtgd¢ass. sempervirenstands in
the wood density database. The linear relationshiReets et al. (2008) includes all points,
while the allometric relationship developed hereledes the unmanaged West Coast tree,
denoted by a filled circle.
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7.2 KUSER PROVENANCE TRIAL AND OTHER 10 YEAR-OLD DATA

Data from substantially younger, 10 year-8ldsempervirensees have recently been
obtained from the Kuser trial, named after theemiibn of cutting assembled by Professor
John Kuser of Rutgers University. The collectiompoises two random seedlings from 98

different stands located throughout the naturalvietl range in America. From this

collection, 35 clones were received in 1992, antlah more extensive collection of 182
clones of the original 198 Kuser clones were rezxivn 2001. The latter were planted out in
11 complete trials across New Zealand from 20080664 Table 3).

Table 3. Summary of the 11 Kuser clonal trials in New Zealand. Source: Saunders and

McConnochie ( 2007).
Establishment , Alutude . Previons . .
. i Location Aspect “ | Latmde e Terramn No. of Clones

Year L m vegetation

2003 Kakoura South 100 4235 Gorse broom Steep 174
2003 Tacanak: North 260 39.14 Farm pastuce Steep 174
2003 Wairoa North 40 39.02 Farm pastuce Flat-Easy 174
2004 Kastaia North 170 35.13 P.radiata Flat-Easv 136

Moderate-

2004 Blenheim South 400 4121 P.radiata, gorse | Steep 136
2005 Turangs NW 595 38.54 P.radiata Flat-Easy 135
2005 Grevmouth | West 236 4224 Native, gorse Flat 137
2005 Rangiora West 227 4313 Gorze Undulating 135
2006 Winton East 259 4551 Heavy grass Flat 160
2006 Huatly East 100 37.38 Gorse Easy-Steep 160
2006 Nelson NW 426 41.28 P.radiata Steep 160

Basic wood density data from two of these trialge on the East Coast (established 2003)
and one in the Taranaki (established 2003) hawentBcbecome available. A third site in the
King Country (with an undocumented number of ckbard establishment date) also
comprised 10 year-old trees, from which a subse¢welected as candidates for clonal
propagation based on their growth rates, form aaddhing habits (McKinley and Cown,
2012).

For the East Coast trial at Awaho and Taranaki &atidhompsons, 5 mm wood core samples
were extracted at breast height as part of an FaR/sis of the 10 year-old provenance trial.
More than one thousand cores were extracted atwossites, from four of the eight
replicates.

Density distributions were approximately normaligtdbuted, with mean values of 303 and
310 kg/nt at Awaho and Thompsons respectively (Figure 4hsg of the combined
samgles averaged 307 kg/mwith a standard deviation of 29 kg/nand range of 232 to 418
kg/m”.

A trend of decreasing density with breast heightrditer (R = 0.13) was noted for the 1183
density-diameter pairs (Figure 5, Equation 1).

Equation 1: Dyasic= -1.88xDBH + 350 R=0.13
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Figure 4. Basic density distributions derived from breasght cores extracted from the
Kuser trial. Vertical dashed lines represent sampans.
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Figure 5. Relationship between breast height diameter anel @ensity for 10 year-ol8.
sempervirens
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For the King Country trial, at Paraheka Stationrri@ia Pio, density data were obtained from
breast height discs from four trees, and radialdseanalysed in 5-ring and remaining 2 ring
groups (McKinley and Cown 2012). Basic density aged 263 kg/fhand ranged from 228
to 284 kg/m (Table 4).

The mean density of the 10 year-old stand at PhsaStation was 263 kgAnwhich is lower
than Awaho and Thompsons (303 and 310 Rgrfespectively). However, it should be noted
that the Paraheka Station result is based on alesamp of four.

Table 4. Breast height disc properties of 10 year-old S. sempervirens at Paraheka Station, King
Country. Source: McKinley and Cown (2012).

Tree | DOB* | DIB® | Bark* | Heart' | Heart” | Heart | Total | Growth Density
no. (mm) | wood | wood | rings | rings rate A-dry | Basic
(mm) [ (mm) (mm) [ (%) (mm) (kg/m?)

500 300 280 10 170 37 216 276 228
510 240 220 10 120 30 177 342 284
520 380 330 25 210 40 246 312 255
530 210 190 10 95 25 154 343 284

Mean 283 255 14 149 33 19.8 318 263
* Estimated from half disc
* Estimate of bark — discs had dried to varying degrees and some bark missing

NN NN
NN NN

7.3 ROTOEHU REDWOOD PROVENANCE TRIAL

The Rotoehu Coast redwood trial was planted in 198# trees initially struggled with
possums and bracken, resulting in abandonmenedfidd in 1987, but when revisited and
measured in 1992 were found to have regained grifiorm to warrant further
measurements. The trial was subsequently measue2dP and again in 2001 (Vincent
2001, Low & Shelbourne 2004). Density data frons thial was obtained by taking increment
cores when trees were about 22 years of age.

Basic density statistics of breast height core $asngre shown by provenance in Figure 6.
The four outliers with density exceeding 400 kijare speculated to contain compression
wood which is virtually impossible to see in thendarly coloured heartwood. The extremely
low density values of close to 250 kg/mere from trees growing in gaps in the stand.

Overall, mean density for the sample of 92 cores 8dat kg/m with a standard deviation of

30 kg/nt, and range of 253 to 415 kginfProvenance 1972 had the lowest mean density, and
also the least variation in density, but was basednly 4 samples. Provenance 1977
recorded the highest mean (327 kyj/based on 14 cores), followed closely by proveeanc
1975 (324 kg/m 14 cores) 18 (324 kghnl2 cores), and 1970 (320 kg/m2 cores).
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Figure 6. Basic density of breast height core samples 8mgear-oldS. sempervirens
Rotoehu provenance trial Box plot whiskers extenthe most extreme data points, provided
they are no more than 1.5 times the interquarihgye from the box. Outliers, i.e. points
outside the whiskers, are denoted as blue cirMean density is denoted by yellow circles.

7.4 MANGATU REDWOODS

Thirteen stems were randomly selected from a 38-gkebstand (Compartment 11) at
Mangatu, Hawkes Bay. Stem diameter at breast heagiged from 39.0 to 84.2 cm, and
height from 29 to 41 m. The stems were felled, grasinto approximately 5 m long logs,
and disc samples collected from each of the log émdwood property measurements.
Densities were measured in approximately 5-ringhdoResults from the study, including
results for heartwood content, wood density, amthkage, are discussed in McKinley and
Cown (2008). A summarised version, which also dostthe silvicultural history of the
stand, is given in Cown and McKinley (2009). In gai, (McKinley and Cown (2008) found
density to increase with ring number from pith aftee 1% ring. Although the authors
concluded that “The wood density has again beewsho be relatively uniform within stems
but highly variable between individual stems” thedata suggests that differences between
stems may, at least in part, be attributable tondiar growth. For example, the highest stem
density of 380 kg/rhwas associated with the tree of smallest dian{8&% mm over bark,
OB) and the lowest density of 262 kg/mith the largest diameter tree (842 mm OB). Wood
density data derived from the study (courtesy oMRKinley) were re-analysed here to glean
further information from the data.

Outerwood increment core density of the 38 yeart@lds ranged from 274 kgirto 420

kg/m® (Cown and McKinley 2009). The relationship betweeterwood density and
weighted stem density (i.e. whole tree density) azroximated by a strong linear
relationship:

Equation 2: Dwholetree = 0.75XDuterwood + 63.5 R2=0.80

Density of the butt log (calculated as the weighteshn of the discs at the log ends) ranged
from 263 to 400 kg/fwith a mean of 337 kg/fwhile whole tree density (calculated as the
mear31 of the weighted log densities) ranged fromt26280 kg/m with a mean density of 323
kg/m”.
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Both whole tree density and outerwood density vimexgatively correlated with breast-height
diameter (Figure 7). Regression lines are givekdpyations 3 and 4, for the whole stem and
outerwood respectively.

38 year-old Redwoods at Mangatu
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Figure 7. Relationship outerwood and whole stem densith @wiameter of 38 year-olg.
sempervirens

Equation 3: Dwholetree = -1.43XDBH + 408 R2=0.40
Equation 4: Douterwood = -1.43XxDBH + 433 Rz =0.27

Wood density at the base tended to be higher tietrot upper logs for the majority of
individual trees (Figure 8) and, when averagedssadl trees, was higher overall (refer
Figure 3 of McKinley and Cown 2008). Mean basicsignof discs at 0.2 m was 349 kg/m
while that for discs at 5.3 m was 314 kd/frees 2 and 17, both of low density, were noted
to contain rot (Figure 9). Some rot was also nitettie upper discs of Tree 11.
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In addition to density being higher at the basasdg variation was greatest at the base and
the variation decreased with increasing heightyf@dL0). Note that Tree 7 discs at heights of
15.3 and 20.1 m, mislabelled as E and F respegtiware relabelled as D and E. Note also
that the number of blocks within each disc decreasth height, from 83 discs at A to 5 discs
at F (83, 37, 34, 28, 15, and 5 respectively).

Density variation of the 38 year-old trees growiMaingatu, were also investigated by Jones
et al. (2011) in a study that analysed sourcesnation within trees, between trees, and
between stands. In all, three stands were invdstigthe 38 year-old Mangatu stand, a 22
year-old stand at Rotoehu, and a 71 year-old sadKdhleith. Using variance components
analysis, Jones et al. found that the greatestesamfrvariation in basic density was within
trees (64%) and between trees accounted for thaineler (36%). No variation was attributed
to differences between the forest stands (Figuje 11
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Figure 10. Density of (approximately) 5-ring blocks withi8-§ear-oldS. sempervirensees,
at 5 m height intervals The horizontal bar withie boxes represents the median, while the
mean is represented by “*”.Data courtesy of R. Md&y.
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Figure 11. Basic density of discs at 6 m height for 71 yeariotes from Kinleith; at 0.2 m
and 5 m heights of 38 year old trees from Mangatd, at breast height for 22 year-old
Rotoehu trees. Source: Jones et al. (2011).

These results need to be interpreted with cautemalse, not only are the stands of differing
ages, but the underlying density data is also nbthfrom different heights. Through
analysing all disc density data obtained from Mangae have confirmed that Figure 11,
Mangatu data, is obtained by the amalgamation n$itedata from discs at 0.2 m (A discs),
and discs that are approximately 5 m higher (BgJiddy amalgamating data from the two
disk heights, the variability in density increasednclude the high variability of wood

density of the 0.2m disk (Figure 12). Thus, thealality of wood density within the butt log
above 0.2m was exaggerated. The Kinleith resuitsiso based on a combination of discs at
0 m and discs at 6 m (refer Jones 2011, Table é)Rdtoehu data of Jones (2011) is reported
to be derived from wood discs cut at breast hdigimh 32 trees, however, at the time of
writing this report, the raw data for Kinleith hadt been located.

Density (kg/m3)

300 -

8 A&
Disc

Figure 12 Comparison of density of density of 13 discs.dtr@d (A), 12 approximately 5 m
higher (B), and 26 A and B discs.
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7.5 PERMANENT SAMPLE PLOTS

Current PSP stands are listed in Table 5. Cleadye of these stands could be utilised to fill
gaps identified in the wood density databasestands in Hawkes Bay, Taranaki,
Canterbury, Otago, and Southland. The South Is$éamads would be particularly worthy of
investigation due to the absence of any South distiata from managed stands.

Table 5. Current PSP stand age statistics for S. sempervirens: min-max; mean.

Age

Region Min-max mean
“Northland ] NT

Auckland AK

Bay of Plenty BP 13-112 35

Waikato WK 18-91 44

Gisborne GS 8-42 26

Hawkes Bay HB 15-36 16

Taranaki TR 50 50

Wanganui/Manawatu WM 10-16 11

Wellington WN

Nelson NN

Marlborough MB

Westcoast wC

Canterbury CY 3-83 6

Otago oT 27 27

Southland SD 13-48 27
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7.6 OTHER LITERATURE AND DATA

Knowles and Miller (1993) provided an overview ofst redwood, and giant sequoia and
other related ornamental genefaXodiumandMetasequoig and reported that the density of
S. sempervirenat 50 years of age was about 80% of th&.afhdiataat 35 years of age.
However, it is difficult to evaluate the validity this relationship as details specifying sample
sizes and how the values were derived are not gedviGreen, air-dry, and basic densities
reported by Knowles and Miller (1983) are provided able 6.

Table 6. Density (kg/m3) of S. sempervirens. Source Knowles and Miller (1993).

Species Green Air-dry Basic
S. sempervirens 910 380 335
P.radiata 955 420

The solitary West Coast sample tree (Young 198Bjchvis included in the wood density
database, grew near Hokitika on a “typical opermftype planting; untended and with large
open branching habit”. Diameter at the base ofrig®was 150 cm, with 64 rings. Basic
density of 5-ring groups cut from cross-sectiotabs which were in turn cut from discs at
various tree heights, ranged from 205-334 Kg/fhis is a range of some 129 kd/im
within-tree wood density variation. In general, sifndecreased in the direction pith to bark
(Figure 13). This contrasts with the trend founddmown and McKinley (2008).

Hokitika Redwood

1 1 1 1 1 1

Height (m)

-
*
4 938
*
|
*

Basic debsity (kg/m3)

N
]
1

200 -

Ring from pith

Figure 13. Variation in basic density from pith (ring 1)bark at various heights for a 64
year-oldS. sempervirensee.

Young (1983) found a strong relationshig €R0.993) between air-dry density £, and
basic density (Risi9. However, Young'’s equation (Equation 5a) differghat derived from
data obtained from McKinley and Cown (2012) for fieyear-old Pio Pio data, Equation 5b
(R* = 0.996). Equation 3a is based on a larger sasipge(nearly 100 blocks, but all from the
same tree), while Equation 3b is based on foursgiske from each of four trees. Basic
density calculated using Equation 3b is higher tihan calculated using Equation 3a.
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Equation 5a: Dyasic= 0.852XDair-ary + 0.179 64 year-old West Coast tree
Equation 5b: Dpasic= 1.173XDajr-ary + 9.928 10 year-old King Country trees

Another study included in the wood density databsiseat of 69-year old redwoods in the
Bay of Plenty by Cown (1970). It is based on a darnp11 discs, from seven trees. The
discs were cut from the ends of seven 5m-length tdgyarious height classes (two butt logs,
one second log, one third log, one fourth log, aridrther three logs of unknown height
class). A mean log basic density of 327 kjisrecorded in the wood density database. For
the sample of 11 discs, we found a similar valudhe mean, a standard deviation of 62
kg/m®, and range 257 to 471 kginDensity variation for each of the 11 discs, geipy

tree, is shown in Figure 14. The greatest variafisrabout 150 kg/fi) is demonstrated in
discs obtained from butt logs.
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Figure 14.Density variation within discs cut from seven &&ax-old trees at various heights.
Figure reconstructed from digitised data obtairredhfthe report by Cown (1970).

7.7 SUMMARY

Various disk studies of wood density in New Zealgnalvn redwood have shown that
redwood density increases from pith to bark in megally constant manner. However, wood
density at 0.2m can be highly variable near thle. @ihis variability could be due to rot,
structural damage, or some other factor. This tegfmws that care must be taken in using
disk study data to interpolate wood density valtigbof the entire tree. The wood disk
studies also have shown that wood density genetallyeases with tree.

A reasonably strong relationshipi(R 0.39, Equation 6, Figure 15) has been developed
between mean log basic densitySofsempervirenand age. This was achieved after the
removal of the non-plantation Hokitika tree andhatiie addition of data from two of the
Kuser provenance trials (Awaho and Thompsons), fiata a further 10 year-old stand
(Paraheka), 22 year-old Rotoehu data and 38 yeawahgatu data (refer Figure 15). Note
that mean density of the breast height cores fratoéhu and the three 10 year-old sampless
were divided by a factor of 1.03 (following Beetsae2008) to obtain mean merchantable log
density.
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Equation 6: Dpasic= 150 + 53%n (age)

In the spreadsheet implementation of the New ZelaRedwood Growth Model (Snook

2013) a constant average density of 325 kg/m3ad ts convert predicted volume to
biomass. Using the density-age relationship ddrateove, this equates to a 40-year old tree.
However, if it is assumed that of 325 kg/m?3 repris aboveground tree density then,
following Beets et al. (2008) merchantable log dgns determined by dividing by 0.93215
(0.905 x 1.03) giving a density of about 349 kg/mBis equates to a 44 year-old tree. These
values seem reasonable, but perhaps could be ieghrming the new age-based relationship
developed here.
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Figure 15. Relationship between log basic density and ag8 fesempervireng he upper
curve includes all but the Hokitika tree (filledae). The lower curve is the non-linear
relationship developed from the Wood Density dadal{aefer Figure 3). The lower
horizontal line represents a density of 325 Ky/ims assumed by the NZ Redwood growth
model, and this value has been divided by a famftOGr905x1.03 following Beets et la.
(2008) to give the upper line at 349 kd/m
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