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Executive Summary  

The aim of the present work was to generate productivity surfaces for indigenous forest 
species and Pinus radiata for New Zealand. For P. radiata, these surfaces were generated for 
current and anticipated future climatic conditions. Simulations were performed under the 
assumption of constant CO2 concentration and with increasing CO2 as anticipated in line with 
future climatic conditions. 

For indigenous forests, the work used predictive modelling techniques (boosted regression 
trees) to produce spatial models of tree diameter increment. Surfaces were produced for 10 
indigenous species, Beilschmiedia tawa, Dacrydium cupressinum, Elaeocarpus hookerianus, 
Myrsine australis, Nothofagus fusca, Nothofagus menziesii, Nothofagus solandri, 
Podocarpus hallii, Prumnopitys ferruginea and Weinmannia racemosa. Models were 
developed based on diameter measurements from over 5000 0.04-ha plots in the NVS 
database that had been measured at least twice. Plots were scattered throughout New Zealand, 
but were mainly concentrated in moist montane regions which reflects the distribution of the 
majority of New Zealand’s remaining indigenous forests. Mean carbon sequestration rates 
varied from 1.3 tCO2e ha-1 yr-1 for Podocarpus hallii to 6.5 tCO2e ha-1 yr-1 for Dacrydium 
cupressinum. Productivity surfaces were generated for all ten species at 0.05 degree 
resolution.  

Productivity modelling for P. radiata was based on simulations with the physiologically 
based model CenW that was parameterised using growth data from permanent sample plots 
and a larger data set of less intensively measured growth plots covering a wide range of 
environmental conditions throughout New Zealand. The primary data set consisted of 101 
sites with 1297 individual stand-level observations of height and/or basal area from which 
diameters and volumes could also be calculated. Model efficiencies were very high, 0.824-
0.886 for the four growth indices that either were directly observed, or could be readily 
deduced from the data. 

Modelled mean volume productivity, over the course of a 30 year rotation, for P. radiata was 
24.9 m3 ha-1 yr-1 and ranged from 0 to 50 m3 ha-1 yr-1 for different regions. In terms of 
biomass increments, mean growth rate was 14.6 tDW ha-1 yr-1 and ranged from 0 to 30.8 tDW 
ha-1 yr-1. Growth rates were highest in the Taranaki region and lowest in Canterbury, Otago 
and the West Coast. 

Responses to climate change were simulated under the climatic outputs of 12 different Global 
Circulation Models (GCMs) that had been forced by climate-change scenarios according to 
the SRES A1B, A2 and B1 scenarios and were conducted for 2040 and 2090 and compared 
against productivity in 1990. Regionally specific climate-change fields were available for 
each GCM/emission scenario combination, and those inputs were used as the base of climate 
change simulations. Humidity changes were calculated on the basis of the assumption that 
minimum and maximum temperatures would respond in the same way to climate change so 
that the diurnal temperature range would remain unaltered. There is some uncertainty as to 
the physiological response of trees to increasing CO2 concentrations. Simulations were 
therefore run with either the CO2 concentration representative of 1990 or that corresponding 
to future periods under the different emission scenarios. 

Without considering changes in CO2, responses to climate change were generally slight, with 
a net change across the country close to 0. There were detrimental effects in the North Island 
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owing to direct temperature stress and increasing water stress, but gains in the South Island, 
especially in cooler, higher altitude locations. For sites where P. radiata is currently grown, 
changes across the full suite of GCMs and scenarios ranged from –7.5 to 12.5% changes in 
productivity by 2040 and from –20 to +25% by 2090.  

When the model was run with the inclusion of increasing CO2 concentration, responses were 
generally positive, with increases in productivity of 15% by 2040 and 25% by 2090. These 
responses varied regionally, with minor positive effects in the North, but very significant 
growth increases in the South where the beneficial effect of increasing CO2 combined with 
the beneficial effect of increasing temperatures. These relatively large responses to CO2 were 
partly due to the assumption of maintenance of adequate fertility in plantations – as was 
largely observed for stands growing today. For stands growing with nutrient limitations, 
lesser growth responses to CO2 have to be expected. 

Growth enhancements did come at the expense of expected losses in soil carbon, mainly due 
to the increase in temperature, which is expected to stimulate organic matter decomposition. 
Average losses for the country are likely to range from 3–4% if CO2 is held constant to 1–2% 
if CO2 concentration is increased. Again, there are likely to be large regional differences, 
with larger losses in regions that experience lower growth enhancements, whereas in regions 
with greater growth enhancements, the effect of faster decomposition activity can be partly 
balanced by greater carbon input from litter. 
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1 Introduction   

Plantation forests, primarily of Pinus radiata, in New Zealand currently occupy about 1.8 
Mha, with 680 000 ha estimated as “Kyoto-compliant” (Wakelin and Beets 2009). Several 
Mha have been identified by various workers as being suitable for either indigenous forest 
regeneration (Beets et al. 2009) or additional exotic plantation forestry (Wakelin and Beets 
2009). It is important to be able to estimate the growth rate of these forests accurately to help 
both in optimal siting of future plantations and in national policy formulation. It is 
particularly important to provide some guidance on likely future growth rates to either 
forewarn growers of potential problems or allow the industry to best capture future growth 
opportunities.  

Forest growth varies as a function of climatic and soil characteristics (Madgwick 1994). 
While much has been learnt about the response of P. radiata and other tree species to these 
key drivers of productivity, this information has not often been put together in national 
analyses that allow a comparison of productivity between different regions, and assessment 
of variability in key limitations across the country. The information has also not been given in 
a form that would allow an assessment of the likely response of productivity to climatic 
changes. 

Current productivity estimates are often based on growth estimates of P. radiata per region 
(MAF 2010), an approach that ignores the key productivity drivers, which vary not only 
between but also within individual regions. An advancement of that was provided by Watt et 
al. (2010) who generated productivity estimates for P. radiata for New Zealand based on 
identified key environmental variables. Watt et al. (2010) identified mean annual 
temperature, water availability, wind exposure, and slope and soil characteristics as the most 
important determinants of tree growth. These estimates provide a good approximation of 
growth of P. radiata under current climatic conditions. 

The work of Watt et al. (2010) was, however, based on the use of an empirical model and 
thus does not allow the extrapolation of their findings to new combinations of environmental 
conditions. Important physiological determinants, such as atmospheric CO2 concentration, 
were also not included in that modelling approach as there is no relevant variability in CO2 
under current conditions. The extrapolation of growth estimates to future climatic conditions 
instead requires a modelling approach based on a more mechanistic approach in which all 
expected changes can be simulated even if there is no present-day variability in those that 
would allow the parameterisation of an empirical model (Watt et al. 2008). 

Such a physiologically based assessment of future productivity of pines has not yet been done 
for New Zealand, but various model assessments have been carried out in Australia 
(Kirschbaum 1999c; Simioni et al., 2009; Battaglia et al., 2009) and the Mediterranean region 
(e.g., Sabate et al. 2002; Magnani et al. 2004). Such analysis needs to combine the various 
direct physiologically important climatic changes, such as temperature and CO2 
concentration, with indirect changes, such as changes in soil-nitrogen mineralisation and 
water availability.  

Productivity surfaces have also not yet been generated for indigenous species in New 
Zealand. Estimating productivity for indigenous species is more difficult than for plantation-
grown P. radiata because species possess a variety of physiological attributes, and because 
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trees usually occur in mixed-species, multi-aged stands, actual growth rates tend to be 
affected by competitive interactions with other trees (especially for smaller trees) as much as 
they are affected by environmental drivers. Stand age can have a large influence on carbon 
gain at scale of both individuals and stands, with regenerating stands gaining carbon and 
mature stands having more-or-less constant carbon stocks (Payton 2007).    

The productivity surface for New Zealand indigenous forests was developed based on 
comprehensive datasets provided through both the National Vegetation Survey (NVS) and 
the Land Use and Carbon Analysis System (LUCAS). Generation of a surface underpinned 
by such comprehensive data has not previously been attempted. Existing approaches have 
either calculated gross productivity (e.g., Whitehead et al. 2001) or have insufficiently 
accounted for the contribution of different indigenous species (e.g., Baisden 2006). Boosted 
regression trees are considered the most appropriate methods for modelling interactions 
between predictor variables in complex systems such as mixed-species, mixed-age forests 
(Elith et al. 2008) and offer an excellent solution for modelling productivity under current 
climatic conditions. 

2 Model description 

Plant productivity surfaces represent the potential C sequestration across the country as a 
function of identifiable environmental drivers. Potential annual carbon sequestration was 
modelled as a two-step process for 10 indigenous tree species. First, annual diameter growth 
of individual trees was modelled based on individual tree diameter and the total basal area of 
the 0.04 ha plot in which they occurred using non-linear least absolute deviances regression. 
Then, for each plot in which the species occurred, the mean deviance of individual tree 
growth was taken across the trees of the relevant species occurring within the plot. Boosted 
Regression Trees (BRTs) were used to predict mean deviance in annual diameter growth of 
plots, as a means of modelling environmental effects on tree growth.      

Productivity modelling for P. radiata was based on simulations with the physiologically 
based model CenW that was parameterised against growth data from permanent sample plots 
covering a wide range of environmental conditions throughout New Zealand. Both models 
were used to generate productivity surfaces under current climatic conditions. The CenW 
model was also used to generate productivity surfaces for P. radiata under changed climatic 
conditions, including and excluding the effect of elevated CO2 concentration. 

2.1 Indigenous forest productivity methods 

2.1.1 Forest plot data and quality control 

Diameter measurements from over 5000 20 m × 20 m (0.04 ha) plots that had been surveyed 
at least twice were extracted from the NVS database. Plots were scattered throughout New 
Zealand, but were mainly concentrated in moist montane regions (Figure 1). This reflects the 
distribution of the majority of New Zealand’s remaining indigenous forests. The plots 
covered a range of vegetation types, with types including or dominated by beech (Nothofagus 
spp.) being especially well represented (Figure 1). Forest types containing kamahi 
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(Weinmannia racemosa) and podocarp species were also well represented. Most plots were 
first measured in the 1970s or 1980s, and most measurements occurred after 2000. 

 

 Figure 1 Location of indigenous forest plots used for the growth analysis of indigenous forests.  
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Diameter data have been thoroughly checked for errors, with special attention paid to 
ensuring that individual stems were correctly matched between surveys. Possible errors in 
diameter records were removed by excluding any stems that decreased in diameter by more 
than 0.5 cm per year or grew by more than 1 cm per year. This represented less than 0.01 
percent of stems in the dataset. No differentiation was made between individuals with a 
single trunk and those with multiple leaders.  

2.1.2 Diameter growth modelling 

Non-linear diameter at breast height (dbh) growth models were fitted for all species 
represented by more than 200 remeasured stems with diameter <30 cm. These models 
predicted diameter growth in all stems <30 cm using the stem initial diameter and the initial 
stand basal area by minimising absolute deviances (equivalent to fitting a quantile non-linear 
regression through the median) for the expression: 

1
b

1
12

12 cad tt
tt BAD

tt

DD
D ++=

−
−

=∆  

where ∆D is annual change in dbh, t1 and t2 are the times of the initial and final 
measurements (expressed in years), Dt1 and Dt2 is dbh at time t1 andt2, respectively and BAt1 
is total basal area in the 0.04 ha plot at time t1, and a, b, c and d are fitted parameters. Stems 
over 30cm dbh were excluded since it is unlikely trees would reach this size over the length 
of time modelled and past work has found the slope of the relationship between diameter and 
growth rate changes at or around this diameter in several common indigenous tree species 
(Hurst et al. 2007).  
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Table 1 Specifications for key climatic variables used in BRT models  

Name Data Source Interpolation 
Method 

Number of Weather 
Stations 

Mean annual 
rainfall (mm) 

Rainfall Normals for New 
Zealand 1951 to 1980, N.Z. 
Meteorological Service 
Miscellaneous Publication 185, + 
misc. rain gauge records 

Anusplin – easting, 
northing, PCA as 
splines + elevation 
as a covariate 

Stations – 2202 

Mean vapour 
pressure deficit at 
0900 hours (kPa)  

Summaries of Climatological 
Observations to 1980, N.Z. 
Meteorological Service 
Miscellaneous Publication 177 

Anusplin – easting, 
northing, PCA as 
splines + elevation 
as a covariate 

Stations – 287 

Mean annual and 
Mean June daily 
solar radiation 
(MJ/m2/day) 

Summaries of Climatological 
Observations to 1980, N.Z. 
Meteorological Service 
Miscellaneous Publication 177 

Anusplin – easting, 
northing & humidity 
as spline variables 

Stations – 21 solar 
radiation, 91 

sunshine hours 

Mean annual 
temperature (°C) 

Summaries of Climatological 
Observations to 1980, N.Z. 
Meteorological Service 
Miscellaneous Publication 177 

Anusplin – easting, 
northing & elevation 
as splines 

Stations = 300 

Mean minimum 
temperature in the 
coldest month of 
the year (°C) 

Summaries of Climatological 
Observations to 1980, N.Z. 
Meteorological Service 
Miscellaneous Publication 177 

Anusplin – easting, 
northing & elevation 
as splines 

Stations = 300 

Diameter was included since previous work has suggested that growth in diameter may be 
strongly related to initial diameter in indigenous New Zealand tree species (e.g., Coomes & 
Allen 2007). Basal area was included as an indicator of competition (mainly for light), and 
since it has been demonstrated as a key factor influencing individual stem growth (Coomes & 
Allen 2007). For biological interpretability, a and b were constrained to be non-negative, 
while c was constrained to be non-positive. This model was chosen since it received the 
strongest AIC weight support (Burnham & Anderson 2002) for almost all species among the 
models examined. Other models examined included all possible combinations of log, linear 
power and exponential relationships between initial diameter, basal area and ∆D. In some 
instances a combination of a power relationship between initial diameter and growth, and a 
logarithmic relationship between plot basal area and growth yielded a better fit. However, 
when extrapolating to stands of lower basal area than the minimum values in the observed 
data, these models gave unrealistically high estimates of carbon sequestration, making them 
unsuitable for the present work.      
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2.1.3 Modelling growth responses to environmental heterogeneity 

For species where diameter growth was well or moderately well predicted by basal area and 
initial diameter, and which occurred in at least 100 plots, deviance in growth from that 
predicted by the model described above due to environmental variables was modelled using 
boosted regression trees (BRTs). BRTs have the advantage of modelling interactions between 
predictor variables well, which generally confers increased accuracy in prediction relative to 
alternative techniques. A drawback is that relationships between individual predictors and the 
response variable within BRT models can be difficult to describe. BRTs are a machine-
learning modelling method based on classification and regression trees (CARTS), with the 
important difference that BRTs iteratively fit new models to explain residual variance left by 
previous models. Two key parameters can affect the efficiency of BRTs. The first is tree 
complexity, which sets a limit to the complexity of interactions that can be modelled. The 
second is learning rate, which determines the rate at which the influence of models on the 
final prediction decreases with each iteration. For this work we used a tree complexity of 5 
(which allows interactions between as many as five predictors to be modelled), and a learning 
rate of 0.001. Models were optimised to minimise absolute deviance in cross validation. 
Here, the dataset was divided into 10 even-sized groups. Each group was sequentially 
removed from the dataset, models were fitted on the remaining data and deviance calculated 
by comparing predicted with observed values for the group that had been removed. Cross 
validation is vital in validating complex models like BRTs, since their flexibility means they 
can easily find solutions that fit the training data perfectly, but they do not predict well on to 
independent data. In this way, the cross validation deviance or correlation between observed 
and predicted values provides an accurate indication of the ability of models to predict on to 
independent data.  

The response variable used was the plot-level mean deviance in observed annual diameter 
growth from that predicted by the initial diameter-basal area model. Means were calculated 
for each species separately. The influence of plots in BRT models was weighted by the 
number of stems in the plot, so that individual stems did not have a disproportionate effect on 
predictions if they occurred in plots with relatively few stems of the species in question. Plot 
weights were calculated as: 

∑
=

= N

j
js

is
is

n

n
w

1

  

where nis is the is the number of stems of species s in plot i and N is the number of plots. 11 
predictor variables were included in the BRT models. Climatic variables are listed in  
Table 1. In addition, soil phosphorous, slope and drainage were obtained from GIS layers 
associated with Land Environments New Zealand (Leathwick et al. 2003). These variables 
were chosen for their known importance in the growth and distribution of indigenous tree 
species (Leathwick & Whitehead 2001). The contribution of predictors in BRT models was 
recorded as the percentage of times a variable was used to make the dichotomous splits in the 
dataset that constitute individual regression trees. Once models had been fitted, deviance in 
diameter growth was predicted for each species for the entire country at a resolution of 0.05° 
latitude and longitude.  
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2.1.4 Predicting carbon sequestration during afforestation 

For these predictions a scenario of single species even-aged stands was assumed. Initial stem 
density was held constant at 2500 stems ha–1. All stems were assumed to have a starting 
diameter of 2.5 cm, the minimum size of measured stems in the forest plot data. Growth of 
individual stems was calculated based on diameter and basal area using the coefficients fitted 
during stem growth modelling. The predicted deviance from the BRT models was then added 
to give an environmentally adjusted annual increment in diameter. These calculations were 
performed in annual steps for a total of thirty years. Carbon sequestration at the end of this 
period was recorded at tonnes of CO2 equivalents per hectare.  

The carbon contained in individual stems was estimated using the allometric equations of 
Hall et al. (2001), which link stem diameter and height to stem volume and biomass in leaves 
and branches. To obtain carbon contained in stems, stem volume was multiplied by wood 
density values used in Mason et al. (2010). Stem heights were derived from models based on 
diameter produced by Mason et al. (2010). 

0.9462 Height)    (dbh  0.0000598Volume Stem ×=  

Volume  dbh) 0.0019 - (1.0density  Wood
2
1

  (kg)carbon  Stem ××=  

2.33dbh  0.03   (kg) massBranch ×=     
1.53dbh  0.0406  (kg) mass Foliage ×=   

Root mass was assumed to be 25% of the live above-ground tree biomass following Hall et 
al. (2001). Finally, tree biomass was assumed to be comprised of 50% carbon (Coomes et al. 
2002). 

2.2 Modelling the productivity of Pinus radiata 

We used the process-based model CenW to derive a productivity surface for P. radiata. This 
model has been used extensively in Australia to predict the growth of pine stands in response 
to silvicultural management options, climate and land-use change (Kirschbaum 1999a, b; 
Kirschbaum & Paul 2002; Kirschbaum et al. 2003; 2008a, b; Simioni et al. 2008, 2009). The 
model has also been used to derive productivity surfaces for all of Australia under current and 
future climatic conditions (Kirschbaum 1999c; Lucas & Kirschbaum 1999; Roxburgh et al. 
2004).  

CenW is a physiologically based model that allows the incorporation of key environmental 
drivers, including those that are likely to change in the future. The model was parameterised 
against a large set of site-specific data from plots throughout New Zealand. This allows 
modelling of climate-change simulations that lie outside the realm of empirical observations 
against which a regression-based model can be parameterised. CenW has been developed 
primarily for climate-change investigations and is therefore an ideal tool to model forest 
growth in response to multiple changes and multiple interacting factors. Even with that 
attribute, the extrapolation of simulations beyond the range over which the model can be 
tested against empirical data always retains an element of doubt. This is discussed further 
below.  
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The simulations used the model CenW 3.1 as described by Kirschbaum (1999, 2004) and 
Kirschbaum and Paul (2002). Further modifications to the model were added as part of the 
present work, and it is now designated as version 4.0. The model was originally developed 
and parameterised for P. radiata, which made it an ideal choice for the present work. The 
model and its source code are available at: http://www.kirschbaum.id.au/Welcome_Page.htm 
, with a full list of relevant equations available at 
http://www.kirschbaum.id.au/CenW_equations.pdf. 

The model runs on a daily time step and simulates stand characteristics, such as leaf-area 
development, stand height, basal area development, litter fall and exchange of both water and 
CO2. Stand-level dynamics are explicitly linked to carbon and nitrogen cycling in the soil and 
plants. This linkage allows multiple factors to constrain estimates of growth and carbon 
exchange of the stand at daily or longer time scales. For the present work, only nitrogen was 
included as a limiting nutrient as analysis of our primary observational data set showed no 
sign of phosphorus limitation (data not shown). 

The model can be easily run over periods of several decades, which was necessary for the 
simulation of P. radiata forests that are typically grown for periods of 25–30 years. As 
external drivers, the model requires daily minimum and maximum temperature, solar 
radiation, a measure of atmospheric humidity and precipitation. The model was initialised by 
setting soil nitrogen levels proportional to those observed at our test sites, or, for simulations 
beyond our test sites, by extractions from a surface of soil nitrogen (W.T. Baisden, pers. 
comm.) developed from the National Soils Database (Wilde et al. 2000). In addition, soil 
water holding capacity and percentage of silt plus clay were also obtained from the National 
Soils Database.  

A number of modelling changes were required and are described below. Other new routines 
required for the present simulations are described in Appendix 2. A set of key parameter 
values is given in Appendix 1. A brief description of the model is given in Sections 2.2.1-
2.2.5, but readers are referred to the original publications or the web site for full modelling 
details. 

2.2.1 Photosynthesis and Respiration 

Photosynthetic calculations were based on combination of the photosynthesis model of 
Farquhar and von Caemmerer (1982) with the simple stomatal model of Ball et al. (1987). 
Maximum photosynthetic capacity was controlled by foliar nitrogen status and further 
restricted by temperature limitations, water stress and constraints imposed by water logging 
and excess rainfall. The Farquhar and von Caemmerer photosynthesis model also embodies a 
CO2 response function, which was important for our climate change simulations. This 
response function is well-calibrated against short-term photosynthetic measurements. In 
longer term CO2 enrichment experiments, photosynthetic rates often decline. To the extent 
that this phenomenon is due to nutrient feedback limitations, it is accounted for through the 
integrated structure of the model. Other possible feedback limitations are not well 
characterised and have not been included in the present work. The existence of further 
limitations cannot be excluded, but there is no established theory through which they could 
be included. 
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Instantaneous leaf-level equations were scaled up to the canopy and to a daily time scale 
using the equations of Sands (1995). These equations calculate daily canopy photosynthesis 
from parameters of single-leaf photosynthetic light response, canopy extinction coefficient, 
leaf area index, day length and daily solar irradiance. The calculations assume that light 
absorption within the canopy follows Beer’s law that maximum photosynthetic rate within 
the canopy is proportional to light absorption and that light varies sinusoidally throughout the 
day. It is an efficient algorithm for calculating canopy photosynthesis while minimising 
systematic scaling errors. 

2.2.2 Water relations 

Daily transpirational water loss was calculated with the Penman-Monteith equation with 
canopy conductance explicitly linked to photosynthetic carbon gain based on the Ball-Berry 
model (Ball et al. 1987). Soil water-holding capacity was obtained from the National Soils 
Data base (Wilde et al. 2000). 

2.2.3 Allocation 

Plant stands were sub-divided into foliage, branches, sap- and heartwood, bark, pollen, cones 
and fine and coarse roots. This sub-division was found necessary as each of these pools is 
unique with respect to their nutrient concentration, longevity, physical location (above or 
below ground) and physiological function. 

Carbon allocation to different plant organs was determined by plant nutrient status, tree 
height and species-specific allocation factors. It was assumed that the ratio of above- to 
below-ground allocation increased with foliar nitrogen concentration and that the allocation 
ratio of stem wood to foliage increases with increasing tree average height, but that allocation 
ratios between branches, bark and coarse roots and stem wood remain invariant with height 
or nutrient status. Nitrogen allocation was treated in a similar way except that it was further 
assumed that the nitrogen concentration in each biomass compartment scaled linearly with 
foliar nitrogen concentration. 

Our primary calibration data set consisted of detailed height and basal area measurements 
from which tree diameters could be deduced. In order to adequately describe the growth in 
height and diameter across stands of different ages and stand densities and across regions 
with different temperatures and fertilities, we found it necessary to refine the allometric 
relationships that were used by CenW to calculate the relative allocation of carbon to height 
and diameter growth, respectively. Details of this work are given in Appendix 3. 

From the measurements of height and diameter, wood volume, V, was calculated, following 
Kimberley and Beets (2007), as: 

V = HB[0.942(H-1.4)–1.161 + 0.317] 

where volume is in m3ha–1 of wood, H is tree height in metres and B is basal area in m2 ha–1. 

For generating productivity surfaces, mean annual increment was calculated as the wood 
volume increment over 30 years under a standardised thinning regime. Wood weight 
increment was calculated as the woody biomass increment over the final years of growth. 
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These two measures thus differ primarily by the change in wood density with environmental 
variables, by the peculiarities of weather conditions in the final year of growth, and by the 
differential effect of environmental variables in controlling growth of mature stands versus 
the effect of the same variables over the whole rotation length.  

Wood weight and wood volume increments are provided as alternatives in some of the 
following graphs, but neither is inherently better than the other. Growth can be expressed in 
many different ways, and two options are given below. The effect of climate change is given 
as the proportional effect on wood volume production as that is the measure of greatest direct 
relevance to forestry. 

2.2.4 Organic matter dynamics 

Organic matter dynamics were calculated with a version of the CENTURY model (Parton et 
al. 1987) that had been slightly modified to better describe the dynamics of forest soils and 
litters with their often wider C:N ratios than found in agricultural and grassland soils 
(Kirschbaum & Paul, 2002). As such, the model contains a complete and coupled nitrogen 
cycle, with nitrogen taken up by stands following decomposition and nitrogen mineralisation. 
Nitrogen was then either retained in plant pools or returned to the soil through senescence of 
plant organs, especially foliage and fine roots. 

The amounts of organic matter at our test sites were scaled based on measured soil nitrogen 
concentrations (0–5 cm depth). For constructing national surfaces, organic matter amounts at 
different sites were scaled based on a national surface for soil nitrogen concentration (W.T. 
Baisden, pers. comm.). The rate at which that organic matter decomposes and makes nitrogen 
available for plant uptake was determined by temperature and the soil water status and as 
such is responsive to any changes in climatic conditions. 

2.2.5 Weed unit 

Initial runs of the model strongly over-estimated early stand growth. This was thought to be 
related to weed competition which had originally not been included in the model. In the 
original version of the model, stands were modelled as uniform stands, with all site resources, 
light, water and nutrients being available to developing stands of trees. In reality, of course, 
trees have to compete for site resources with weeds, which managers try to minimise in order 
to maximise tree growth.  

However, weeds are not generally completely eliminated so that some reduction of early 
growth by weed competition has to be expected. Trees eventually overtop the weed layer so 
that weeds become strongly suppressed, and at later stages of growth, the original assumption 
of trees having sole access to site resources becomes valid again. To deal with the period of 
partial growth reduction by weeds, a new weed routine was introduced into CenW. This 
routine has been described in Appendix 2. 

2.2.6 Model fitting 

The present work aimed to get the best constrained estimates of the growth of P. radiata 
across New Zealand. We had access to observations from 101 sites at which height and/ or 
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basal area was measured repeatedly. There were 1297 independent stand-level observations. 
For each stand, stocking and the time for specified silvicultural operations were recorded, 
which included either thinning or branch pruning. On most sites, there was also a small 
amount of additional natural mortality. The model run from planting to the age at which the 
last observations on individual stands were available. These ages varied from 14 to 32 years 
for the observations from different stands. Modelled silvicultural manipulations followed the 
recorded sequence for individual stands.  

Parameter values of the model were originally chosen based on past work in Australia 
(Kirschbaum 1999; Kirschbaum et al. 2008a; Simioni et al. 2007), but were modified further 
to achieve greatest possible agreement with respective observations. Parameter values were, 
however, constrained to remain within plausible bounds to retain the physiological integrity 
of the simulations. The output of this work was the estimation of growth, with parameter 
values used primarily as a tool to constrain growth estimates and allow a more confident 
extrapolation to future climatic conditions 

We also used a second dataset of growth estimates (as 300 Index) that spanned a wider range 
of climatic conditions, especially in high-rainfall regions. From that dataset only a final 
growth estimate was available rather than detailed height and diameter observations. This 
data set consisted of observations from 1764 independent plots. Each stand was mapped onto 
our 0.05° data grid and, with a large number of observations duplicating other observations 
on that grid, only 548 grid locations were represented. Where multiple observations for the 
same grid location were available, we calculated and used the mean of all observations for 
that grid point. We had less confidence in the veracity of all the observations in this data set, 
but used it for additional constraints under the climatic conditions where our primary dataset 
had a poor representation.  

2.2.7 Statistical analysis 

The goodness of fit in respective comparisons between model and data was assessed by 
calculating model efficiency, which is the extent of variation explained by the model (or by a 
1:1 relationship between observed and predicted values of the response). Hence, it assesses 
not only the closeness of the correlation between model and data, but also whether there is 
any consistent bias in the relationship. High model efficiency can only be achieved when 
model and data are consistently closely related and when there is little systematic bias in the 
model. 

Formally, model efficiency, EF, was calculated as (Nash & Sutcliffe 1970; Soares et al. 
1995): 

EF = 1 - 
2
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where yo are the individual observations, ym the corresponding modelled values and y  the 
mean of all observations. Parameters were generally optimised to maximise the average of 
model efficiencies of all observations. 
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2.3 Climate data, including climate change projections 

Daily data from the Virtual Climate Station Network (VCSN) from NIWA (National Institute 
of Water and Atmospheric Research Ltd.) were used in this study. Daily VCSN data are 
estimated for the whole of New Zealand on a 0.05° latitude/longitude (approximately 5 km) 
grid, using a spatial interpolation model (Tait et al. 2006; Tait 2008; Tait & Liley 2009). 
Daily estimates of rainfall begin in January 1960, for wind speed in January 1997, and for 
nine other variables data begin in January 1972. VCSN data are automatically updated every 
night using all the available climate station observations from the previous day, held in the 
NIWA climate database. A thin-plate smoothing spline model is used for the spatial 
interpolations. This model incorporates two location variables (latitude and longitude) and, 
for some variables, a third “pattern” variable (usually elevation) is included. For rainfall, the 
1951–1980 mean annual rainfall digitised from an expert-guided contour map is used to aid 
the interpolation (Tait et al. 2006). The software used for the interpolations is ANUSPLIN 
(Hutchinson 2010).   

For the purposes of this study, the 20-year period 1980–1999 was used to define the “current 
climate” and the climate variables used to model forest productivity were daily rainfall, 
maximum and minimum air temperature, global solar radiation and absolute humidity 
(calculated as the 9 a.m. vapour pressure). 

For the climate change projections used in this study, outputs from 12 Global Climate Models 
(GCMs) were used to statistically downscale mean monthly temperature and rainfall changes 
for New Zealand at the same resolution as the VCSN data (0.05° latitude/longitude) 
following the methodology described in MfE (2008). The 12 GCMs are described in MfE 
(2008) and are noted in this study in shorthand as: CNRM (France), CCCma (Canada), 
CSIRO Mk3 (Australia), GFDL CM 2.0 (USA), GFDL CM 2.1 (USA), MIROC32 (Japan), 
ECHOG (Germany/ Korea), ECHAM5 (Germany), MRI (Japan), NCAR (USA), UKMO-
HadCM3 (UK), UKMO-HadGEM1 (UK). Temperature and rainfall were statistically 
downscaled for each GCM; for the three emission scenarios B1 (low), A1B (mid-range) and 
A2 (high); and for two future periods 2030–2049 (midpoint reference year = 2040) and 2080–
2099 (midpoint reference year is 2090). 

To calculate future values of absolute humidity, dew-point temperature corresponding to the 
absolute humidity was calculated. This dew-point temperature was then changed according to 
the given projected changes in air temperature, and the new dew point temperature was used 
to calculate the changed absolute humidity. As methodology check, the calculated relative 
humidity under current and future conditions were compared, and we found that it barely 
changed, which is consistent with theory. Solar radiation was not changed for the future 
climate projections. 

The daily values from the VCSN for 1980–1999 were then adjusted according to the mean 
monthly changes from the above projections.  For maximum, minimum and dewpoint 
temperature, the mean monthly anomalies were directly applied to the daily values. For 
rainfall, the mean monthly rainfall change (in mm) was evenly distributed to all the days with 
rainfall in the corresponding month in the 1980–1999 dataset. For projections of decreasing 
or increasing mean monthly rainfall, it means that the number of “dry” and “wet” days 
remained unchanged. 
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3 Productivity of indigenous forests 

3.1 Results 

3.1.1 Stem diameter growth models 

 

Figure 2 Examples of observed and predicted annual growth in diameter (cm) clipped to 95% confidence 
intervals for both observed and predicted. Red lines indicate a 1:1 relationship between observed and predicted. 
The full set of comparisons for all species is given in Appendix 5.  

Growth models based on initial diameter and plot basal area had moderate to poor predictive 
accuracy (Appendix 5, Table 2). Generally, predicted values spanned only a small portion of 
the range of observed values (Figure 2).  

To better reveal the distribution of individual stems in the plot, stems are grouped into 
hexagons. Darker hexagons contain more stems (in accordance with the legend for each plot). 
Here we show two extreme examples – Beilschmiedia tawa where the bulk of the data are 
poorly aligned with the 1:1 line, while for Nothofagus fusca, hexagons with high stem density 
are clustered evenly around the 1:1 line despite the large amount of scatter. The N. fusca 
example indicates that an unbiased estimate of stem diameter growth was obtained despite 
the large amount of error. This is an advantage of quantile regression, which is less sensitive 
to outliers than ordinary least squares regression. 

Beilschmiedia tawa Spearman r = 0.223 

   
   

  O
bs

er
ve

d 
A

nn
u

al
 D

ia
m

et
er

 G
ro

w
th

 

Nothofagus fusca Spearman r = 0.478 

Predicted Annual Diameter Growth (cm) 
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Figure 3 Predicted annual growth in diameter (cm) of individual stems against their initial diameter (cm) for 
selected species. A function, Growth = a +b(Diameter)c + d(Basal Area) was fitted, with b and c constrained to 
be non-negative, and d constrained to be non-positive. Shading indicates density of stems within each hexagon 
according to the legend for each species.  

 

Table 2 Spearman correlations and parameters fitted in models of individual tree annual diameter growth 

including basal area and initial diameter. The model has the form Growth = tt BAD cad b ++ where t is the 

time if the initial measurement (expressed in years), Dt is d.b.h. at time t, BAt is total basal area in the 0.04 

ha plot at time t and a, b, c and d are fitted parameters 

Species a b c d Spearman  

BEITAW 3.21e-08 4.5950 -0.0092 0.0787 0.223 

DACCUP 0.1131 0.1718 -0.0399 0.0032 0.493 

ELAHOO 1.96e-08 4.4435 -0.0159 0.0664 0.417 

MYRAUS 5.93e-08 4.4023 -0.0106 0.0756 0.292 

NOTFUS 0.0026 1.3033 -0.0125 0.0635 0.478 

NOTMEN 0.0007 1.4437 -0.0070 0.0388 0.262 

NOTSOL 0.0048 0.9947 -0.0183 0.0600 0.380 

PODHAL 2.02e-08 0.0001 -0.0034 0.0339 0.213 

PRUFER 0.4982 0.0477 -0.0073 -0.4640 0.271 

WEIRAC 0.0108 0.6731 -0.0018 0.0127 0.260 
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Species differed markedly in the relative importance of diameter and basal area for predicted 
growth values. All the Nothofagus species, as well as miro (Prumnopitys ferruginea), kamahi 
(Weinmannia racemosa) and tawa (Beilschiedia tawa) were most strongly influenced by 
initial diameter. At the other extreme, growth in rimu (Dacrydium cuppresinum), mountain 
totara (Podocarpus hallii) and pokaka (Elaeocarpus hookerianus) was only weakly related to 
initial diameter. Examples of each extreme are given in Figure 3 (See Appendix for graphs of 
all species). That initial diameter had little effect on predicted growth values in the final 
model for Dacrydium cupressinum is shown by the large amount of scatter in the figure. 
Contrast this with Weinmannia racemosa where the relationship is very tight. 

 

Figure 4 Predicted growth in diameter (cm) of individual stems against initial total basal area within the 0.04 ha 
plots in which they occurred. Predictions were obtained by fitting the model described in Figure 3. Here the 
strong effect of plot basal area on predicted growth values in the final model for D. cupressinum is seen in the 
tight, steep relationship between the two, in contrast to the scattered relationship for W. racemosa.    

For basal area, the inverse was true, with all the species showing strong responses to diameter 
having only a diffuse relationship with basal area, while those species that did not respond to 
diameter had predicted growth values closely linked to stand basal area. Extreme examples 
given in Figure 4 (all species presented in Appendix 5). This indicates that the species studied 
may be roughly divided into groups of greater or lesser sensitivity to light competition.     

3.1.2 BRT models of deviance in annual growth from diameter-basal area models 

For most of the species studied, BRT models provided moderate accuracy in predicting on to 
independent data (as indicated by cross-validation correlation between observed and 
predicted values, Figure 5). The two exceptions were red beech (Nothofagus fusca) and 
Myrsine australis. Red beech had the second most accurate diameter-basal area growth 
model, so that the poor performance of the BRT model may be due to the relatively limited 
residual deviance left over from this model. There is no obvious explanation for the poor 
performance of the Myrsine australis model. For all species, there was no evidence of bias in 
predictions.  
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Figure 5 Observed and predicted mean deviance in annual diameter growth for 0.04 ha plots from boosted 
regression tree models. Lines indicate a 1:1 relationship between observed and predicted. SelfCorr refers to 
Spearman correlation based on training data, while CVCorr refers to Spearman correlation in cross 
validation (where BRT models were fitted on 90% of the data and validated on the remaining 10%). For all 

Beilschmiedia tawa 

SelfCorr 0.436 CVCorr 0.404

Dacrydium cupressinum

SelfCorr 0.557 CVCorr 0.340

Elaeocarpus hookerianus

SelfCorr 0.539 CVCorr 0.334

Myrsine australis

SelfCorr 0.458 CVCorr 0.196

Nothofagus menziesii

SelfCorr 0.441 CVCorr 0.316

Nothofagus fusca

SelfCorr 0.334 CVCorr 0.141
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species, plots were evenly distributed around the 1:1 line indicating that there was no evidence of bias in 
predictions.  

 

Figure 5 (continued). 

 

Mean deviance (within plots) in growth from the diameter-basal area model  in most species 
had a monotonic positive relationship with either mean or minimum temperature and mean 
annual or mean June solar radiation. One exception was tawa, where deviance showed a 
monotonic negative relationship with each of these variables. Responses to rainfall were 
more varied, with most species showing more negative deviance in growth with increasing 
rainfall, but with tawa and mountain totara showing monotonic increases and silver beech 
(Nothofagus menziesii) and kamahi showing parabolic relationships. These parabolic 
relationships are most likely due to correlations between predictor variables. Responses of 
mean deviance (taken across stems) in annual diameter growth within 0.04ha plots to mean 
annual temperature and rainfall are shown in Figures 6 and 7, respectively. Figures of 
deviance in diameter growth response to these and other key environmental variables are 
listed in Appendix 5.   

Nothofagus solandri

SelfCorr 0.536 CVCorr 0.404

Podocarpus hallii

SelfCorr 0.410 CVCorr 0.244

Prumnopytis feruginea

SelfCorr 0.590 CVCorr 0.364

Weinmannia racemosa

SelfCorr 0.424 CVCorr 0.315
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Nothofagus fusca Nothofagus menziesii 

Beilschmiedia tawa Dacrydium cupressinum 

Elaeocarpus hookerianus Myrsine australis 

Figure 6 Partial contribution of mean annual rainfall in Boosted Regression tree models to deviance in annual 
stem diameter growth for 0.04 ha plots. Partial contributions are obtained by calculating the effect of mean 
annual rainfall on deviance in growth while holding the effects all other predictor variables constant.  
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Figure 6 (cont). 

  

Nothofagus solandri Podocarpus hallii 

Prumnopitys ferruginea Weinmannia racemosa 
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Nothofagus fusca Nothofagus menziesii 

Beilschmiedia tawa Dacrydium cupressinum 

Elaeocarpus hookerianus Myrsine australis 

Figure 7 Partial contribution of mean annual temperature in Boosted Regression tree models to deviance in 
annual stem diameter growth for 0.04 ha plots. Partial contributions are obtained by calculating the effect of 
mean annual rainfall on deviance in growth while holding the effects of all other predictor variables constant.  
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Figure 7 (cont.) 

3.1.3 Predicted indigenous forest productivity   

For estimating carbon gain of indigenous forest species, we used a stem density of 2,500 
stems ha-1. This stem density is commonly used in indigenous forest restoration planting. A 
variety of stem density values were tried, varying from 1,500 to 10,000 stems per hectare. 
Estimated carbon gain did not vary considerably across different densities since growth 
became rapidly constrained by stand basal area at higher densities.    

In simulated even-aged stands, mean carbon sequestration rates varied across species from 
1.26 tonnes CO2e ha–1year–1 for Podocarpus hallii to 6.47 tonnes CO2e ha–1year–1 for 
Dacrydium cupressinum (Table 3). When the species giving the maximal sequestration rate 
for each pixel was selected, the national mean carbon sequestration was 6.50 tonnes CO2e ha–
1year–1. Maps of spatial variation in carbon sequestration for each species are presented in 
Figures 8–17, and Figure 18 gives the sequestration potential of the most productive species 
at each location.  

  

Nothofagus solandri Podocarpus hallii 

Prumnopitys ferruginea Weinmannia racemosa 
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Table 3 Mean and standard deviation of annual carbon sequestration for each species (tCO2e ha
-1 

yr
–1

), and 

when taking the species that gave the maximum sequestration at each pixel 

Species Mean S.D. 

Beilschmiedia tawa 2.94 0.36 

Dacrydium cupressinum 6.47 1.49 

Elaeocarpus hookerianus1.87 0.35 

Myrsine australis 2.02 0.21 

Nothofagus fusca 3.31 0.93 

Nothofagus menziesii 2.89 1.10 

Nothofagus solandri 3.68 1.27 

Podocarpus hallii 1.26 0.59 

Prumnopitys ferruginea 3.15 1.38 

Weinmannia racemosa 1.63 0.44 

Maximum 6.50 1.46 
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Figure 8 Modelled productivity of Beilschmiedia tawa throughout New Zealand. Carbon gain predictions were 

restricted to areas with sufficient rainfall to support rapid tree growth (i.e. outside the dryland zones identified 

by Walker et al. 2009) and below 1000m altitude. 
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Figure 9 Modelled productivity of Dacrydium cupressinum throughout New Zealand. Carbon gain predictions 
exclude dryland and high-altitude zones (as for Fig. 8). 
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Figure 10 Modelled productivity of Elaeocarpus hookerianus at 0.05° resolution throughout New Zealand. 
Carbon gain predictions exclude dryland and high-altitude zones (as for Fig. 8).  
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Figure 11 Modelled productivity of Myrsine australis at 0.05° resolution throughout New Zealand. Carbon gain 
predictions exclude dryland and high-altitude zones (as for Fig. 8).  



  Productivity surfaces for Pinus radiata and indigenous forests 

Landcare Research  Page 27 

 

Figure 12 Modelled productivity of Nothofagus fusca at 0.05° resolution throughout New Zealand. Carbon gain 
predictions exclude dryland and high-altitude zones (as for Fig. 8).  
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Figure 13 Modelled productivity of Nothofagus menziesii at 0.05° resolution throughout New Zealand. Carbon 
gain predictions exclude dryland and high-altitude zones (as for Fig. 8).  
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Figure 14 Modelled productivity of Nothofagus solandri at 0.05° resolution throughout New Zealand. Carbon 
gain predictions exclude dryland and high-altitude zones (as for Fig. 8).  
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Figure 15 Modelled productivity of Podocarpus hallii at 0.05° resolution throughout New 
Zealand. Carbon gain predictions exclude dryland and high-altitude zones (as for Fig. 8).  
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Figure 16 Modelled productivity of Prumnopitys ferruginea at 0.05° resolution throughout New Zealand. 
Carbon gain predictions exclude dryland and high-altitude zones (as for Fig. 8).  
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Figure 17 Modelled productivity of Weinmannia racemosa at 0.05° resolution throughout New Zealand. 
Carbon gain predictions exclude dryland and high-altitude zones (as for Fig. 8).  
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Figure 18 Modelled productivity where the species giving the highest sequestration rate is 
selected for each pixel. 
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3.2 Discussion 

The complexity of forest successional dynamics, and the limitations of available data impose 
constraints on our ability to model carbon gain realistically through natural regeneration. 
Below we detail some of the drawbacks of the approach used to model indigenous forest 
productivity and make some suggestions to how these could be ameliorated.  

3.2.1 Distribution and successional stage of forest plots 

Most of the plots used to model stem growth occur in the moist montane regions of New 
Zealand. This is a consequence of the small area of lowland habitats still covered by 
indigenous forest. Consequently, in predicting tree growth in warm, highly productive areas 
we are often extrapolating outside the range of our observed data. In taking a national-level 
approach, we have modelled carbon gain for some species in areas where they do not occur 
naturally, or would be unlikely to form a dominant component of early-successional forests. 
These factors will need to be considered when interpreting our carbon gain predictions.  

Also, there are very few remeasured plots in successional vegetation. This is particularly 
important for our tree growth models, since stand basal area is an important predictor of 
growth for some species, and in using models to predict growth in an afforestation scenario 
we are extrapolating to basal area values much lower than for the majority of remeasured 
plots. For example, the results for Dacrydium cupressinum may to a certain extent be due to 
this effect, since increasing basal area had a strong negative effect on D. cupressinum growth, 
so that extrapolating to lower basal area values than in the observed data might yield 
unrealistically high growth rates. While the modelling approach used may have some 
drawbacks in predicting productivity in early successional forests, it would be very well 
suited to predicting the productivity of existing forests, since this would not require 
extrapolation outside the range of the observed data. 

3.2.2 Complexities of modelling forest dynamics 

Our modelling approach makes no attempt to account for species’ potential natural 
distributions, dispersal limitation, changes in species composition due to succession or 
variation in size between individual trees. It would be relatively simple to incorporate 
potential natural distributions using existing predictive models (e.g. Leathwick et al. 2001). 
One of the most challenging issues in modelling forest productivity through afforestation is 
coping with dispersal limitation (Dungan et al. 2001). Data on dispersal rates for New 
Zealand tree species are rare so that any attempt to model dispersal would be speculative. 
Also, dispersal is an inherently difficult process to model, since rare long distance dispersal 
events can have large long term consequences. Models of natural indigenous afforestation 
would greatly benefit from further empirical studies of tree species dispersal.  

Another difficult property of forest dynamics to model is species replacement, and different 
forest models have tried to cope with this in different ways. One of the difficulties in 
modelling succession in forests is that it occurs over a time scale longer than we can observe, 
making it difficult to validate the model predictions. Another issue is that species replacement 
can be greatly affected by stochastic processes, such as dispersal, catastrophic disturbance 
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(e.g., floods, earthquakes, landslides), and individual tree mortality through disturbances such 
as wind throw (Hall & McGlone 2006).  

The LINKAGES model (Post & Pastor 1996) copes with species replacement by assigning 
species to particular successional stages. It is unclear whether its New Zealand derivative 
LINKNZ (Hall & Hollinger 2000) replicates this (and it makes no provision for dispersal 
limitation). The SORTIE model (Pacala et al. 1996) avoids this kluge, but has the drawback 
that a huge parameterisation effort is required for the model to yield accurate predictions even 
for a single stand.  

A version of the SORTIE model has been constructed for a small area of forest in Southland, 
New Zealand (Easdale & Kunstler 2010), but as with the original SORTIE model, it requires 
a large effort in empirical observation to estimate the necessary parameters. As a 
consequence it is not a realistic candidate for simulating forest regeneration and productivity 
at a national scale. Modelling variation in tree size is challenging since microsite variation 
can greatly influence tree growth. Also, mortality is a highly stochastic process, with our 
ability to model mortality in mature individuals of common New Zealand tree species 
(especially podocarps)  being severely limited by the small number of tree deaths observed in 
remeasured forest plots (Hurst et al. 2007). In general, building a nationwide forest dynamics 
model remains an ongoing challenge, which will require much more research than was 
possible in this report.     
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4 Productivity of Pinus radiata and its response to climate change 

4.1 Results 

4.1.1 Model-data comparisons 

 

Figure 19 Comparison between modelled and observed stand properties for 101 PSP sites, comprising 1297 
individual observations of basal area, stem diameter, or both. Lines in each graph give a 1:1 line, and EF refers 
to model efficiency, or the extent of variation explained by the 1:1 line. 

From the data comparisons, the model gave excellent predictions against the data in the 101 
PSP plots (Figure 19). Model efficiencies were very high, 0.824 – 0.886 for the four growth 
indices that were either directly observed or could be readily deduced from the data. Model 
efficiency for the ratio of height:diameter was somewhat lower but, given the narrower data 
range, this is also considered to be a very good data fit. None of the data comparisons show 
any significant residual bias (i.e. consistent over- or underprediction of the data).  
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There was also no remaining bias in the plot of residuals (modelled – observed volume) 
against temperature and precipitation, the two key environmental drivers (see Appendix 4). 

Figure 20 Modelled and observed growth rates from a set of 1764 observations from 548 individual 0.05° 
locations in New Zealand. Where multiple observations were available from the same 0.05° locations, the 
average of the observations was taken. The red and blue lines have been fitted to the observed and modelled 
relationships, respectively. 300 Index is a calculated growth index for a 30-year old stand, with a stand stocking 
of 300 stems ha-1 (Watt et al. 2010). As individual stands are measured at different ages and with different 
stocking, 300 Index provides a standardisation to assess site productivity. 

The comparison in Figure 20 shows that the model follows fairly well the trend in the 
observations. It also shows that productivity increases only up to about 1500–2000 mm 
precipitation, but falls quite markedly with further increases in rainfall. The two sites with 
lowest observed productivity received more than 3500 mm yr–1 in rainfall. It is not well 
known what causes the down-turn at high rainfall, and special routines had to be added to 
CenW to be able to emulate that decrease. 
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In contrast, the response to temperature is fairly flat across the observed temperature range in 
New Zealand from 8.5 to 16 degrees, with only slight down-turns at the highest and lowest 
temperatures. 

4.1.2 Productivity surfaces under current climatic conditions 

Productivity can be measured in terms of wood volume (Figure 21a) or in terms of woody dry 
weight increment (Figure 21b). The principle difference between the maps across the country 
is the effect of wood density, with wood being denser in trees grown at higher temperatures, 
so that in the north there is relatively greater carbon gain whereas in the south, there is 
relatively greater wood volume increment. Apart from that, maps are, of course, similar, as 
all factors other than temperature affect carbon and wood volume increments in the same 
way.  

Height is relatively more uniform, but shows a north–south gradient, with the tallest trees 
growing in Northland. Basal area, on the other hand, displays more small-scale variability but 
less of a consistent gradient with temperature. 
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Figure 21 Modelled P. radiata  productivity in New Zealand at ¼ degree resolution. Data are expressed either 
as annual wood volume increment, averaged over the growth over 30 years and including wood losses due to 
thinning (designated as 300 Index), or as dry weight increment calculated over the final year of growth at age 30 
(designated as current annual increment, CAI). The other panels show height and basal area of 30-yr old stands. 

Growth in either volume or biomass increment is also shown by regional district in Table 4. 
Modelled growth is highest in the Taranaki region owing to moderate temperatures, high 
rainfall and good soil conditions. Most other regions in the North Island also achieve good 
growth rates. Lowest growth rates are modelled for the Canterbury regions because of water 
limitations, the Otago region because of dry and cold conditions and the West Coast Region 
because of excess rainfall. Biomass increments display a similar pattern (Table 4). 
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Table 4 Modelled P. radiata  wood volume and biomass productivity by region in New Zealand 

Region Volume increment 
(m3 ha–1 yr–1) 

Biomass increment 
(tDW ha–1 yr–1) 

 Mean S.D. Mean S.D. 

Northland Region 33.2 3.1 18.8 2.3 
Auckland Region 33.8 3.5 20.0 2.8 
Waikato Region 34.4 3.3 19.2 2.6 
Bay of Plenty Region 32.4 2.3 18.6 2.3 
Gisborne Region 30.2 3.2 17.5 3.3 
Hawke's Bay Region 28.1 4.6 15.9 2.9 
Manawatu-Wanganui 33.8 5.0 18.5 2.9 
Taranaki Region 41.9 4.5 24.8 3.5 
Tasman Region 19.9 8.1 12.8 4.1 
Wellington Region 30.0 5.3 17.1 3.3 
Nelson Region 26.2 1.6 15.5 1.0 
Marlborough Region 22.7 5.4 13.3 3.1 
Canterbury Region 16.2 5.6 9.7 3.0 
West Coast Region 13.7 9.8 8.6 5.3 
Otago Region 18.1 7.6 10.8 4.1 
Southland Region 22.7 10.0 13.9 5.3 
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Figure 22 Modelled P. radiata wood volume productivity in New Zealand at 0.05° resolution. Data are 
expressed as annual wood volume increment, averaged over 30 years of growth and including wood losses due 
to thinning (designated as 300 Index). 

Figure 22 shows the same simulations as Figure 21a but at the finer resolution of 0.05 
degrees (about 5 × 5 km). The patterns are the same but it is easier to relate specific 
productivity classes to the underlying landscape patterns. 
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Figure 23 Modelled P. radiata current annual increment at 0.05° resolution. Data are expressed as wood dry 
weight increment over the last year of growth. 

As in Figure 22, Figure 23 shows the data at a higher resolution. Because of the number of 
simulations involved, it was not practical to run climate-change simulations at such a fine 
resolution. Simulations under future climate change scenarios were therefore run at only ¼ 
degree resolution. 
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4.1.3 Sensitivity to climate change 

 

Figure 24 Modelled response of P. radiata wood volume production to increases in temperature (3°C), CO2 

concentration (+ 200 ppm), both CO2 and temperature increase (warm, +CO2), or changes in rainfall (–25% or 
+25%), or drying by 25% together with increasing CO2. Responses are expressed relative to volume production 
under current climate. A value of 1.1, for example, means a 10% enhancement in productivity. 

In response to temperature, growth is reduced over much of the North Island as trees begin to 
experience increasing high-temperature stress. Responses are generally positive in the cooler 
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regions of the Central Plateau of the North Island and over most of the South Island. Very 
positive responses are seen over some of the very cold mountain regions. Responses are 
negative over parts of the already water-limited Canterbury planes as increasing temperature 
leads to increasing water loss. 

Responses are broadly, and fairly uniformly, positive in response to increasing CO2 
concentration, with responses slightly higher in the warmer part of the country. Responses are 
particularly positive with increasing temperature and CO2 concentration, with increasing 
temperature benefiting cool parts of the country, and increasing CO2 benefiting the warmer 
regions, especially where increasing temperature would cause water stress to develop 

Reductions in rainfall generally lower productivity for much of the country, except along the 
already very wet West Coast of the South Island, where P. radiata would actually benefit 
from a reduction in rainfall. This general detrimental effect of reduced precipitation can be 
negated almost entirely by a concomitant increase in CO2 concentration. 

4.1.4 Climate change for New Zealand  

Further simulations were based on a set of regionally-specific climate change scenarios. 
Detailed change fields of temperature and precipitation were available from 12 global 
circulation models, forced with greenhouse gas concentration according to three IPCC 
greenhouse gas emission scenarios (SRES 2002). We used the B1, A1B and A2 SRES 
scenarios to represent an optimistic low-emission (B1), an intermediate (A1B) and a high-
emission ‘Business as usual’ scenarios (A2). Simulations were run for 30-year rotations from 
1975 to 2005 (mid-point reference year 1990) designated as “current” climatic conditions, 
and for 2025–2055 (reference year 2040) and 2075–2105 (reference year 2090). All 
simulations either used CO2 concentrations corresponding to the different emission scenarios 
or kept to the 2075–2105 values (as indicated in respective Sections below).  

Figure 25 shows the climatic change corresponding to the mean response of the 12 GCMs for 
2090, shown separately for each of the three emission scenarios. Changes in temperature and 
the proportional change of precipitation are shown. For temperature, only changes in average 
temperature were available but the diurnal temperature range had to be assumed to remain the 
same. Vapour pressure under future climatic scenarios was calculated based on the 
assumption that dew point temperature changed in line with the average change in 
temperature. There was no information about possible changes in solar radiation. 
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Figure 25 Average climatic changes to 2090 under the 12 GCMs, shown by emissions scenario. Temperature 
changes are expressed in degrees Centigrade, while changes in precipitation represent the change relative to 
current climate. 

The climate-change scenarios are fairly mild for New Zealand, with projected temperature 
increases from 1990 to 2090 ranging from about 1.5°C under the SRES B1 scenario over 
most of the country to an also fairly uniform temperature increase of about 2.5°C under the 
SRES A2. The projected increase is marginally greater in the North than the South. 
Precipitation changes over the same period are also fairly slight, ranging from a decrease of 
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between 5 and 10% over northern regions of the North Island to an increase of between 10 
and 15% in the south-western part South Island. Changes in rainfall relative to current 
climate are least extreme under the B1 scenario and most extreme under the A1B and A2 
scenarios (Fig. 25). 

At the same time, the averaged changes hide a considerable range of divergence between the 
different GCM runs, and Figure 26 shows the temperature and precipitation patterns under 
the two GCMs that give the smallest and largest changes, respectively. 

 
Figure 26 Temperature and precipitation changes under two extreme GCMs for the SRES A2 scenario for 2090. 
The GCM outputs shown are for the GCMs that showed the smallest and greatest temperature changes, and the 
greatest wetting and drying, respectively. Temperature changes are expressed in degrees Centigrade while 
changes in precipitation represent the change relative to current climate. 

Individual GCM provide a more divergent pattern of changes than is apparent from the 
average of all GCMs. With respect to temperature, CSIRO Mk 3 shows not only much 
smaller temperature increases than the other GCMs, but also slightly greater temperature 
increases in the south than the north. Under MIROC32, on the other hand, projected 
temperature increases are not only twice as high as those projected under the CSIRO Mk3 
runs, but are also greatest in the north and slightly less in the south. 
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With precipitation, similarly, there are differences in both magnitude and regional patterns. 
CCCma projects the greatest drying, although even that is fairly mild, with drying for most of 
the west of the country, but wetting along the east coast, whereas MIROC32 projects the 
greatest wetting, especially in the south but a drying trend in the north and northeast. Further 
details are given in Table 5. 

Table 5 Summary of responses under the 3 emission scenarios and 12 GCMs. Averages give the average 

response of all 12 GCMs across all quarter-degree grid points within New Zealand. Minimum and maximum 

refer to the GCM scenario with the lowest and highest averages across all grid points. Site min and site max 

refer to the quarter-degree location in New Zealand experiencing the highest and lowest changes, respectively 

Emission 
scenario 

 mean min max Site 
min 

Site 
max 

mean min max Site 
min 

Site 
max 

CO2 
conc. 

Year Temperature change (°C) Precipitation change (%)  

 1990   352 

A1B 

2040 

0.93 0.35 1.30 –0.03 1.71 2.1 0.0 5.0 –23 +22 483 

A2 0.93 0.31 1.30 0.00 1.71 0.9 –5.6 4.3 –17 +15 481 

B1 0.73 0.43 1.22 0.17 1.53 1.6 –2.1 5.6 –15 +16 457 

A1B 

2090 

2.07 1.18 3.39 0.94 3.96 3.2 –1.5 12.9 –31 +44 674 

A2 2.56 1.65 3.58 1.42 4.18 3.0 –3.8 11.5 –21 +30 754 

B1 1.32 0.70 2.30 0.43 2.72 2.6 –4.7 7.9 –17 +25 538 

An important aspect for the CenW simulations is the relatively mild climate change projected 
for New Zealand, especially with respect to changes in precipitation.  

4.1.5 Productivity response to climate change 

These simulations show adverse effects of climate change on productivity in northern and 
low altitude regions within the North Island. Reductions in volume productivity are 
especially marked for the high-emission SRES A2 scenario and are more pronounced for 
2090 than for 2040. In contrast, productivity is likely to be improved in the cool parts of the 
country, including most of the South Island and the higher altitude regions of the North 
Island. The magnitude of anticipated changes is moderate, ranging from productivity losses 
of more than 20% over some North Island locations to gains of more than 40% over the 
cooler sites, especially in the South Island. 

The average response depicted in Figure 27 hides a large amount of overall and regional 
divergence evident under individual GCMs (Figure 28). Under the ECHAM5 model, overall 
changes are the worst from the 12 GCMs, contributed mainly by large reductions in 
productivity along the South Island West Coast, whereas changes for most of the North 
Island are still negative but relatively mild. 

The CCMA model, on the other hand, predicts the overall most beneficial changes, mainly 
because it does not lead to adverse outcomes for the West Coast even though it does show 
greater reduction in the far north than the ECHAM5 model. 
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Much of the change depicted in the Figures above is in regions that are basically unsuitable 
for growing P. radiata so that any changes in hypothetical productivity are only marginally 
relevant. It is more important to assess what productivity changes might be expected in those 
regions where plantations currently grow well and where any changes in productivity are of 
more tangible importance for the industry. This is shown in Figure 29, which depicts the 
probability of sites with current productivity in excess of 25 m3 ha–1 yr–1 experiencing 
specified changes in productivity by 2040 and 2090. Also shown are productivity changes 
weighted by the distribution of the current forestry estate. 

For these data the outcomes under each of the three emissions scenarios and under each of the 
12 GCMs were considered equally likely so that the Figure depicts the probability of sites 
having productivity shifts by the indicated magnitudes. 
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Figure 27 Climate change impacts on volume production under three emission scenarios for 2040 and 2090 
relative to simulations for 1990. For each time period/ emission scenario, simulations were run independently 
under climate change prediction under each of the 12 GCMs. Shown here are the averages of responses 
generated under the new climates of the 12 GCMs. These simulations use CO2 concentrations at 1990 for all 
runs. 
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Figure 28 Climate change impacts on volume production under the two most divergent scenarios for 2090 
relative to simulations for 1990, shown for the scenarios that show the most adverse and most beneficial overall 
changes. These simulations use CO2 concentrations at 1990 for all runs.  
 

 
Figure 29 Proportion of sites that are modelled to currently be highly productive (top panels) or weighted by the 
current distribution of the P. radiata estate (bottom panels) experiencing specified productivity changes by 2040 
(left panels) and 2090 (right panels) under any of the three emission scenarios and all 12 GCMs. These 
simulations use the same CO2 concentrations for all runs. ‘Highly productive’ sites are defined as sites with 
current modelled productivity above 25 m3 ha–1 yr–1. 
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It shows that under only climatic changes (but ignoring increases in CO2 concentration), 
nearly half of all sites could expect some decrease in productivity, but losses in productivity 
are generally slight and unlikely to be more than 10%. At the same time, a similar proportion 
of sites are likely to benefit from expected changes. A small number of those sites are likely 
to benefit more substantially, with almost 10% likely to benefit by more than 10% in 
productivity. The outcome is similar whether it is based on currently highly-productive sites 
or on the current distribution of the plantation estate. 

The average change is much the same by 2090, but the spread becomes wider, with almost 
15% of sites experiencing 10% reduced productivity and almost 10% also experiencing gains 
of more than 20%. Although the distribution is somewhat skewed, with a majority of sites 
experiencing productivity losses, the average of all changes points to a slight overall increase 
in productivity. In other words, sites experiencing gains are, on average, experiencing greater 
gains than the sites expected to have reduced productivity. 

The simulations shown above have a solid basis as only temperature and rainfall were 
changed. It thus constitutes little more than an interpolation between the observations under 
current climatic conditions that had been used to parameterise the model. 

4.1.6 Productivity response to climate change including elevated CO2  

Future climatic conditions will include not only changed temperature and rainfall but also 
higher CO2 concentrations, and since there are no observations of tree growth under naturally 
varying CO2 concentrations, growth predictions have to be based on observation under 
experimentally varying CO2 concentrations or a small number of observations of trees 
growing near natural CO2 springs with naturally elevated CO2 concentrations. Simulations 
with increasing CO2 concentrations therefore have to be conducted with less confidence than 
the simulations with constant CO2 and where the response against changes in other 
environmental variables could be constrained more tightly by the existing observations. 
Nonetheless, because CO2 is certainly going to increase into the future, and since we know of 
the importance of CO2 for plant growth, climate-change simulations were also conducted 
with increasing CO2 concentrations. 
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Figure 30 Climate change impacts on volume production under three emission scenarios for 2040 and 2090, 
including increases in CO2 concentration, relative to simulations for 1990. For each time period/ emission 
scenario, simulations were run independently under climate change predictions under each of the 12 GCMs. 
Shown here are the averages of responses generated under the new climates of the 12 GCMs. 

When simulations included increasing CO2 concentration, resultant impacts on productivity 
were generally positive across all emissions scenarios and for both 2040 and 2090, with the 
positive effect further increasing from 2040 to 2090 (Figure 30). While increasing 
temperature had generally caused negative responses for most of the low altitude North 
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Island when CO2 changes had not been considered (see Figure 27), increasing CO2 
completely offset these losses resulting in growth enhancements even for the far north. For 
the South Island, the stimulatory effect of elevated CO2 added to the positive effect of 
warming to lead to substantial overall enhancements of growth.  

 
Figure 31 Climate change impacts on volume productivity, including the effect of elevated CO2, under the two 
most divergent scenarios for 2090 relative to simulations for 2000, shown for the scenarios that show the least 
and most beneficial overall changes. 

The average responses shown in Figure 30 again hide considerable regional divergence if 
simulations are based on specific GCM data (Figure 31). Divergence is particularly strong for 
the West Coast of the South Island, where model simulations vary between prediction of 
significant losses to significant gains in productivity. For other regions of New Zealand, 
predictions are for gain under all GCM runs, with only the magnitude of gains diverging. 
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Figure 32 Proportion of currently highly productive sites (top panels) or weighted by the current distribution of 
the P. radiata estate (bottom panels) experiencing specified productivity changes by 2040 (left panels) and 2090 
(right panels) under any of the three emission scenarios and all 12 GCMs and including any increase in CO2 
concentrations. ‘Highly productive’ sites are defined as sites with current productivity above 25 m3 ha–1 yr–1.  

When the effects of increasing CO2 are factored in, productivity is likely to increase for most 
sites and all future scenarios, with productivity enhancements increasing markedly from 2040 
to 2090 (Figure 32). Only a very small fraction of site-scenario combinations are likely to 
experience adverse effects on productivity. The same picture emerges whether results are 
confined to all projected high productivity sites in New Zealand (regardless of current land 
use) or uses only productive areas currently in plantation forests. 

4.1.7 Effects on soil organic carbon stocks 

Climatic changes, together with the climate-induced changes in productivity, also lead to 
changes in soil organic matter. Changes are only slight by 2040 and are therefore shown only 
for 2090 (Figure 33). 
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Figure 33 Changes in soil organic matter under three emission scenarios for 2090, for simulations with and 
without inclusion of increases in CO2 concentration, relative to simulated amounts of organic matter under the 
climatic conditions of 1990. Soil organic matter here includes the sum of all organic matter pools, both above 
and below the soil surface and including litter pools. A value of 1.02, for example, means that soil organic 
matter would be 2% higher under climate change than currently. 
 

There are likely to be losses of soil organic carbon for runs with both constant and increasing 
CO2 concentration, but losses are likely to be slightly higher if CO2 is held constant. Soil 
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carbon losses occur primarily over most of the North Island, the West Coast, and parts of 
Southland, whereas most of the eastern part of the South Island is expected to experience 
slight increases in soil carbon.  

Losses of soil carbon also release nitrogen from soil organic matter. This nitrogen is mainly 
needed to satisfy the growth of trees, with stands accumulating 1000 m3 ha–1 likely to 
accumulate something like 1000 kg N ha–1. With greater growth potential under changed 
climatic conditions, the need for nitrogen and other nutrients is also likely to increase. This 
will be partly sourced from the soil and growth enhancements may consequently require 
increased fertilizer additions to be able to realise the projected potential. It is likely there will 
also be some increased nitrogen leaching under these anticipated climatic conditions. 

4.2 A physiological discussion of modelled forest growth responses to climate change 

4.2.1 Growth response to temperature 

Photosynthesis and plant growth can be strongly affected by temperature but under New 
Zealand conditions, comparisons of productivity under current conditions showed that 
temperature is mostly favourable for the growth of P. radiata. There are exceptions, however, 
and growth in cooler locations in the far south and in mountainous regions are likely to be 
reduced by cool temperature. Current evidence for the positive effect of warmer temperatures 
on the growth of P. radiata in New Zealand is expressed through an increased site index and 
mean annual increment on sites with sufficient water supply and differences in annual mean 
temperatures (Hollinger 1990). It has to be highlighted that such field studies and the results 
of these are always the result of combined influence of several environmental variables, 
including temperature, solar radiation and humidity.  

Jackson and Gifford (1974) described differences in productivity resulting from differences 
in rainfall, nutritional status of soils and growing temperatures. Rook and Whitehead (1979) 
studied the effects of temperature on young P. radiata seedlings in controlled environment 
chambers, but the effects are again complex because of the dependencies on diurnal and 
seasonal temperature ranges, exposure periods and stages of development. For older trees, 
Rook and Corson (1978) found the greatest photosynthetic carbon gain at an air temperature 
of 10°C, although this temperature was considered sub-optimal for growth. Air temperatures 
over 25°C, on the other hand, resulted in much lower photosynthetic rates. These findings did 
not allow for plant acclimation or for changes over the lives of trees and have to be carefully 
interpreted.  

Also, P. radiata has no distinct dormant period in most parts of New Zealand. This makes it 
susceptible to frost damage but also creates the potential of additional growth under warmer 
winter conditions. Whitehead et al. (1994), working in the central North Island, recognised 
two months in early winter were no stem growth (diameter growth) occurred (May and June) 
and showed that needle elongation is related to thermal time (growing degree days above a 
base temperature of 6°C). With the shifting of the growth period because of increased 
temperatures, increased annual growth rates may be possible. 

An interesting observation was made by Hellmers and Rook (1973) who found that the 
growth of pine seedlings was greatest with warm day temperatures and cool nights. Analysis 
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Figure 34 Deviations between modelled growth 
predictions and observations plotted against the diurnal 
temperature range at those sites. 

of residual error in the comparison of the model runs against observations confirmed the 
finding in that the greatest deviation between model and observations was found as a function 
of the difference between day and night temperature (i.e. the diurnal temperature range, 
Figure 34). 

Model simulations generally appear to 
overpredict growth where the diurnal 
temperature range is less than 9°C. This is 
a weak but significant relationship (r2 = 
0.086), especially given the narrow range 
in diurnal temperatures, but much stronger 
than the relationships obtained for the 
residuals against any other environmental 
variable (data not shown). It is not clear 
what the effect of diurnal temperature 
range means physiologically, or why there 
is such an effect at all.  

This effect has not been included in the 
present modelling but constitutes a possible 
avenue for possible further refinement of 
the model in the future. Inclusion of this 
effect would not have any impact on 

modelled climate-change responses as the available climate-change scenarios do not quantify 
changes in the diurnal temperature range. 

4.2.2 Water relations 

Soil water balance has long been recognised as a major determinant of P. radiata growth at 
specific locations where trees experience seasonal water deficits (McMurtrie et al., 1990; 
Arneth et al., 1998a, 1998b; Richardson et al., 2002; Watt et al., 2003, 2010). These studies 
have all shown reductions in growth with declining root-zone water storage as estimated by 
soil water balance models. This was also shown in the present study, which showed a gradual 
reduction in productivity with decreasing precipitation for annual precipitation falling below 
about 1200 mm yr–1. 

For forest stands, even summer droughts often lead to little loss of productivity as water 
availability can be buffered through large soil-water resources that maintain trees’ access to 
water even when water stores are not replenished by rainfall over extended periods. The 
extent of this buffering is determined by the physical properties of the soil, which determines 
the amount of available water that can be held per unit of soil volume, and by soil and rooting 
depth. These characteristics define the volume of soil that can be accessed by plants and the 
extent to which the available reservoir is fully replenished during periods with high 
precipitation. Using the National Soils Data base, we estimated soil water storage for 
different regions and thus explicitly accounted for this variability across the country. 

For the present work, the impact of climate change on water availability of forest stands was 
assessed by combining predicted changes in precipitation with changed water-loss rates as 
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Figure 35 Saturated vapour pressure shown as a 
function of temperature, together with diurnal 
minimum and daytime temperatures.  

determined by the combination of factors that together determine evapotranspiration rates 
from plant canopies (see next Section).  

The observations also showed a reduction in productivity with increasing rainfall in areas 
where annual rainfall is high. In fact, the two observations with lowest measured 300 Index 
both received rainfall in excess of 3500 mm yr–1 (Figure 2). This low productivity is not 
related to temperature or reduced solar radiation as they are explicitly included as drivers of 
modelled productivity. Hence, there is some aspect related to excessive rainfall that is 
detrimental to the growth of P. radiata. We were not able to relate it to an explicit 
physiological factor so that it had to be included as a simple empirical adjustment factor. 

4.2.3 Evapotranspiration rate as a function of temperature 

Water can be lost from stands of trees by evaporation from water on the surface of foliage, 
trunks, branches or the soil surface or by transpiration, which is the loss of water from the 
inside of leaves or needles, from where it is replenished from soil-water if that is available. 
These two processes are often jointly described as evapotranspiration. The replenishment of 
soil water resources during wet periods, and the extent to which the soil can store water, are, 
however, also of critical importance in determining the ability of forest stands to sustain 
productivity, or at least avoid tree mortality, over extended dry periods. 

Evapotranspiration is strongly affected by temperature because warmer air can hold more 
moisture. This is diagrammatically shown in Figure 35, which shows saturated vapour 
pressure as a function of temperature. 

As a generalised approximation, the absolute 
humidity in the air can be taken to be the vapour 
pressure that was at equilibrium with the previous 
night’s minimum temperature. The vapour 
pressure at equilibrium with daytime temperatures 
determines the humidity of the air inside the leaves 
of plants. The difference between those two 
vapour pressures gives the vapour pressure deficit 
(VPD) of the air, which is the principle driving 
force for transpiration from plant canopies. 

As a first approximation, warmer temperatures 
will increase water loss by evapotranspiration. 
With global warming, both overnight minimum 
and daytime temperatures are likely to increase. If 
the diurnal temperature range does not change, it 

will lead to an increase in vapour pressure deficit because the saturated vapour pressure curve 
is steeper at higher than lower temperatures (Figure 35). 



  Productivity surfaces for Pinus radiata and indigenous forests 

Landcare Research  Page 59 

Figure 36a shows the increase in vapour 
pressure deficit of the air with warming. 
The increase in vapour pressure deficit 
with increasing temperature is only 
marginally different for different diurnal 
temperature ranges or daytime 
temperatures, with increases in VPD 
being between 5 and 6% °C–1 over most 
temperature combinations. Only at very 
low temperatures does the increase in 
VPD exceed 6% °C–1, or be less than 
5% at very high base temperatures 
(Figure 36a). 

These changes in VPD can then be used 
to compute increases in transpiration 
rate with warming. The calculations 
were done with the Penman-Monteith 
equation (Monteith 1965; Martin et al. 
1989), which is used as a sub-model in 
CenW. McKenney and Rosenberg 
(1993) compared a range of equations 
for calculating changes in 
evapotranspiration and concluded that 
only the Penman-Monteith equation 
includes sufficient of the underlying 
physics to properly capture likely 
changes under a range of climate-change 
scenarios. Canopy and aerodynamic 
resistances were used as given in the 
figure legend to represent typical values 
for different canopy types.  

Canopies differ in the way transpiration 
rates respond to environmental drivers. 
Forest canopies tend to be relatively 
open so that transpiration rates tend to 
vary primarily as a function of changes 

in vapour pressure deficit (Jarvis & McNaughton 1986). These differential effects are 
formalised through canopy and aerodynamic resistances included in the Penman-Monteith 
equation. 

For forests, the simulations suggest increases in transpiration rate in forest systems (Figure 
36b) as transpiration rate in these systems is primarily controlled by VPD rather than 
absorbed net radiation. Calculated increases in transpiration ranged from 5% at 5ºC–1 to 2% 
°C–1 at 40°C. The increases were even greater for forest systems under stress, with increases 
in transpiration rate ranging from 3 to 6% °C–1 because transpiration rate in stressed forests is 
even more strongly controlled by VPD. These calculations imply that under warmer 
conditions, systems limited by the availability of water are likely to use any available water 

Figure 36 Change in vapour pressure deficit, VPD (a), 
transpiration rate with warming (b) and with warming plus 
stomatal closure due to increased CO2 concentration (c). 
Change in vapour pressure is calculated as a function of 
daytime temperature and for a range of diurnal temperature 
ranges. Transpiration rate was calculated with the Penman-
Monteith equation, with an assumed diurnal temperature 
range of 10°C, net radiation = 400 Wm–2, and with 
parameters for aerodynamic and canopy resistance 
representative for unstressed (25; 50 s m–1) and stressed 
forests with increased canopy resistance because of some 
kind of stress (25; 200 s m–1). For calculations in (c), 
canopy resistance, rc, was increased by 0, 5%, 10%, 15% or 
20% as indicated in the figure. 
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faster. This will then allow less plant growth for the same amount of precipitation as it gets 
warmer. 

Under increased CO2 concentration, however, stomata of most plants are observed to close to 
some extent. The effect of such partial stomatal closure is illustrated in Figure 36b, for which 
the Penman-Monteith equation was run for a 1° increase in temperature and with some 
stomatal closure as indicated in the figure. Stomatal closure by 10% would have the effect of 
almost completely negating the effect of increasing temperature by 1ºC (Fig. 36b). Stomatal 
closure by more than 10% would lead to net reductions of transpiration rates, whereas 
stomatal closure by less than 10% would lead to increased transpiration rates, but by less than 
the increase if there were no adjustments in stomatal conductance (Figure 36c).  

This raises the question of the extent of stomatal closure that can be expected in future. 
Stomatal adaptation has been shown on herbarium specimens in which the number of stomata 
on leaves has decreased with historical increases in global CO2 concentration (Woodward, 
1987; Rundgren & Björck 2003; Kouwenberg et al., 2003). The carbon isotope 
discrimination between 13CO2 and 12CO2 can also be used to infer changes in the intercellular 
CO2 concentration and that can be related to historical changes in atmospheric CO2 (Dawson 
et al. 2002) Using this approach, Arneth et al. (2002) and Duquesnay et al. (1998) reported 
data that inferred some stomatal closure in response to increasing atmospheric CO2, but 
Marshall and Monserud (1996) and Monserud and Marshall (2001) found no evidence of 
stomatal closure in their data sets. 

Morison (1985), Allen (1990) and Urban (2003) compiled a range of observations from the 
literature, and showed that stomatal conductance across a range of species was reduced by 
about 40% when CO2 concentration was doubled. Stomatal conductance in woody species, 
however, is generally observed to be somewhat less sensitive to CO2 concentration, with 
Curtis and Wang (1998) reporting stomatal closure by just 11% and Medlyn et al. (2001) 
reporting 21% stomatal closure across a range of studies.  

Medlyn et al. (2001) also reported that the response appeared to be weaker in older rather 
than younger trees and weaker for conifers than deciduous trees. Changes in stomatal 
conductance usually mirror changes in CO2 assimilation rate so that the ratio of intercellular 
to ambient CO2 concentration is usually found not to change under conditions of elevated 
CO2 (Drake et al. 1997). Medlyn et al. (2001) further assessed that question by fitting the Ball 
et al. (1987) model to the available data. In the Ball et al. (1987) model, stomatal conductance 
is described explicitly as a function of CO2 concentration and photosynthetic rate. Medlyn et 
al. (2001) found that under non-water-stressed conditions, the same model parameters held 
under ambient and elevated CO2 which implied that the functional relationships between 
photosynthesis and stomatal conductance is not altered by growth in elevated CO2. Since the 
short-term response of photosynthesis to elevated CO2 is well understood, the key uncertainty 
thus relates to the extent of a possible long-term acclimation of photosynthesis to growth in 
elevated CO2, which is discussed in the next Section. 

Figure 36 only indicates the sensitivity of the system to the indicated changes, but ultimate 
outcomes will depend to a large extent on the relative rates of increases in CO2 concentration 
and temperature and the extent of physiological adjustment, if any. Greater relative 
temperature increases will lead to greater increases in transpiration rate, whereas greater 
relative increases in CO2 concentration will lead to less increase in transpiration rate, or even 
a reduction. Similarly, species in which stomata are more sensitive to CO2 concentration will 
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experience less increase in transpiration rate than species with less sensitive stomata. 
Stomatal opening also tends to be linked to photosynthetic rates, and conditions that increase 
or decrease photosynthesis, such as more or less favourable temperatures, or access to more 
or less nutrients, also flow through to changes in stomatal conductance.  

Since some of these parameters are directly linked to temperature. Others, such as nutrition, 
can be indirectly linked to climate change. Because of these multiple dependencies, it is not 
possible to be too definite in assigning a value to the extent of stomatal conductance under 
specific climate change simulations. Only the full integrated simulations in CenW provide 
that. However, if one assumes canopy carbon gain does not change with climate change, and 
calculates changes in transpiration rate based solely on the Ball-Berry formulation for 
stomatal conductance (Ball et al. 1987) under the CO2 and climate-change conditions used for 
New Zealand, the values in Table 6 result. 

Table 6 Calculated change in photosynthesis and stomatal conductance under the average changes generated 

under the 3 emission scenarios used here. The calculated change in photosynthesis ignores a range of possible 

feedback processes that could reduce or enhance the initial response. The relative conductance change per °C 

warming would be the relevant measure to use for comparison in Figure 36c 

Emission 
scenario 

Simulation 
year 

Temperature 
change (°C) 

CO2 
conc. 

(ppmv) 

Relative 
photosyn. 

Relative 
stomatal 

conductance 

Relative 
conductance per 

°C warming 

 1990 0 353 0 0 0 

A1B 

2040 

0.93 483 10.4 -19.3 -20.8 

A2 0.93 481 10.2 -19.1 -20.6 

B1 0.73 457 8.7 -16.0 -21.9 

A1B 

2090 

2.07 674 19.5 -37.4 -18.1 

A2 2.56 754 22.0 -42.9 -16.7 

B1 1.32 538 13.5 -25.6 -19.4 

Overall, stomatal closure by elevated CO2 together with the relatively slight increases in 
temperature for New Zealand mean there is likely to be stomatal closure in most stands. This 
is even more pronounced in the near term as changes in CO2 concentration (that initiate 
stomatal closure and thus reduce transpiration rate) occur faster than changes in temperature 
(that act to increase transpiration rates). These numbers are only a guide, as canopies will also 
change in other ways in response to climatic changes which can further change either 
atmospheric conditions, such as relative humidity, or plant photosynthetic rates through 
changes in foliage development or available nutrition. 

4.2.4 Responses of photosynthesis to CO2 concentration  

Of all the aspects of atmospheric and climate change, the increase in atmospheric CO2 
concentration is the most certain. What is still uncertain, however, is the way plants respond 
to that change. 

It has been shown in many experimental studies that C3 photosynthesis responds strongly to 
CO2 concentration, with photosynthesis typically increasing by 25–75% for doubling 
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atmospheric CO2 concentration (e.g., Kimball 1983; Cure & Acock 1986; Drake 1992; 
Luxmoore et al. 1993; Kirschbaum 2000a, 2004; Urban 2003; Nowak et al. 2004). These 
include observations on trees and persist even after inclusion of the effects of the often-
observed photosynthetic down regulation (Gunderson & Wullschleger 1994). 

Recent work has also shown sustained growth increases for plants fumigated in ‘free air CO2 
enrichment’ (FACE) experiments (Nowak et al. 2004). This has been observed in wheat fields 
(Garcia et al. 1998) and in largely undisturbed forests (Herrick & Thomas 2001; Gunderson et 
al. 2002). These responses are consistent with theoretical understanding of the effect of CO2 
concentration on photosynthesis at the leaf and stand level (McMurtrie et al. 1992; Long et al. 
1996). At the same time, many individual studies show specific deviations from mean 
responses that can sometimes be linked to specific factors such as nutrient availability and 
sometimes remain still unresolved (Nowak et al. 2004).  

While the CO2 response can generally be moderately variable in interaction with other 
limiting factors in the environment (Kirschbaum 1999; Körner et al. 2007), the modelled 
response shows less variability across New Zealand because other environmental limitations 
are not too variable, e.g., temperature is moderate and most sites – with some exceptions – 
experience no or only moderate degrees of water limitation. Nutrition is also generally 
adequate, either because of the inherent good fertility of soils or because of some 
supplemental fertiliser application or inclusion of legumes on sites with known fertility 
limitations. For most of New Zealand’s current plantation forest, the possibility of a restricted 
response to CO2 through nutrient limitations is low. Current plantations show a medium to 
high nutrient level in their foliage as a result of active management against nutrient 
deficiency. Consequently, in our model comparisons against observed growth rates, site 
fertility was only a weak determinant of growth at different sites (Figure 37). There were a 
small number of sites in Northland with extremely low soil nitrogen concentrations. Growth 
on these sites was probably limited by nutrition, but for other sites in the country there was 
almost no relationship with soil nitrogen, indicating that for most forestry sites in New 
Zealand, nutrition is currently adequate. The same will probably be valid for forests 
established in the future as they are likely to be planted on farmland with often good nutrient 
levels. 
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4.2.4.1 Mature plant responses to CO2 concentration 

For logistic constraints, most research on CO2 responses of plants has so far been carried out 
on young plants, or species of smaller mature sizes. It leaves the question whether mature 
stands would respond to increasing CO2 concentration in the same way as young stands. The 
answer to that question is complicated by the fact that stand growth normally slows as stands 
mature but the reasons for that slowing are not well understood (Ryan et al. 1997). 
Depending on the physiological causes of age-related declines in productivity, and the age 
over which a response to CO2 is assessed, a range of possible apparent response patterns to 
CO2 fertilisation can be obtained (Kirschbaum 2005). 

For instance, if maturity-related decreases in productivity are actually a function of stand size 
(rather than stand age), a stand grown under elevated CO2 might be affected by these size-
related growth reductions at an earlier age than a stand grown under lower CO2. An apparent 
growth response to CO2 might then be obtained if growth is normalised for differences in 
stand size. For stands of the same age, however, growth may be no different between high 
and low-CO2 grown stands because any direct CO2 stimulation of productivity could be 
negated by the size-related reduction in productivity. 

Experimental evidence on this important question is very limited owing to the logistic 
constraints of modifying the whole environment of a large tree canopy. Some of the small 
number of observations indicate on-going growth enhancements (e.g., Delucia et al. 2005); 
others indicate on-going stimulation of carbon gain, with most of the extra carbon used for 
greater root growth and below-ground allocation (Norby et al. 2004); and yet others indicate 
either a brief stimulation that is not sustained over subsequent years (e.g., Asshoff et al. 2006 
for European beech but no change for hornbeam and European oak) or a stimulation that 

 
Figure 37 Observed growth rate of the 101 PSP plots expressed as a function of soil nitrogen concentration of 
the top 5 cm observed at those sites. 
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diminishes over time (30 years) or stand size (Hättenschwiler et al. 1997). Another study 
(Tognetti et al. 2000) found no significant increase in radial stem growth due to CO2 
enrichment over a long period of growth. Interestingly, in the same experiment where 
Asshoff et al (2006) did not find significant growth differences based on tree ring and basal 
area growth Zotz et al. (2005) found CO2 enhancement of photosynthesis of around 40% in 
the third year of the experiment. In cases where growth enhancements are not sustained, it is 
not clear whether this is due to nutrient feed-backs, size-related feed-backs or other factors 
like allocation shifts that might make mature stands less responsive to increasing CO2. There 
is no New Zealand-specific study of mature tree CO2 responses for plantation tree species, 
and our current knowledge is based on overseas studies. 

For the present simulations, responses to CO2 were assumed to be sustained throughout the 
growth of stands other than for conditions where the combination of environmental factors 
led to adverse consequences for the nutrient or water cycle. It is also well-known that tree 
growth slows down as trees grow beyond their peak ages or sizes, but there was no indication 
in our calibration data sets that such limits would start to affect tree growth at ages or sizes 
within the normal rotation lengths used in New Zealand.  

Based on these observations under current growth conditions, the relevant parameters were 
set to remain non-limiting even under conditions where growth might be enhanced through 
better environmental growth conditions. If that extrapolation from the current observed data 
set had not been valid, it could have led to some overestimation of the beneficial growth 
responses into the future.  

4.2.4.2 Photosynthetic down regulation for plants in high CO2 environments 

Many workers who have exposed plants to elevated CO2 concentration have observed a 
degree of photosynthetic down regulation over exposure times of weeks or longer (e.g., 
Gunderson & Wullschleger 1994; Long et al. 1996; Wolfe et al. 1998). Part of this 
phenomenon has been explained as an experimental artefact in that downward acclimation 
tends to be more pronounced if plants are grown in smaller pots (Arp 1991; Thomas & Strain 
1991). In pines, there was no down regulation in current-year needles but only in newly 
grown needles that developed under changed atmospheric conditions (Turnbull et al. 1998). 

More generally, plants regulate their various processes for an overall balance. If one of their 
required constituents, namely carbon, becomes more readily available as a result of increased 
CO2, the question arises whether the plant can utilise that extra resource. If plants are grown 
with restricted root volumes then carbohydrate supply even under normal CO2 may be in 
adequate supply so that excess carbohydrate cannot be utilised and plants down-regulate their 
photosynthetic capacity to again match supply and a limited demand (Erice et al. 2006). It is 
therefore consistent to find that degree of down-regulation increases with diminishing root 
zones, and little down-regulation is observed when the source–sink balance is manipulated in 
favour of creating more sinks (Erice et al. 2006), or for plants that are grown in larger pots or 
in the field (Arp 1991; Drake et al. 2004). 

However, even under natural conditions, a degree of ‘downward acclimation’, in this case 
through reduced internal nutrient status, has to be expected if increased photosynthetic carbon 
gain cannot be matched by similarly increased nutrient supply. This would result in lower 
foliar nutrient concentrations and consequently reduced inherent photosynthetic rates (e.g., 
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Rastetter et al. 1992, 1997; Kirschbaum et al. 1994, 1998; Wolfe et al. 1998). It is unclear 
whether there is additional downward acclimation in addition to these readily understood 
processes. 

This uncertainty about down regulation raises the question whether such effects as CO2 
fertilisation should be included in modelling tree growth under climate change. We have dealt 
with that issue by presenting simulations with maximum and minimum likely outcome for 
growth under CO2 by modelling climate-change effects with and without the effects of CO2 
fertilisation. 

4.2.5 Climate change effects on soils processes  

Plants also require nutrients, especially nitrogen and phosphorus. Most nitrogen and 
phosphorus is derived from the decomposition of soil organic matter. In the decomposition of 
soil organic matter, CO2 is released to the atmosphere and any excess nitrogen and 
phosphorus is mineralised and becomes available for plant uptake. If plants are able to fix 
more carbon through increased CO2 concentration, but nutrient uptake is limited, plant 
internal nutrient status declines as is usually observed experimentally (e.g., Drake 1992; 
Tissue et al. 1993). This provides a primary negative feed-back effect on plant responses to 
increasing CO2 concentration. Plants that fix more carbon also produce more litter which 
adds to soil organic matter and immobilises nutrients. This reduces the nutrients available for 
plant uptake and provides a secondary negative feed-back effect (Rastetter et al. 1992, 1997; 
Comins & McMurtrie 1993; Kirschbaum et al. 1994, 1998), and process more recently 
termed ‘progressive nitrogen limitation’ (Luo et al. 2004).  

These two processes restrict the possible positive response of plant productivity to increasing 
CO2 concentration. However, temperature increases can also play a role. There are likely to 
be only slight direct effects of increasing temperature on plant function, but temperature can 
stimulate the rate of organic matter decomposition and mineralisation of nitrogen 
(Kirschbaum 2004). With increasing temperature, more nutrients can become available for 
plant uptake, and that can stimulate plant productivity independent of any direct 
physiological plant responses to increasing temperature (Schimel et al. 1990). 

An increase in nutrient availability via better mineralisation with increasing temperature 
means that trees might be sufficiently supplied with, e.g., nitrogen for enhanced growth 
depending on the nutritional status that the trees experience now. For New Zealand’s 
plantation forestry, nutrient deficiencies, especially of nitrogen, phosphorus and boron, are 
considered as manageable growth limiting factors. Consequently, noticeable nitrogen 
limitations are essentially confined to some site in Northland (Fig. 37), and and there were no 
indications of phosphorus limitations in our primary data set at all (data not shown). 

4.2.6 Integrating responses to temperature, CO2, nutrition and water availability 

in a modelling approach  

Forest growth is ultimately determined by the interacting cycles of carbon, water and 
nutrients. Plants grow by fixing CO2 from the atmosphere, but in the diffusive uptake of CO2, 
trees inevitably lose water. Water can be replenished from the soil as long as adequate soil 
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water is available. Otherwise, further water loss must be prevented by stomatal closure which 
then also limits CO2 fixation. 

The relativities between water loss and carbon gain are affected by temperature, which affects 
the vapour pressure deficit and transpiration rate, and by CO2 concentration, which affects the 
rate of photosynthesis. With increasing temperature, more water is lost per unit carbon 
gained, and with increasing CO2 concentration, more carbon can be gained per unit water 
lost. 

The required amounts of nitrogen and phosphorus are mainly derived from the decomposition 
of soil organic matter. Nutrient supply is both a co-limitation that affects the primary 
response to aspects of climate change, and nutrient supply can be directly affected by climatic 
changes. All these interactions and feedbacks should be modelled through a process-based 
model that has the capability to integrate these linkages. 

4.2.7 Linkages and possible effects 

Based on current knowledge of interactions and feedback between the important components 
and processes and the projections of changes in climate and CO2 concentration for New 
Zealand overall trends regarding the impacts have been assessed above. Changes vary over 
New Zealand due to a combination of prevailing key limitations and the nature of climatic 
changes. The relative rates of increases in CO2 concentration compared with changes in 
temperature and rainfall are particularly important. 

Photosynthesis will respond strongly to the increase in CO2, which is expected to increase the 
growth rate of trees. Responsiveness to CO2 is strongly influenced by the nutritional status of 
stands, but in the generally fertile conditions in New Zealand, the CO2 fertilisation effect can 
be strongly expressed. CO2 fertilisation can generally be enhanced under water limited 
situations. However, as water stress does not play an important role in New Zealand, and 
because of the general good nutrient status, the CO2 fertilisation effect is ubiquitous and 
moderately strong.  

With expected warmer winter temperatures, the growing period in New Zealand will increase 
and an expansion of the plantation forest estate to higher altitudes will therefore be possible. 
Vapour pressure deficit will change with temperature and could lead to increased 
transpiration if that effect were not negated by CO2-induced stomatal closure, probably 
leading to slight decreases in transpiration rate despite greater evaporative demand. Changes 
in the amount and timing of precipitation could potentially play a critical role for future 
growth of stands in New Zealand, but anticipated changes even out to 2090 are generally 
small under any of the 12 GCMs used and are unlikely to play an important role. 

4.2.8 Modelling approach  

The integration of these multiple factors and their feedbacks to each other and to actual tree 
growth was done with the process-based model CenW that explicitly links these components. 
The CO2 response and subsequent feedback effects are a major part of the modelling 
exercise, and are necessary to provide a balanced assessment of the combined interactions 
between temperature, nutrient and water balance changes under future climate scenarios.  
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Running such a model under various climate scenarios for New Zealand’s conditions has 
allowed the study of the response of our plantation forests to the expected changes. Process-
based models allow projections beyond our range of current experience. However, even for a 
process-based model, testing and comparisons against current-day observations are important 
steps to build confidence in the model’s ability to capture reality. These could be done fairly 
successfully for changes in temperature and precipitation. 

For responses to CO2, however, this is much more difficult. Numerous experiments have 
been conducted where plants have been exposed to elevated CO2. While, these experiments 
usually show growth responses that are the basis of the current simulations, results also 
diverge. While some reasons for different findings have been identified, others remain 
elusive. For obvious logistic reasons, observations are particularly sparse for tall and mature 
trees, limiting the confidence of predictions of CO2 responses to stands of trees over extended 
periods. The ability to model the complex feedback under a CO2 enriched atmosphere is 
certainly important if down-regulation does not occur. We currently cannot exclude this 
option, which reduces the suite of models that can be used for running such a scenario.  

  



Productivity surfaces for Pinus radiata and indigenous forests 

Page 68  Landcare Research 

5 General discussion 

We produced productivity surfaces for both indigenous forest species, and for P. radiata. The 
two plant groups experience very different growth conditions, with pines grown in 
plantations and indigenous forests mostly occur in mixed stands of unmanaged forests. These 
different growing conditions necessitated the use of different modelling approaches to 
describe the growth of the different stands types, with the modelling of indigenous forests 
concentrating on accounting for the biotic interactions between target species and their 
neighbouring and competing plants, whereas pine-growth modelling could focus more 
strongly and directly on the physiological determinants of stand growth.  

Growth of the two different plant types differed significantly; with pine growth rates many 
times higher than that of indigenous forests (cf. Figure 18, 23). Such a large difference was 
not unexpected because the two forest types are affected by very different growth limitations. 
Indigenous forest trees grow in competition with neighbours and unspecified and unmeasured 
other understorey species. Some of these competitive interactive effects can be accounted for 
in the modelling but others remain unaccounted for reduction in potential productivity. 
Productivity in indigenous forests can also be reduced through pests and diseases and 
herbivory (both by invertebrates and introduced mammalian herbivores). Also, many forests 
grow on impoverished sites with poor nutrition and steep, rocky or otherwise difficult 
conditions. Stands growing under these diverse conditions contributed to the observed growth 
in measured stands. 

Pines, on the other hands, are grown in plantations where inter-tree competition is controlled 
and minimised through careful management of stand stocking and placement of individual 
trees. Competition from weeds is also minimised by managers through weed control of 
variable intensity. Pines as exotic species are also generally fairly unaffected by pests, 
diseases and herbivory. Fertility in most measured stands was also reported as being adequate 
(Figure 37), partly due to the selection by forests managers of sites with better perceived 
growth potential and partly to the prevention of fertility problems by supplemental fertiliser 
addition or planting of legumes. 

For pines, it is therefore easier to see relationships between growth and the underlying 
physiological drivers of growth, with limitations due to temperature and water stress that can 
be related to broad-scale patterns of temperature and water availability (Figures 22, 23). 
These surfaces also display small-scale variability due to soil properties, such as differences 
in water holding capacity that are most noticeable in the water-limited regions of the eastern 
part of the South Island. Pine growth could also be limited by high rainfall (Figures 22, 23). 
This pattern was clearly seen in the observations of pine growth, but a physiological 
explanation is still elusive. 

In contrast, the growth of indigenous forest species was much more uniform across the 
country (Figure 18). This pattern probably indicates that under more favourable conditions, 
competitive interactions between trees increase so that the potential positive effect of more 
favourable abiotic conditions cannot express itself in the growth of individual species. 

We used a stem density of 2,500 stems ha-1 for estimating carbon gain of indigenous forests 
since this stem density is commonly used in indigenous forest restoration planting. A variety 
of stem density values were tried, varying from 1,500 to 10,000 stems per hectare. Estimated 
carbon gain did not vary considerably across different densities since growth became more 
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rapidly constrained by stand basal area at higher densities.  The lack of mortality and size-
asymmetric competition is a limitation imposed by a lack of mortality models for most of the 
species studied. However given the relatively short modelling period (30 years) it is unlikely 
that this will have altered estimated carbon gain appreciably. It is unclear whether the 
omission of size-asymmetric competition may have affected estimated carbon gain. In mature 
forests, the majority of carbon is generally contributed by a few large individuals, with some 
evidence that the presence of emergent trees might enhance carbon storage in live biomass 
(Keith et al., 2009), but it is unlikely this effect would be seen within 30 years.     

The parameterised model for pine growth could then also be applied to climate-change 
simulations. Overall, the emerging picture was reassuring, with the simulations indicating no 
dramatic decreases in productivity in any region under any scenario. Without considering 
increasing CO2, there were generally some productivity losses in the warm north and gains in 
the cooler south (Figures 27, 28), but all changes were generally moderate (Figure 29), 
reflecting the fact that pines in New Zealand currently experience growth conditions well 
within their suitability envelope and the anticipated climatic changes in New Zealand are 
generally fairly mild (Figures 25, 26; Table 5). 

If one considers increasing CO2 as well, and if the CO2 fertilisation effect can fully express 
itself under typical growth conditions, then expected growth trends become positive in all 
regions and under all scenarios (Figures 30, 31), with growth responses for currently highly 
productive sites of about 15% by 2040 and 25–30% by 2090 (Figure 32). It must be stressed, 
however, that these large positive responses are contingent on a strong plant-physiological 
response and on the maintenance of adequate soil fertility as growth responses would 
otherwise be curtailed by nutrient feedback effects.  

On the negative side, climate change is likely to lead to a loss of soil organic matter (Figure 
33), principally due to the stimulation of organic matter decomposition by higher 
temperature. Such organic matter losses can be partly prevented by the stimulation of plant 
productivity by elevated CO2, which would also increase plant litter inputs and reduce soil 
organic matter losses (Figure 33). 

Climate change is likely to affect other abiotic and biotic factors in addition to the plant 
physiological factors simulated here, and that, in turn, may affect plantation growth and 
productivity. These factors include weeds, insects, pathogens and the risks from wind and 
fire. Climate change is likely to increase fire risk and that the length of the fire season in most 
areas of New Zealand, but especially in eastern areas due to increasing temperature and 
slightly decreasing rainfall (Watt et al. 2008).   

It is difficult to forecast changes in wind speeds, and to the extent that scenarios have been 
produced, they present a divergent picture, with increasing wind damage in some regions and 
decreasing wind damage in others. Upper and eastern parts of the North Island may 
periodically be subject to more severe extra-tropical cyclones (Watt et al. 2008). Changes in 
wind could potentially be very important, but at this stage, it is not yet possible to make 
confident predictions of the severity or even the direction of any changes. 

Biotic factors are also likely to be strongly influenced by climate change as the distribution of 
weeds, insects and pathogens is strongly determined by climatic conditions. Climatic changes 
are therefore likely to result in shifts in the geographic range of many species. Potential 
problems could be posed by the introduction of new species or the release of potentially 
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damaging species from their currently limited distribution in the far north of New Zealand. 
These problems are common for weed species, insect pests and diseases.  

There are also a range of possible interactions between abiotic and biotic factors, which need 
to be considered in order to gain a full understanding of likely climate change effects on 
productivity. It is generally considered that most of these interactions are likely to have an 
overall negative impact on plantation productivity. The work reported here could address 
only the direct physiological effects of climate change on forest productivity, but it would be 
highly desirable to probe in greater depth into the possible interactions between forest 
productivity and various stresses in order to get a fuller appreciation of the totality of possible 
climate change impacts. 

These forest productivity surfaces can help forestry to be both fully integrated within land-
use decisions and widely used in adapting to and reducing the impacts of climate change. As 
with exotic forests, the production of a productivity surface for indigenous species will 
reduce landowner uncertainty and encourage Afforestation/Reforestation (A/R) activity 
coincident with co-benefits such as increased resilience of adjacent agricultural land to 
extreme weather events (PCE 2002) in the form of erosion control, improved water quality, 
and enhanced biodiversity.  
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Appendix 1 – Parameters for Pinus radiata simulations and other modelling 

details 

The runs of CenW benefitted from previous work where the model had been parameterised 
for P. radiata stands in Australia. Hence, the parameterisation of the previous work of 
Kirschbaum (1999) and Kirschbaum et al. (2008a), which had also proved to be useful for the 
work of Simioni et al (2007, 2008) with P. radiata in Western Australia. However, each data 
set has some particularly strong emphasis on some aspects of model performance or another. 
The present data set consisted of few observations from each stand, but rather of observations 
from many stands across a wide range of environmental conditions. The challenges of that 
new data set required the development of a small number of new modelling routines, which 
are described in Appendix 2, and a revised parameterisation to obtain best description of the 
full present data set. The final parameter set is given in Table A1. 
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Table A1 Main parameters used in the simulations of P. radiata  

Parameter description P. radiata Units 

Minimum foliage turn-over 0.05 yr-1 

Fine-root turn-over 0.8 yr-1 

Branch turn-over 0.04 yr-1 

Bark turn-over 0.04 yr-1 

Low-light senescence limit 0.5 MJ m-2 d-1  

Max daily low-light senescence 0.0025 d-1  

Max drought foliage death rate 0.14 % d-1  

Mycorrhizal uptake 4.5 g kg-1 d-1  

Soil water stress threshold 0.4 - 

Respiration ratio 0.37 - 

Specific leaf area 5 m2 (kgDW)-1 

Foliage albedo 7 % 

Transmissivity 1 % 

Loss as NMVOC 0.5 % 

Threshold N concentrations (No) 10 gN (kgDW)-1 

Non-limiting N concentration (Nsat) 15 gN (kgDW)-1 

Ball-Berry stomatal parameter (unstressed) 8.0 - 

Ball-Berry stomatal parameter (stressed) 4.0 - 

Foliage clumping - range decrease 0.42 - 

Canopy width dependence on dbh (intercept) 0.75 - 

Canopy width dependence on dbh (slope) 0.14 - 

Age-based decline None  

Temperature response (Tmin) 5.5 °C 

Temperature response (Topt, lower) 16.0 °C 

Temperature response (Topt, upper) 21.0 °C 

Temperature response (Tmax) 40.0 °C 

Temperature damage (Frost) 1.0 °C 

Temperature damage (Scorch) 30.0 °C 

Temperature damage (Sensitivity) 0.15 - 

Temperature damage (Repair rate) 1.0 - 

Heavy-rain damage (threshold) 60.0 mm d-1 

Heavy-rain damage (Sensitivity) 0.13 - 

Heavy-rain damage (Repair rate) 0.75 - 

Water-logging threshold 0.98 - 

Water-logging sensitivity 1.0 - 

Biological N fixation None  

Table A1 (cont.) Main parameters used in the simulations of P. radiata  
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Parameter description P. radiata Units 

Foliage: branch ratio  0.7 - 

Stem: branch 3.6 - 

Coarse roots: stem wood 0.2 - 

Bark: stem wood 0.1 - 

Allocation to seed and seed capsules 0.01 - 

Allocation to pollen 0.01 - 

Minimum wood allocation 0.1 - 

Fine root: foliage ratio (nitrogen-unstressed) 0.35 - 

Fine root: foliage ratio (nitrogen-stressed) 0.7 - 

Stemwood : foliage [N] ratio 0.1 - 

Bark : foliage [N] ratio 0.1 - 

Branch : foliage [N] ratio 0.23 - 

Fine root : foliage [N] ratio 0.45 - 

Foliar lignin concentration 25 % 

Root lignin concentration 25 % 

Atmospheric N deposition 3.0 kgN ha-1 yr-1 

Volatilisation fraction 0.05 - 

Leaching fraction  0.5 - 

Litter water-holding capacity 0.75 g gDW-1 

Mulching effect of litter 5.0 % tDW-1  

Canopy aerodynamic resistance 15 s m-1  

Canopy rainfall interception 0.3 mm LAI-1  

Organic matter transfer in the soil 

for top three layers, decreasing with depth 
5, 3, 1 % cm-1 yr-1 

Organic matter transfer from surface to soil 20 % yr-1 

Critical C:N ratio 7.5  

Decomposition rate adjustment 1.0  

Ratio of C:N ratios in structural and metabolic pools 5  

Exponential term in lignin inhibition 3  

Residual decomposition under dry conditions 0.1  

Mineral N immobilised 10 % d-1  
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Table A1 (cont.) Main parameters used in the simulations of P. radiata  

Parameter description P. radiata Units 

Foliage: branch ratio  0.7 - 

Stem: branch 3.6 - 

Coarse roots: stem wood 0.2 - 

Bark: stem wood 0.1 - 

Allocation to seed and seed capsules 0.01 - 

Allocation to pollen 0.01 - 

Minimum wood allocation 0.1 - 

Fine root: foliage ratio (nitrogen-unstressed) 0.35 - 

Fine root: foliage ratio (nitrogen-stressed) 0.7 - 

Stemwood : foliage [N] ratio 0.1 - 

Bark : foliage [N] ratio 0.1 - 

Branch : foliage [N] ratio 0.23 - 

Fine root : foliage [N] ratio 0.45 - 

Foliar lignin concentration 25 % 

Root lignin concentration 25 % 

Atmospheric N deposition 3.0 kgN ha-1 yr-1 

Volatilisation fraction 0.05 - 

Leaching fraction  0.5 - 

Litter water-holding capacity 0.75 g gDW-1 

Mulching effect of litter 5.0 % tDW-1  

Canopy aerodynamic resistance 15 s m-1  

Canopy rainfall interception 0.3 mm LAI-1  

Organic matter transfer in the soil 

for top three layers, decreasing with depth 
5, 3, 1 % cm-1 yr-1 

Organic matter transfer from surface to soil 20 % yr-1 

Critical C:N ratio 7.5  

Decomposition rate adjustment 1.0  

Ratio of C:N ratios in structural and metabolic pools 5  

Exponential term in lignin inhibition 3  

Residual decomposition under dry conditions 0.1  

Mineral N immobilised 10 % d-1  

Standard silviculture used for generating productivity surfaces. 

Initial planting: 1000 stems/ha 
Thinning at age 5 to 500 stems/ha (removal of stands of average sized trees) 
Thinning at age 8 to 300 stems/ha (removal of stands of average sized trees) 
Clearfelling at age 30. 
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CO2 concentrations 

CO2 concentrations were increased linearly throughout respective 30-year simulations 
whereas other environmental variables were held constant. This was done because the change 
in CO2 concentration is relatively predictable and steady, whereas the small changes in other 
environmental variables are likely to be less than normal environmental variability over 
respective 30-year simulation periods. The actual concentrations and linear approximations 
were obtained from Prentice et al. (2001), based on simulations with the Bern model, and are 
shown in Table A1.1. 

Table A1.1 CO2 concentrations used for simulations of current (1990) and future plant productivity. 

  CO2 conc. 
(ppm) 

Initial CO2 
concentration 

Annual increase in 
CO2 concentration 

 1990 353 331 1.5 

A1B 

2040 

483 426.8 3.75 

A2 481 422.5 3.9 

B1 457 419.5 2.5 

A1B 

2090 

674 626 3.2 

A2 754 638.5 7.7 

B1 538 530.5 0.5 
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Appendix 2 – New modeling routines introduced into CenW. 

For the present work, a number of new routines had to be introduced to better describe the 
environmental effects on a number of key stand properties. These are very briefly described 
in the following. 

Wood density 

Wood density varies with age and stand stocking. More importantly, in the present context, 
wood density can also vary significantly with environmental variables, especially temperature 
and soil fertility (Beets et al. 2007). Variation can be substantial, with wood density varying 
from 350 to 500 kgDW m–3 across a range of ages, stand stocking and temperatures (Beets et 
al. 2007). To be able to model stand volume increments across the range of environmental 
conditions in New Zealand and to follow stand growth with changing stocking and increasing 
age, it was necessary to explicitly account for those variables. The wood density model of 
Beets et al. (2007) was therefore essentially implemented in CenW. 

Height–diameter relationships 

As for wood density, the allometric relationships between tree height and diameter vary 
considerably across the range of environmental conditions in New Zealand. This could be 
seen in the range of height:diameter ratios in the data set (Figure 19), for example. To 
account for this variation, new algorithms were developed and implemented in CenW. These 
new routines and their derivation have been described in the scientific paper of Watt and 
Kirschbaum (in preparation). A copy of the draft paper is given in Appendix 3. 

Weed module 

Initial runs of the model indicated clearly that early growth of stands was consistently 
overestimated whereas later-age growth could be described more adequately. It was 
considered that a major reason for that pattern was related to weed competition during early 
growth (Watt et al. 2007), and it was therefore considered necessary explicitly to include a 
weed-competition module. The simplest workable form of that module was selected.  

It allows for: 

1. competition for light, with the relative competitiveness of weeds and P. radiata 
determined by their respective heights; 

2. competition for nutrients, with their relative competitiveness determined by their 
relative fine-root abundance, but with introduction of an additional term that reduces 
the competitiveness of P. radiata based on stocking density and ameliorated by the 
development of a coarse-root network. Hence, at first, weeds are more competitive 
because they are assumed to be distributed as thousands of seedlings across the whole 
site whereas pine seedlings initially explore only a small proportion of the whole site, 
corresponding to the soil near the spots where they have been planted. 

3. water use to be increased by the additional leaf area contributed by weed foliage. 
Hence, water stress is more likely during early development even when trees 
themselves would take up only a small amount of water. 
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Excess Water Limitation 

It was apparent that P. radiata performs poorly under conditions of excess soil water or 
frequent and high rainfall (Figure 20). While the pattern is clearly evident from the growth 
data, its exact physiological cause is not readily apparent. This was dealt with by introducing 
two new photosynthetic limitations, one related to water logging and the other directly to the 
experience of heavy rainfall. Hence, maximum photosynthetic carbon gain, Amax, was 
calculated as: 

Amax= f(Nlim, Wlim, Clim, Tlim, Td, Rd) 

where Nlim, Wlim, Clim and Tlim are limitations due to foliar nitrogen concentrations, water 
availability, CO2 concentration and temperature, and Td, Rd are additional damage functions 
due to frost or scorch damage (for Td), and Rd is the new damage functions due to intense 
rainfall, calculated as: 

Rd = sR * Dr 

where sR is a sensitivity term describing the reduction in carbon gain per unit of rain damage 
and Dr are accumulated rain damage units, the change of which is calculated as: 

dDr = (R - Rlim) - Drepair if R > Rlim 

dDr = -Drepair if R <= Rlim 

where R is daily rainfall, Rlim is a threshold below which heavy rainfall does not cause 
damage to plants and Drepair is a rate at which the damage can be repaired. 

Water-logging is included as part of the calculations of water limitations. So, if the soil is not 
too dry, water limitation, Wlim, can instead be calculated as: 

Wlim = sL * (Sw - Llim) if Sw > Llim 

where sL is the water-stress sensitivity to water logging, Sw is the proportional amount of soil 
water (0..1) and Llim is the limiting amount of soil water that determines the onset of water 
logging limitations. 
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Abstract 
Allometric relationships are used across a broad range of ecological disciplines as they 
provide a convenient means of scaling height (H) as a function of diameter (D). In these 
functions, it is commonly assumed that log transformed diameter and height are linearly 
related, with a constant slope across environmental gradients. It is also widely thought that 
the elastic similarity model, in which H ∝  D2/3, holds true for all tree species, as this is a 
functional relationship that describes mechanical stability under self weight. Despite the wide 
use of these functions, little research has undertaken a rigorous intra-species evaluation of the 
applicability of these functions or the underlying theory. Here, we evaluate the applicability 
of these models to measurements from Pinus radiata plots covering broad intra- and inter-
stand environmental variation, and refine these models to make them more generally 
applicable.  

Our results show that the slope between height and diameter ranges two-fold (0.73 − 
1.43), which clearly violates the assumptions of both allometric relationships and the elastic 
similarity model. A large proportion of the variation in slope (R2 = 0.72) was found to be 
explained by significant positive relationships with stand density, degree of topographical 
exposure, ratio of soil carbon to nitrogen, and air temperature. There was also a significant 
increase in H/D with increasing age. Addition of a slope sub-model and an age modifier into 
a standard allometric relationship significantly improved model fit to the data without unduly 
complicating the model form. We discuss implications of this research in the context of 
allometric scaling theory and offer an alternative theory that accounts for the observed 
results. 

Key words: allometry; diameter; elastic similarity model; environmental impacts; height; 
stocking  
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1. Introduction 

Allometric relationships are often used to describe height–diameter relationships in forest 
trees as they are convenient to use and allow determination of height over a wide size range. 
Using these functions, height, H, can be determined from, 

ln (H) = β + α ln (D)         (1) 

where D is diameter at breast height and α and β are species-specific allometric constants.  
While the parameters α and β can be considered empirical, they can also be linked into 

a theoretical framework related to the biophysical constraints on plant growth and function. 
The morphology of light-demanding conifers grown in even aged stands is largely 
determined by two countervailing pressures. Rapid height growth in competition with other 
trees is advantageous to access a greater share of solar radiation and maintain an upper 
canopy position. However, preferential carbon allocation to height at the expense of diameter 
is limited by hydraulic and mechanical considerations. The Euler Buckling equation 
(Greenhill, 1881) has been widely used to describe the critical height (Hcrit) that a vertical tree 
stem can reach before it elastically buckles under its own weight as, 

1/3

2/3
crit

E
H C D

ρ
 

=  
 

         (2) 

where ρ is the density of green wood, E is modulus of elasticity (also known as Young’s 
modulus), D is stem diameter and C is a constant of proportionality (Greenhill, 1881). The 
safety factor defines the margin by which critical height exceeds actual height, H, and is 
defined as, Hcrit/H.  

Assuming that density specific stiffness (E/ρ) and the safety factor remain constant 
with increases in diameter, Equation 2 predicts that scaling of plant height (H), will be 
proportional to the 2/3 power of stem diameter (i.e. H ∝ D2/3), which equates in the 
allometric relationship (Equation 1) to a value of 2/3 (0.66) for the slope parameter (α). This 
forms the basis for the elastic similarity model proposed by McMahon (1973) and McMahon 
and Kronauer (1976), and subsequently used to scale diameter with height in conifers and 
dicots (Dean and Long, 1986; Rich et al., 1986; Norberg, 1988; Bertram, 1989). 

Despite the evident simplicity of allometric relationships, and the compelling 
theoretical foundation provided by the elastic similarity model, little research has tested the 
applicability of these functions for plantation-grown species across broad environmental 
gradients. Among plantation-grown species, Pinus radiata D. Don provides a useful case 
study as it is the most widespread plantation conifer within the Southern Hemisphere and has 
been the subject of considerable research. The utility of allometric relationships or the elastic 
similarity model has not been comprehensively examined for P. radiata grown under 
standard plantation conditions. However, wide inter- and intra-specific stand variation in H/D 
(Waghorn et al., 2007a; Watt and Zoric, in press) and E/ρ (Watt et al., 2006; Waghorn et al., 
2007c; Watt et al., 2009), and increases in both of these properties with age (Lasserre et al., 
2009; Watt and Zoric, in press) have been reported previously. These observations suggest 
that the underpinning assumptions of the elastic similarity model may not be valid. This 
variation in H/D also suggests that allometric relationships, with a constant slope between 
height and diameter, may not be applicable across a range of environmental and stand 
conditions.  
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Here we apply the allometric relationship to time series height-diameter 
measurements from P. radiata plots covering a wide range of environments, stand densities 
and plantation ages. We tested the accuracy of the allometric relationship and elastic 
similarity model in predicting height from diameter and the general applicability of these 
relationships across intra- and inter-stand environments. Using these data, we modified the 
traditional allometric relationship to a more sophisticated algorithm that is applicable to a 
more diverse set of stand conditions and ages, yet still retains a relatively simple structure. 
The form of the final model is compared with that of the elastic similarity model and we 
discuss implications of this research in the context of allometric scaling theory. 

2. Methods and materials 

2.1 Permanent sample plots used 

A total of 84 permanent sample plots that covered a wide range (Table 1), including almost 
all the environments in which plantations are grown within New Zealand, were selected for 
the study (Fig. 1). These plots were predominantly established in forests managed under 
operational silvicultural regimes and as such represent the range in stand densities and 
dimensions typically found throughout plantations within New Zealand.  

As two separate models were created (see section 2.4) the dataset was split into two 
groups comprising data with diameter < 10 cm and diameter ≥ 10 cm. For trees with diameter 
< 10 no modifications were made to the data. For the trees with diameter ≥ 10 only plot data 
with at least four sequential measurements at a relatively constant stand density were 
included so that intra-plot relationships between height and diameter at the plot level could be 
accurately determined (see section 2.4 model description). After these data were screened 
there was one set of time series data at a constant stand density for each of the 84 plots. For 
the retained plots there were on average nine repeated measurements (range = four to 16), 
spaced on average two years apart (range one – six years). Within these plots the age at which 
measurements were taken ranged from 5 to 32 years after planting, while stand density 
ranged from 103 to 913 stems ha–1. Although there was a general decline in stand density 
with increasing age the relationship between these two variables was insignificant and 
relatively weak (R2 = 0.11).  

2.2 Measurements 

For each plot, forty soil cores were taken from the upper 50 mm of mineral soil following 
canopy closure. These samples were bulked to provide a single soil sample for each plot. Soil 
samples were air-dried and passed through a 2-mm sieve, then weighed and analysed. Carbon 
and nitrogen were analysed on a LECO CNS-2000 (LECO, Michigan, US).  

From the coordinates of each of these permanent sample plots, data were extracted 
from biophysical GIS surfaces that described meteorological data and topographical exposure 
(described below). Meteorological data used in analyses were obtained from thin-plate spline 
surfaces (Hutchinson and Gessler, 1994) fitted to meteorological station data (Leathwick and 
Stephens, 1998), at a spatial resolution of 100 m2. Average monthly and annual values were 
extracted from these climate raster surfaces for windspeed, solar radiation, total rainfall, 
mean, minimum, maximum air temperature and vapour pressure deficit.  

From these surfaces, mean maximum spring temperature (Tspr max) and topographical 
exposure (topex) were found to be important determinants of H/D (see model description). As 
previously described (Hannah et al., 1995), topex was determined using GIS from digital 
terrain maps as the sum of measured angles from the point of reference (plot centre) to a 
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distance of 1 km over the eight major compass bearings (N, NE, E, etc.). Topex has been 
found previously to be an accurate predictor of windspeed (Hannah et al., 1995) as 
declinations (negative values), values of 0 and inclinations (positive values) respectively 
distinguish exposed hilltops, flat areas and sheltered gullies. 

2.3 Model diagnostics and analysis  

A range of diagnostic tests were undertaken on the developed models (see section 2.4 for 
model description). Model comparisons were made using the coefficient of determination 
(R2). Model gains in precision were determined using an F-test, with the significance tested 
for each improved model against the residual sum of squares for the simpler model. Residuals 
were plotted against independent variables and predicted values to determine model bias for 
all developed models. The Shapiro-Wilk test was used to determine if residuals for the final 
model were normally distributed, with values over P = 0.05 supporting the null hypothesis 
that the residuals were from a normal distribution (Hatcher and Stepanski, 1994). To ensure 
tests of significance were not subject to temporal autocorrelation the R2 and significance tests 
were determined from a randomly selected subset of the data that included one observation 
per plot. All model coefficients were determined from the full dataset.  
 Following Niklas et al. (1994), reduced major axis (RMA) regression analyses were 
used to re-estimate slope, αRMA, so that values found here could be directly compared with 
those predicted from the elastic similarity model. Using this method αRMA was determined 
from α/r where α and r are, respectively, slope and the correlation coefficient determined 
under the ordinary least squares method used here. Unless otherwise stated, all values of α 
refer to that determined under ordinary least squares. 

2.4 Model description 

All modelling was undertaken using SAS (SAS-Institute-Inc., 2000). Examination of the data 
showed that for small trees with diameter < 10 cm, there was a strong linear relationship 
between height and diameter (Fig. 2). Consequently, the relationship over this range was 
modelled using Equation 3 with the following parameters for α and β,   

ln (H) = 0.600 + 0.511 ln (D)         (3) 

Equation 3 accounted for 91% of the variance in the data (Fig. 2). Although trees with 
diameter < 10 cm data covered a wide range in environmental conditions, stand density (350–
1890 stems ha–1) residuals were normally distributed and exhibited little correlation with 
either predicted values, stand density or a wide range of environmental variables (data not 
shown).  
 For trees with D ≥ 10 cm, the relationship between diameter and height was relatively 
linear, with some curvature at greater diameters (Fig. 2). A linear model of the following 
form was fitted to the data: 

ln (H) = 1.79 + α2 ln (D − 2.30)       (4) 

Through subtracting 2.30 (log transformed value of 10 cm) from diameter, and setting the y-
axis intercept to 1.79 (predicted value of height at 10 cm from equation 3) predictions of 
height below and above 10 cm were linked. This base model (Model 1) had a fitted slope (α2) 
of 1.00 (Table 2) and accounted for 77% of the variance in the data (Fig. 2; Table 2).  
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Examination of plots of residuals against both stand density and environmental 
variables indicated some bias in Model 1 (data not shown). We therefore re-formulated the 
model by developing a sub-model of slope (α2) that was a function of both stand density and 
environmental variables. Plot-level values of slope for this model were estimated by fitting 
Equation 4 to the multiple measurements of height and diameter over constant stand densities 
within each plot. This fitting procedure yielded a total of 84 plot-level observations of slope 
(one value per plot), covering a range of stand densities (109–913 stems ha-1), that were used 
to develop the slope sub-model.  

Using these plot level values, a multiple regression model of slope was developed 
using the general linear modelling procedure. Environmental variables and stand density were 
introduced sequentially into the model starting with the variable that exhibited the strongest 
correlation, until further additions were not significant. Variable selection was undertaken 
manually, one variable at a time, and plots of residuals were examined prior to variable 
addition to ensure that the next variable was included in the model used the least biased 
functional form. The final model of slope included stand density (S), mean maximum spring 
air temperature (Tspr. max), soil CN ratio and topex (Xt), combined in the following 
formulation,  

α2 = 0.094 + 3.22 x 10-4S + 0.033Tspr. max + 0.016CN + 0.0012 Xt    (5) 

The final model with these variables accounted for 72% of the variance in slope, α2 (Table 3). 
The variables stand density, Tspr max, CN ratio and topex all exhibited highly significant 
(P<0.001) positive linear relationships with slope and had respective partial R2 values of 0.45, 
0.10, 0.11 and 0.06 (Table 3). The variance inflation factor for all variables was less than 10, 
indicating that multi-collinearity was within acceptable limits (Der and Everitt, 2001). 
Residuals from this model were normally distributed (Shapiro-Wilk P = 0.59) and exhibited 
little apparent bias with either predicted values or any of the independent variables in the 
model. Residuals exhibited little apparent bias with any of the environmental variables that 
were not included in the model, and none of these variables would have significantly 
(P=0.05) improved the final model. Spring mean maximum temperature was a substantially 
better predictor that annual mean or annual mean maximum temperatures (data not shown). 

Substitution of estimates of slope from Equation 5 into Equation 4, significantly 
improved Model 1 (P<0.001) and accounted for a further 61% of the remaining variance in 
the annual data, improving the R2 by 0.14, from 0.77 to 0.91 (Table 2). Residuals from this 
revised model (Model 2) exhibited little apparent bias with independent variables. However, 
there was a positive relationship between residuals and stand age, a (data not shown). 
Inclusion of a in the model as a polynomial term in the following formulation was found to 
correct this bias: 

ln (H) = 1.79 + α2 ln (D -2.30) – 0.0105a + 6.22 x 10-3a2     (6) 

Age was added directly into the allometric equation, rather than in the sub-model describing 
slope (Equation 5), as plot level estimates of slope typically covered a wide range in stand 
ages.  

This final model formulation described in Equation 6 (Model 3) significantly 
improved (P<0.001) Model 2 (Equation 5), and predicted values of height from model 3 were 
strongly related to actual height (Fig. 3) accounting for 92% of the variance in the data (Table 
2). Residuals from Model 3 were normally distributed (Shapiro Wilk P = 0.29) and found to 
exhibit little apparent bias with any independent variables in the model or predicted values 
(data not shown).  
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2.5 Sensitivity analyses for the final model 

The effect of environmental variables and stand density on height was examined through 
partial response functions generated by the final model. Two sets of figures were generated. 
The first set of figures sequentially examined the effect of stand density, Tspr max, CN ratio 
and topex on H/D across the full range of each variable. In the generation of this response 
function, mean values in the dataset were used for diameter (34.1 cm), age (15.1 years) and 
the other three independent variables (Tspr max, CN ratio and topex) in the model (see Table 1 
for mean values). In the second set of figures, height was predicted across the recorded range 
in diameter in the data, for mean, minimum and maximum values of the three environmental 
variables and stand density. This analysis was undertaken as it illustrates how variation in 
each variable influences height across the range in diameter. In this set of figures age was 
scaled as a function of diameter so that realistic values of height were obtained. 
 The influence of age on height was examined using partial response functions in a 
separate figure. Again, because of the co-variation of age and diameter, it was not appropriate 
to simply express the variation of height across the age range while keeping diameter 
constant at a mean value. Instead, to factor out the effect of diameter, variation in height 
across the range in age was determined for a series of constant diameters of 20, 30, 40 and 50 
cm. For each diameter, the partial response function was generated over the observed age 
range in the data. All environmental variables and stand density were held constant at their 
average values for the dataset (see Table 1). 

3. Results  

3.1. Model comparisons 

Our data covered a wide variation in tree height (range of 2 to 45 m), diameter (range of 1 to 
65 cm), stand age (3–32.2) and stand densities (109–1890 stems ha-1). Stems with diameters 
of less than 10 cm clearly had a lower slope than those greater than 10 cm (Figure 2) and 
allometry across this diameter range was not sensitive to environment or stand density. 
 Of the trees with diameters greater than 10 cm, a simple linear allometric relationship 
accounted for 77% of variation (Table 2). This slope for this relationship of 1.0 clearly 
exceeded 0.66, as predicted by the elastic similarity model (Fig. 2), using ordinary least 
squares. Under reduced major axis regression the slope was even higher at 1.14 (αRMA = 
1.00/0.88). Substantial gains in model accuracy, to an R2 of 0.91 were obtained through 
expressing plot level slope (which ranged widely from 0.73 to 1.43) as a function of the four 
key controlling variables, spring mean maximum air temperature, soil C:N ratio, topographic 
exposure and stand density (Table 3). A further small but significant improvement was 
obtained through explicitly including stand age in the calculation of height (Table 2). This 
final model accounted for 92% of the variance in height, and was relatively unbiased with 
respect to predicted values (Fig. 3). 

3.2 Partial response functions 

Partial response functions show predicted H/D increased relatively linearly with all variables 
controlling slope and was most sensitive to stand density (Fig. 4a) and C: N ratio (Fig. 4c). 
Plots of height against diameter show a similar degree of sensitivity between independent 
variables. At an average diameter of 34 cm, predictions of height ranged by 9.8 m or 54% 
across the C:N range in the data (Fig. 5c). As environmental and stand factors appeared to 
have no influence on the height-diameter relationship in very young trees of up to 10 cm 



Productivity surfaces for Pinus radiata and indigenous forests 

Page 92  Landcare Research 

diameter (Fig. 2), the effect of the identified controlling variables became increasingly 
important as diameter increased beyond 10 cm. For the C:N ratio, these increases ranged 
from no effect at diameter of 10 cm to 70% at diameter of 45cm (Fig. 5c), which was the 
largest diameter at which the complete range in C:N ratio was represented in the data. At an 
average diameter, ranges in predicted height for stand density, Tspr, max and topex were, 
respectively, 37% (7.0 m), 29% (5.3 m), and 22% (4.2m) (Figs. 5a, b, d). At the maximum 
diameter at which the complete range in each variable was present in the data, variation in 
height for stand density, Tmax and topex, reached respective ranges of 39% (7.2 m), 38% (9.4 
m) and 23% (4.6 m) (Figs. 5a, b, d, respectively).  
 Similarly, the effect of age on height was most marked for older trees (Fig. 6). There 
was little effect of age on height up to 12 years, after which there was an exponential increase 
in height with increasing age (Fig. 6). This was most evident for larger values of diameter. 
For a diameter of 50 cm, predicted height increased in response to the age values represented 
in the data from 30.6 m at 14 years to 42.9 m at 32.2 years (Fig. 6).  

4. Discussion  

Allometric relationships have been successfully used to describe height as a function of tree 
diameters across broad size ranges (Parresol, 1999; Zianis, 2008). Consequently, a large body 
of literature has been developed around the assumption that allometric equations are 
generalisable (Enquist, 2002). However, results presented here clearly show that the 
parameters in allometric relationships are not constant but can vary significantly with both 
stand and environmental conditions. We found a two-fold variation in the slope parameter 
(0.73 − 1.43) between plots that was largely attributable to both intra- and inter-specific stand 
variation in stand density and environmental conditions. Results also suggest that even when 
allometric relationships are confined to a single site, the assumption of linearity between 
height and diameter may be invalid, as even for a constant diameter and values of other 
variables, height can vary considerably with tree age. This was confirmed by a large number 
of plots within our dataset that showed a distinct upward curvature in the relationship 
between height and diameter with increasing stand age. It is also in apparent in the upward 
curvature in the overall data set (Fig. 2). 

It has long been recognised that H/D increases markedly with stand density in a wide 
range of plantation-grown pine and spruce species (for review see Sjolte-Jorgansen (1967)). 
For example, measurements taken from a 17-year-old P. radiata stand density trial show a 
two-fold increase in H/D (0.46 m cm–1 to 1.03 cm m–1) over a range of 209 to 2,551 stems ha–

1 (Waghorn et al., 2007c). This wide-reported intra-stand variation in H/D for plantation-
grown Pinaceae species provides empirical confirmation that allometric equations with a 
single value for slope are not an adequate description of allometry.  

As topex has been previously found to be strongly negatively related to mean wind 
speed (Hannah et al., 1995; Ruel et al., 1998), the inclusion of topex in our model of 
allometry most likely reflects the impact of wind on tree morphology (i.e. low topex is 
associated with high wind speed). This result is consistent with reported observations that 
show wind to have a significant effect on both tree morphology and biomechanical 
properties. Reported morphological effects of wind drag are increased stem radial growth, 
particularly in the direction of the constant force and reduced height extension (Jacobs, 1954; 
Telewski and Jaffe, 1986b; a; Telewski, 1989), resulting in reductions in H/D. Wind-induced 
alterations to stem biomechanical properties include increases in microfibril angle, second 
moment of cross-sectional area and quantity of reaction wood and reductions in the modulus 
of elasticity (Nicholls, 1982; Telewski and Jaffe, 1986b; Pruyn et al., 2000). These responses 
are thought to be developmental adaptations that reduce bending stresses acting on the stem 
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by increasing the second moment of cross-sectional area and reducing the speed specific drag 
of the crown (Petty and Swain, 1985; Telewski and Jaffe, 1986b; Niklas, 1992).  

The impact of wind speed on H/D described here may also partially account for the 
effects of stand density on H/D. Previous research has shown that high stand densities lower 
stem deflection through both reducing wind speed within the canopy (Raupach, 1992; Green 
et al., 1995) and damping stem oscillations through increasing the number of collisions with 
neighbours (Milne, 1991). This reduced lateral force and stem deflection allows trees to 
obtain a greater height for a given diameter (see later discussion). As indicated by previous 
research, increases in H/D with increasing stand density are also likely to be attributable to 
reductions in available radiation (Watt et al., 2009). Preferential allocation of carbon to height 
growth under low light is likely to be a survival mechanism in light demanding conifers to 
avoid overtopping by neighbouring trees. 

Among the environmental variables found to significantly influence the slope of the 
logarithmic H/D relationship, CN ratio had the strongest influence. Previous research is 
consistent with our findings showing that H/D increases as site fertility declines (Snowdon 
and Benson, 1992; Bergh et al., 1999; Watt et al., 2009). The positive relationship found here 
between air temperature and H/D also agrees with previous findings and could be attributable 
to the increases in density-specific stiffness (E/ρ) that occur with increasing air temperature 
(Watt et al., 2006; Watt et al., 2009). Increases in modulus of elasticity provide greater 
stability under both self weight and external lateral forces allowing trees to obtain greater 
H/D (Lachenbruch et al., in press).  

At a broader functional level, all the variables included in the final allometry model 
have been found previously to exhibit significant positive correlations with either E or E/ρ 
(Telewski and Jaffe, 1986b; Watt et al., 2006; Waghorn et al., 2007b; Lasserre et al., 2009; 
Watt et al., 2009). This provides strong supporting evidence for the developed model of stem 
allometry as increases in H/D, predicted by increases in all variables need to be accompanied 
by increases in the E/ρ and strength to provide stability under lateral force or self weight 
(Moore et al., in press). Previous detailed research in P. radiata confirms the strong positive 
relationship between H/D and both E and E/ρ (Watt et al., 2006; Waghorn et al., 2007c; 
Lasserre et al., 2009; Watt et al., 2009) but also shows that these increases in E/ρ are not 
sufficient to maintain constant safety margins, as predicted by Euler Buckling, within P. 
radiata (Watt et al., 2006).  

The wide variation in scaling between height and diameter found here suggests that 
assumptions underpinning the elastic similarity model are incorrect. Perhaps the most 
limiting aspect of the elastic similarity model is that it is predicated on buckling under self-
weight as the limiting process and does not consider the influence of lateral external loads, 
predominantly caused by wind. Lichteneegger (1999) showed mathematically that increases 
in tree height for a given diameter (H/D) are possible under lower external loads and in trees 
with higher strength, a property that is strongly and positively related to the modulus of 
elasticity (Niklas, 1992). This is supported by empirical observations (e.g., (Putz et al., 1983)) 
showing that trees that fail by stem fracture in wind storms have lower wood density, strength 
and modulus of elasticity than trees that are uprooted.  

The wide environmental conditions under which stands are grown create a 
considerable range in lateral loads. Young stands at high stand densities growing in sheltered 
areas are likely to experience much lower lateral loads and self weight than older, exposed 
stands grown at low stand densities. If we assume that tree height is close to the value that 
can be supported for a given diameter without undue risk of stem breakage, then the variation 
in H/D found here may at least partially reflect variation in lateral loads. Increases in the 
modulus of elasticity provide a means of mitigating the effects of lateral loads and self weight 
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on tree stability, which accounts for higher values of H/D in older age stands or those 
growing in warm environments.   

In conclusion, we investigated variation in the height–diameter relationship of P. 
radiata stands growing across New Zealand under a range of environmental conditions. Our 
individual observations were taken from stands covering a variety of ages, stand densities and 
growing conditions. This allowed us to refine existing allometric relationships and develop a 
new description that links H/D explicitly to key environmental drivers and stand properties. 
As the derived relationships are based on a large number of individual observations they are 
robust. The variables selected to describe H/D are also physiologically sound and consistent 
with theory on tree stability. Greater height growth in trees is of clear competitive advantage 
in allowing greater access to radiation for taller trees, but height growth is constrained by 
mechanical limitations. Our observations suggest that trees growing in more sheltered 
positions (i.e. denser stands or those less exposed in the landscape) or that have higher 
density-specific stiffness (i.e. older trees or trees experiencing warmer temperatures) can 
attain greater values of H/D.  
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Table 1. Variation in stand level data including variables used in the final model. Shown is the mean and 
standard deviation (in brackets) and range. The range in stocking is shown for trees with diameter ≥ 10 cm. 

Variable Mean Range 

Rainfall (mm yr-1) 1361 (432) 660 – 2124 

Mean av. annual temp. (°C) 
11.8 (2.4) 8.4 – 15.9 

Mean min. annual temp. (°C) 
7.1 (2.6) 3.3 – 12.1 

Mean max. annual  temp. (°C) 16.6 (2.1) 13.1 – 19.9 

Mean max. spring temp. (°C) 
16.3 (1.7) 12.8 – 19.1 

Stand density (stems ha-1) 366 (186) 109 – 913 
Topex (degrees) 3.1 (35) 67.5 – 72.2 
CN ratio 17.4 (4.5) 10 – 32.2 

 

Table 2. Model parameters and statistics for the models describing tree height. Shown under significance are F-
values and P categories, with *** denoting significance at P = 0.001. Also shown are cumulative and partial (in 
brackets) R2 values. Models 1, 2: ln H = 1.79 + α2 ln(D − 2.30); Model 3: ln H = 1.79 + α2 ln (D − 2.30) + γ 
age + ε age2 

Model No. Model parameters 
 

Model statistics 
  α2 γ ε  Significance R2 

1 1.00    273*** 0.77 (0.77) 
2 *     105*** 0.91 (0.14) 
3 * -0.011 6.37 x 10-3  9.3*** 0.92 (0.01) 

*Equation form and values for slope (α2) are given in Table 3.   

 

Table 3. Model statistics for sub-model developed for the slope parameter (α2) described by α2 = τ + ηS + κTspr 

max + λCN + µXt. Parameter values and variable partial R2 and cumulative R2 values (in brackets) are shown. For 
the significance category the F values and P categories from an F-test, are shown, with asterisks *** 
representing significance at P < 0.001. The variance inflation factor (VIF) is also shown.  

Para. Value Variable Units R2 Signif. VIF 

τ 0.094      
η 3.22 × 10-4 Stocking (S) stems ha-1 0.45 (0.45) 5.7*** 1.30 
κ 0.033 Mean max. spring temp. (Tspr max)  °C 0.55 (0.10) 5.7*** 1.19 
λ 0.016 CN ratio (CN)  0.66 (0.11) 6.7*** 1.39 
µ 0.0012 Topex (Xt) degrees 0.72 (0.06) 4.0*** 1.28 
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Figure legends 

Figure 1. New Zealand map showing location of the stands used in this study. Note that due 
to the very close proximity some plots are obscured on this figure.  

Figure 2. Relationship between diameter and actual (symbols) and predicted (lines) height for 
trees with diameter (D) < 10 cm (filled circles; dashed line), and ≥ 10 cm (open circles solid 
line). Linear lines of best fit shown include ln (H) = 0.60 + 0.51 ln (D) for data with D < 10 
cm and ln (H) = 1.79 + 1.00 ln (D − 2.3) for data with D ≥ 10 cm. The dotted line shows 
separation of data into D < 10 cm and D ≥ 10 cm.  

Figure 3. Relationship between predicted and actual height for the final model. The1:1 line is 
shown as a solid line.  

Figure 4. Partial response functions showing variation in predicted height/diameter as a 
function of (a) stand density, (b) mean maximum spring air temperature, Tspr max, (c) CN ratio 
and (d) topographical exposure, Topex. Figures a – d were generated at the mean diameter 
(34.1 cm) and the range for each variable in the dataset (see Table 1 for ranges). 

Figure 5. Partial response functions showing model generated predicted height across the 
recorded range in diameters for minimum (thick solid line), mean (solid line) and maximum 
(dashed line) (a) stand density (b) mean maximum spring air temperature, Tspr. max, (c) CN 
ratio and (d) topographical exposure, topex (see Table 1 for ranges in these variables). Age, 
a, was scaled as a function of tree diameter, D, using a = 65.2 − 44.3 ln (D)+ 8.4 ln (D)2 to 
ensure that age-diameter combinations remained within a realistic range. The dotted line 
shown on all graphs shows the mean diameter in the dataset (34.1 cm).  

Figure 6. Partial response function showing the relationship between age and predicted tree 
height for a range of tree diameters, D. For each diameter the range in age over which the 
partial response function has been generated reflects the age range in the data, ±1 cm of the 
target diameter. These partial response functions were generated using mean values for stand 
density (34.1 cm) and all environmental variables (see Table 1 for values). 
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Appendix 4 – Some more details of model- data comparisons for the Pinus 

radiata model 

There was no remaining bias in the plot of residuals against mean annual air temperature and 
total annual precipitation, the two key environmental drivers. 

  

 

Fig A2.1 Residual values (modelled - observed) for stem volume plotted against annual mean air 
temperature and total annual rainfall. The blue lines are lines fitted to the data, showing that the 
effects of temperature and rainfall are fully accounted for in the model simulations. 
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Appendix 5 – Further details of the modeling indigenous forest growth 

 

Figure A5.1. Observed and predicted annual growth in diameter (cm) clipped to 95% confidence intervals for 
both observed and predicted. Red lines indicate a 1:1 relationship between observed and predicted. To better 
reveal the distribution of individual stems in the plot, stems are grouped into hexagons. Darker hexagons contain 
more stems (in accordance with the legend for each plot). 

Nothofagus fusca Spearman r = 0.478 

 
Nothofagus menziesii Spearman r = 0.262 

 

Beilschmiedia tawa Spearman r = 0.223 

Elaeocarpus hookerianus Spearman r = 0.417 Myrsine australis Spearman r = 0.292 

Dacrydium cupressinum Spearman r = 0.493 
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Figure A5.1 (cont.) 

  



Productivity surfaces for Pinus radiata and indigenous forests 

Page 106  Landcare Research 

 

Figure A5.2 Predicted annual growth in diameter (cm) of individual stems against their initial diameter (cm) for 
selected species. A function, Growth = a +b(Diameter)c + d(Basal Area) was fitted, with b and c constrained to 
be non-negative, and d constrained to be non-positive. Shading indicates density of stems within each hexagon 
according to the legend for each species.  
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Figure A5.2 (cont.) 
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Figure A5.3 Predicted growth in diameter (cm) of individual stems against initial total basal area within 0.04ha 
plots in which they occurred. Predictions were obtained by fitting the model described in the legend of Figure 
A5.2. 
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Figure A5.3 (cont.) 
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Figure A5.4a Smoothed partial contributions of key environmental variables to predicted mean deviance in diameter 

growth for Beilschmiedia tawa in 0.04 ha plots in boosted regression tree models. 
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Figure A5.4b Smoothed partial contributions of key environmental variables to predicted mean deviance in diameter 

growth for Dacrydium cupressinum in 0.04 ha plots in boosted regression tree models. 
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Figure A5.4c Smoothed partial contributions of key environmental variables to predicted mean deviance in diameter 
growth for Elaeocarpus hookerianus in 0.04 ha plots in boosted regression tree models. 
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Figure A5.4d Smoothed partial contributions of key environmental variables to predicted mean deviance in diameter 

rowth for Myrsine australis in 0.04 ha plots in boosted regression tree models. 
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Figure A5.4e Smoothed partial contributions of key environmental variables to predicted mean deviance in 
diameter growth for Nothofagus fusca in 0.04 ha plots in boosted regression tree models. 
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Figure A5.4f Smoothed partial contributions of key environmental variables to predicted mean deviance in diameter 

growth for Nothofagus menziesii in 0.04 ha plots in boosted regression tree models. 
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Figure A5.4g Smoothed partial contributions of key environmental variables to predicted mean deviance in diameter 

growth for Nothofagus solandri in 0.04 ha plots in boosted regression tree models. 
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Figure A5.4h Smoothed partial contributions of key environmental variables to predicted mean deviance in diameter 

growth for Podocarpus hallii in 0.04 ha plots in boosted regression tree models. 
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Figure A5.4i Smoothed partial contributions of key environmental variables to predicted mean deviance in diameter 

growth for Prumnopitys ferruginea in 0.04 ha plots in boosted regression tree models. 
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Figure A5.4j Smoothed partial contributions of key environmental variables to predicted mean deviance in diameter 

growth for Weinmannia racemosa in 0.04 ha plots in boosted regression tree models. 
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