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ABSTRACT 
If temperature increases occur during the next century as predicted by climatologists, 

then major changes in New Zealand's natural and plantation forests can be expected. 
Current relationships between temperature and occurrence of natural forest species 
suggest major changes in forest pattern with an increase in temperature. Because of 
widely varying relationships between species and climate, changes will likely occur at 
a species, rather than at a community level. Initial changes should favour species with 
wide tolerance to climatic factors, good dispersal capacity, and short generation times. 
Shifts in distribution will be influenced by the availability of sites for colonisation, i.e., 
they will depend on mortality of the current site occupants. Disruption in forest 
composition is most likely to occur in forest patches where there is little potential for 
dispersal of new, more suitable species. This could result from a narrow, within-patch 
temperature range, geographic isolation from other patches which might act as seed 
sources, or dependence on longer-distance latitudinal rather than shorter-distance 
altitudinal migration. 

The plantation estate across the country can be classified in relation to present-day 
temperature and rainfall regimes. The mean annual temperature is between 10° and 15°C 
for 90%, and between 10° and 11°C for 35% of the plantation area. Mean annual rainfall 
is between 1250 and 2250 mm for 75% of the plantation area. If the worst-case climate 
change scenario is realised, then 96% of the plantation area will experience mean annual 
temperatures above 13°C. Twenty-one percent of the plantation area will experience 
mean annual temperatures above 17°C which is near the top of the optimal temperature 
range for growth of Pinus radiata D.Don, and warmer than any current values in the 
present climate. The effect of this on timber yield and log quality is still uncertain. 

Recommendations for future research include an extension of the current analysis to 
a national scale for natural forests, and an urgent need for process studies to investigate 
the effects of climate variables, particularly temperature and carbon dioxide, on the 
physiological response of all forest species. This is required as a basis for further 
modelling of the long-term ecological effects. 
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INTRODUCTION 

It is generally agreed by climatologists that the global increase in mean temperature of 
0.3° to 0.7°C during the last 100 years is consistent with the effects of an increase in 
greenhouse gases. Globally, the warmest years this century have occurred during the last 
decade (Jones et al. 1988) and the temperature in New Zealand is probably warmer now than 
it has been for several thousand years (Salinger 1988). If this trend continues, an increase in 
mean temperature up to 3.0° ± 1.5°C at New Zealand latitudes can be expected by the year 
2050, with rather less certain changes in rainfall and changes in the frequency and severity 
of extreme climatic events (Salinger & Pittock 1991). 

Natural forests in New Zealand occupy 6.2 million ha (22.9% of total land area) and 
plantation forests a further 1.3 million ha (4.6%) (Turland& Neumann 1991). The production 
forest is mainly Pinus radiata (89%), with the remainder mainly Pseudotsuga menziesii 
(Mirb.) Franco. Export earnings from forest products currently exceed $ 1.4 billion per year 
(Ministry of Forestry 1991). Trees and tree crops are particularly vulnerable to climate 
change, since the time scale for the projected increase in temperature is short in relation to 
their lifespan. Because of the rapid nature of projected changes, there is little time for 
plantation tree genotypes better-suited to the future climate to be identified and established, 
and present genotypes may be unable to acclimate fast enough to the new climatic conditions. 
Our objective in this paper was to undertake an initial assessment of the likely impacts of 
climate change for forests in New Zealand, identifying resources which are particularly at 
risk and areas where further research is a high priority. 

Although there has been little quantitative study of the relationships between natural 
forests and climate in New Zealand, elsewhere climate has been shown to be a major 
determinant of forest pattern at regional to global scales (e.g., Box 1981; Holdridge 1967; 
Walter 1979; Sowell 1985; Neilson 1987). Changes in forest distribution which occurred 
with the climatic amelioration following the last glacial period have also been well 
documented (e.g., Prentice 1986; Webb 1986; McGlone 1988). Despite the documented 
examples of relationships between climate and vegetation pattern at the landscape level, our 
lack of understanding of the mechanisms by which climate controls vegetation pattern 
(Woodward 1986) makes prediction of the impacts of future climatic change on natural 
communities difficult. Some progress can be made using techniques which correlate 
distribution of species with climate variables, e.g., Emmanuel et al. (1985) and the approach 
adopted in this paper. 

Many of the problems apparent for natural forests are not applicable to plantation forests 
since they are artificially established, management is intensive, and competition between 
species can be controlled. For plantation forests, the emphasis is not on pattern but on 
survival of species, productivity, and wood quality. Results from physiological studies with 
Pinus radiata have enabled first-order estimates of climate change on plantations in New 
Zealand and Australia to be made (Barlow & Conroy 1988; Booth & McMurtrie 1988; 
Hollinger 1988, 1990), and have provided the parameters for biologically based models 
which allow simulation of forest productivity in relation to future climate (Booth & 
McMurtrie 1988). However, uncertainties in futureclimate projections, andlack of information 
on the response of trees to interacting effects of such variables as temperature, rainfall, 
carbon dioxide concentration, disease and pests, and weed competition, make any predictions 
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of future forest productivity speculative. The first step is to identify the areas of plantation 
forest which are particularly at risk. 

PROCEDURES 

Natural Forests 
In the absence of detailed information on physiological responses of individual species 

to climate variables, we extended results from an earlier correlative analysis of the 
relationships between climate and distribution of major tree species in the central North 
Island region by Leathwick & Mitchell (1992). In that study, mathematical surfaces fitted to 
climate station data (Hutchinson 1988; Mitchell 1991) were used to derive estimates of 
annual mean temperature, annual rainfall, and solar radiation for approximately 1350 plots, 
each 0.4 ha. The other site variables recorded for each plot were depth of the Taupo pumice 
soil, and topography. Logistic regression equations (McCullagh & Nelder 1983) were used 
to derive the relationships between the presence of species, and the climate and other site 
variables. In this study we used the equations developed by Leathwick & Mitchell (1992) to 
calculate the probability of occurrence for selected species in relation to mean annual 
temperature. This was then used to predict the effects of an elevation in annual temperature 
of 1.5° or 3°C on the occurrence of the species. These increases in temperature were chosen 
to be consistent with "most likely scenario" and the "alternative warm scenario" for 
conditions in the period 2030 to 2050 (Royal Society of New Zealand 1988; Salinger 
& Pittock 1991). The other climatic and site variables for each plot were not changed. 

Plantation Forests 

The statistical database for the plantation forest resource in New Zealand used in the 
analysis was from the National Exotic Forest Description at April 1988 (Novis et al. 1989). 
The database was compiled from returns supplied by all owners of forests with plantation 
areas exceeding 500 ha, and encompassed approximately 85% of the country's total forest 
resource, with statistics from the previous year being used to compile the residual. 

The appropriate latitudes and longitudes were determined for each forest from a map 
(New Zealand Forest Service 1986). For each forest, long-term annual average rainfall and 
temperature data for the nearest meteorological station were taken from summaries of 
climatological observations to 1980 (New Zealand Meteorological Service 1983). No 
attempt was made to modify the climate variables for changes in topography within each 
forest. In a manner similar to that used for the natural forests, conditions of temperature and 
rainfall for the period 2030 to 2050 were calculated from climate change scenarios (Royal 
Society of New Zealand 1988; Salinger & Pittock 1991). Annual mean temperature and 
rainfall data for each forest were modified according to the "most likely scenario" and the 
"alternative warm scenario" for each region (Salinger & Hicks 1989). Depending on the 
region and the scenario, the limits of the predicted increase in temperature were between 1.4° 
and 3.5°C and the limits of the predicted change in annual rainfall were between -10% and 
15%. 
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RESULTS AND DISCUSSION 

Natural Forests 

Response to temperature varied between species, i.e., different species occupy different 
parts of the total range of temperature found in the central North Island area studied (Fig. 1). 
The range of temperatures over which species are found also varies, e.g., Beilschmiedia tawa 
(A.Cunn.) Kirk (tawa) occurs over a range of only 3° to 4°C, but Weinmannia racemosa L.f. 
(kamahi) and Prumnopitys ferruginea (D.Don) de Laub. (miro) occur over ranges greater 
than 6°C. 

FIG. 1-Probabilities of occurrence of selected indigenous species in the central North Island in 
relation to temperature. Probabilities were calculated from regression equations fitted 
to presence/absence data from approximately 1350 plots, each 0.4 ha. Other variables 
were set at fixed values as follows: rainfall = 1500 mm, solar radiation = average, 
Taupo pumice depth = 0, topography = flat. The symbols refer to • Weinmannia 
racemosa, ^Podocarpus spicatus, • Prumnopitys ferruginea, o Nothofagus fusca, 
A Nothofagus solandri var. cliffortioides, A Dacrydium cupressinum, and 
0 Beilschmiedia tawa. 

The degree of overlap between current and predicted future ranges for species will depend 
on the magnitude of the temperature shift, the terrain, and the range of temperatures over 
which they occur. Overlaps will be greatest for species with a wide temperature tolerance 
under conditions of small temperature increase and in areas with wide altitudinal variation. 
Under the more extreme climate change scenarios proposed for the region, i.e., a rise of the 
order of 3°C, species currently occurring over narrow temperature ranges (e.g., B. tawa in 
Fig. 1) can be expected to shift in time to new ranges with little overlap with their current 
distribution (Fig. 2). 

The final magnitude of shifts in the distributions of species will depend on the availability 
of suitable sites at higher latitude and/or altitude, with suitable higher altitude sites adjacent 
to the current range reducing the distance required for migration. An example is illustrated 
in Fig. 2 where, as a result of a 3°C rise in temperature, there is a southwards shift in sites 
predicted to support B. tawa of approximately 1 ° in latitude, and an associated shift upwards 
in altitude of approximately 300 m. 
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In the study by Leathwick & Mitchell (1992) temperature was shown to be the dominant 
climate factor determining pattern but other climate variables, e.g., solar radiation and 
rainfall, were also important for most species, as were interactions between the variables. 
The highly variable nature of these relationships suggests that species will respond to climate 
change in an individualistic fashion, rather than at a community level. Although some simple 
migration of existing combinations of species to higher latitudes or altitudes is possible, 
particularly for communities which are floristically simple, the development of communities 
formed from new combinations or proportions of species appears much more likely. 

Because the geographic distribution of temperatures is a function of both latitude and 
altitude, shifts in distribution can be expected towards both higher latitudes and higher 
altitudes. The regression equations of Norton (1985) suggest that for each degree rise in 
temperature, species will need to shift either 2.22° southwards in latitude (approximately 
250 km), or 200 m upwards in altitude to maintain their current position in relation to 
temperature. 

Plant response times to climate change are likely to be highly variable, and will depend 
on the time required to reach maturity, seed dispersal capabilities, and availability of suitable 
sites for invasion (Woodward 1986). Responses will be fastest for generalist plants with 
good long-distance dispersal capacity and short generation times, i.e., little delay between 
establishment and production of new propagules, and slowest for site-specialised, long-lived 
trees, with poor dispersal capacity and long generation time. As a consequence, we predict 
that there will be a general shift in the composition of New Zealand's natural forests which 
will favour species with wide tolerance (i.e., already widespread), good dispersal capacity, 
and short generation time, at the expense of species with poor dispersal capacity and long 
generation time. For example, in the central North Island, increasing dominance will likely 
occur in species such as Kunzea ericoides (A.Rich.) J.Thompson (kanuka), Leptospermum 
scoparium J.R. et G.Forst, (manuka), and Pseudopanax spp., and to a lesser extent 
W. racemosa and the podocarps. We predict an initial decline in Nothofagus spp. and 
Libocedrus bidwillii Hook.f. (kaikawaka). The position of B. tawa, which is currently 
widespread, is equivocal given the substantial decline in numbers of its main dispersal agent, 
the New Zealand pigeon. 

Rates of change will be governed not only by dispersal capacity, but also by the 
availability of new sites for seedling establishment, and will thus depend at many sites on 
mortality of the current occupants. Given the lack of evidence for increased mortality from 
physiological stress caused by temperature increases alone (Larcher 1983), delays until new 
sites become available are likely to approach the same order of magnitude as the typical 
longevity of the current site occupants. Some exceptions to this generalisation are noted 
below. 

Examination of historical data indicates that migration rates for most species are unlikely 
to be sufficiently high to enable movement to all potential new sites in step with rises in 
temperature. For example, a 3°C rise in temperature by 2050 would require a potential 
latitudinal shift of 750 km at a rate of 12.5 km/year, or an altitudinal shift of 600 m at a rate 
of 10 m/year. In contrast, Nothofagus spp. have been shown to migrate at rates of only 0.05-
0.1 m/year (Rogers 1989; Haase 1990). Migration rates for other species are not well known 
and are difficult to quantify. Some species may not establish until a suitable understorey 
vegetation has developed. Bird-dispersed species such as the podocarps, species with fine 
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wind-dispersed seeds such as W. racemosa, and Metrosideros spp. are undoubtedly capable 
of much faster migration than Nothofagus spp. Their rates of migration probably approach 
or perhaps even exceed those for European and North American species which, after the last 
glacial period, moved at rates of up to 2 km/year (Roberts 1989). However, rates of 
migration even in these species are likely to be too slow to keep up with the rate of warming 
except where migration has a substantial upslope component (Davis 1989). Where forest 
species invade currently non-vegetated sites, significant lag times may result from the need 
for soil development to progress sufficiently to support tree growth (Webb 1986). 

Several factors, either singly or in combination, are likely to result in major forest 
disturbance, with a risk of the forest being replaced, at least for some period, by non-forest 
vegetation. Forest instability can be caused by the inability of new species to migrate at rates 
fast enough to occupy potential new sites as they become available. This may occur when: 

• Small patches of forest become isolated from seed sources of likely replacement species, 
e.g., small remnants of forest vegetation in non-forested landscapes; 

• Species are dependent on latitudinal (longer-distance) rather than altitudinal (shorter-
range) migration, e.g., foothill forests of the main axial ranges; 

• Forest patches occur with a narrow temperature range resulting from small area and/or 
little altitudinal variation, i.e., with little capacity for within-forest movement, and thus 
dependent on migration from other forest patches; 

• Forests are dependent on replacement by species with low dispersal capacity, e.g., forest 
growing adjacent to Nothofagus forest, but on colder sites (upslope); 

• Adjacent sites with suitable replacement species are absent, e.g., low-altitude coastal sites 
at northern ends of islands. 

Replacement by exotic species is also a possibility. Factors predisposing existing forests 
to collapse over time periods shorter than the normal lifespan of the current forest dominants 
are: 

• Widespread abiotic disturbance events, e.g., the cyclone-damage-prone Nothofagus-
dominant forests of the central North Island axial ranges; 

• Susceptibility of trees to physiological stress and hence to early mortality. 

The latter is more likely to be a factor in forests dominated by species which are at the 
upper limit of their temperature range (lower latitude/altitude) and/or towards the lower 
limits of their rainfall range—the impacts of this would be exacerbated in floristically simple 
forests. 

These factors point to some natural forest communities which may be particularly subject 
to negative impacts resulting from climate change. For example, over large areas of lowland 
New Zealand, and particularly in the North Island, there are only small scattered remnants 
of formerly extensive forests. A combination of geographical isolation from suitable seed 
sources, a dependence on latitudinal migration, and often narrow within-patch temperature 
range could lead to the current high conservation values of such remnants being severely 
threatened. At the other extreme, the relatively slowly dispersing Nothofagus spp. often form 
extensive, floristically simple forests, and occupy many sites with a high natural frequency 
of abiotic disturbance (e.g., Shaw 1983). If future disturbances or physiological stress result 
in mature tree collapse on sites where Nothofagus regeneration is climatically inhibited, 
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migration of possible replacements will be slowed, not because of forest fragmentation but 
by limitations on the speed at which suitable canopy replacements can migrate the necessary 
distances, perhaps through surviving intact Nothofagus forest. In extensive mountainous 
country where migration routes may be confined to warmer valley-bottoms, effective 
migration distances may be much greater than straight-line distances. 

Plantation Forests 
Ninety percent of the plantation forest area grows with present-day mean annual 

temperatures between 10° and 15°C, and 35% between 10° and 11°C (Fig. 3). The latter 
consists of plantations in Clutha-Central Otago, Coastal-North Otago, Aorangi, Canterbury, 
Nelson, Wanganui, Hawke' s Bay, Bay of Plenty, and Waikato. Plantations with mean annual 
temperatures less than 10°C are confined to Southland, Clutha-Central Otago, and Aorangi. 
The forest with the lowest mean annual temperature (8.0°C) is at Naseby in Clutha-Central 
Otago. Plantations with mean annual temperatures exceeding 15°C are all in the Bay of 
Plenty, Waikato, Auckland, and Northland regions, and the forest with the highest mean 
annual temperature (16°C) is at Aupouri in Northland. It is important to note that the mean 
annual temperature at the warmest site is 8°C warmer than that at the coldest site. 

Mean minimum temperature in the coldest month of the year (the average of the lowest 
screen temperatures in the coldest month) is below 0°C for 92%, and between 0° and -2°C 
for 33% of the plantation area (Fig. 4). It is significant that mean minimum temperatures in 
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FIG. 3-Distribution of plantations of Pinus radiata in New Zealand in relation to present-day 
mean annual temperature, and with temperatures projected to occur during the period 
2030 to 2050, using the "most likely scenario,, (1) and "alternative warm scenario" (2). 
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FIG. 4-Distribution of plantation areas of Pinus radiata in New Zealand in relation to the 
present-day mean maximum temperature in the warmest month. 

the coldest month are between -5° and -8°C for 48% of the plantation area. The forest with 
the lowest mean minimum temperature in the coldest month (-9.6°C) is at Naseby in Clutha-
Central Otago. Mean maximum temperature in the warmest month of the year (the average 
of the highest temperatures in the warmest month) does not exceed 30°C for 87% of the 
plantation area, and is between 27° and 30°C for 72% of the plantation area (Fig. 5). The 
forests with the highest mean maximum temperature in the warmest month (34.3°C) are in 
North Canterbury. 

The distribution of forest area in relation to mean annual rainfall is shown in Fig. 6. Mean 
annual rainfall is between 1250 and 2250 mm for 75% of the plantation area. Mean annual 
rainfall exceeding 2250 mm is confined to a small (2%) area of forests at Hokitika and 
Greymouth in the West Coast region. Forests at the driest sites, where mean annual rainfall 
is less than 750 mm, are all in the Clutha-Central Otago, Coastal-North Otago, Aorangi, and 
Canterbury regions. The forest with the lowest mean annual rainfall (343 mm) is at 
Alexandra in Clutha-Central Otago. 

Using the "most likely" and the "alternative warm" scenarios for changes to climate 
estimated on a regional basis, the distribution of plantation forest area in relation to 
temperature and rainfall for the middle of the next century are also shown in Fig. 3 and 6. 

The most significant effect on the forest resource is the estimated increase in mean annual 
temperature. The lowest mean annual temperature for all forests, (except for 2551 ha at 
Naseby) is expected to increase to between 11° and 12°C for Scenario 1, and between 12° 
and 13°C for Scenario 2 (Fig. 3). For Scenario 1, more of the present-day plantation area is 
expected to experience mean annual temperatures between 11° and 16°C, but the mean 
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FIG. 5-Distribution of plantation areas of Pinus radiata in New Zealand in relation to the 
present-day mean minimum temperature in the coldest month. 
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FIG. 6-Distribution of plantations of Pinus radiata in New Zealand in relation to present-day 
mean annual rainfall, and with the rainfall projected to occur during the period 2030 to 
2050, using the "most likely scenario" (1) and "alternative warm scenario" (2). 
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annual temperature is expected to exceed current maximum values for only 3% of the 
plantation area at Aupouri Forest in Northland. However, if conditions estimated for 
Scenario 2 occur, then 96% of the plantation area will experience mean annual temperatures 
above 13°C and the area of forests experiencing mean annual temperatures above 17°C 
(which exceeds current maximum values in the present climate) will be 21%; of this, 10% 
is located in Northland with the remainder in the northern half of the North Island. 

The effects of changes in rainfall on the forest resource are expected to be much less than 
the effects of temperature (Fig. 6). For both climate change scenarios there is a noticeable 
decrease in the plantation area which will experience a mean annual rainfall of between 1250 
and 1500 mm, but more of the plantation area is likely to experience mean annual rainfall 
greater than 1500 mm (54% and 59% for Scenarios 1 and 2 respectively, compared with 35% 
in the present-day climate). Plantations in dry areas are not likely to benefit since increased 
rainfall is not predicted for these areas. 

In contrast with natural forests, plantation species are selected intensively to achieve 
desirable rates of production, tree form, and wood quality characteristics. The time taken for 
each new generation of improved Pinus radiata is much less than the rotation time and 
requires about 10 to 12 years. Grace et al. (1991) argued that, because each generation of trees 
is grown in the climate which incorporates the most recent changes, the programme of 
"recurrent selection" which is already practised, will continue to provide genotypes which 
are already those best suited to the new7 climatic conditions. In this way, climate change is 
already built into the genetic improvement programme. 

Whether the climatic limits for the growth of even the most suitable genotypes of 
P. radiata will be reached within the lifespan of current plantations at present day sites is a 
concern. The results from Fig. 6 suggest that rainfall amount and distribution are unlikely to 
change sufficiently to cause sites to be unsuitable for P. radiata. However, the projections 
of increase in temperature do provide concern. Both climate change scenarios show that all 
plantations will be experiencing higher temperatures (Fig. 3). Hunter & Gibson (1984) 
suggested that the optimum temperature for height growth in P. radiata is 12°C. The 
optimum temperature for P. radiata height growth in Australia was estimated to be 14°C 
(Booth & Saunders 1980). However, it is likely that the optimal temperatures for height 
growth and for productivity are different. Measurements in controlled environments showed 
that there was a significant increase in carbon balance for P. radiata foliage with day 
temperatures up to 25°C as long as night temperatures did not exceed 12°C (Rook & 
Corson 1978). If temperature increase occurs as suggested in Scenario 2, then the entire 
plantation area will be growing with daily mean annual temperatures exceeding these optima 
(Fig. 3). 

Using data from sites elsewhere the world, it has been suggested that the climatic limits 
for economically acceptable growth rates for P. radiata in plantations are broad, i.e., mean 
annual temperature between 11° and 18°C, with a daily average maximum in the warmest 
season of 20° to 30°C, a daily mean minimum in the coldest season of-2° to 12°C, a mean 
annual rainfall between 650 and 1600 mm which is evenly distributed through the year with 
the dry period (< 40 mm/month) not exceeding 3 months (Booth 1990). Some of the warmest 
sites where plantations of P. radiata var. binata (Engelm.) Lemmon have been established 
are in Queensland, Australia (Huth 1982; actual temperature data not provided). Pinus 
radiata height growth was not seriously impaired at Woolgoolga arboretum in Queensland 
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where the mean annual temperature was 18.8°C and mean annual rainfall 1570 mm with a 
marked summer maximum (LR. Hunter, unpubl. data). However, at an elevation of 1000 m 
on the Nadarivatu plateau in Fiji, where the mean annual temperature is 21°C, P. radiata 
height growth was restricted to 4 to 5 m at age 20 years (LR. Hunter, pers. comm.). These 
results suggest that growth of P. radiata is adversely affected, but is still likely to be 
economically feasible, at sites where mean annual temperatures exceed about 19°C. 

It is clear that the plantation areas most likely to be affected adversely by climate change 
are in Northland and Auckland where present-day mean annual temperatures are well above 
the reported optima for productivity, and approach the maximum limits for economically 
feasible production. Productivity in these areas is high, but less than that at other good North 
Island sites. Shula (1989) analysed data from the Forest Research Institute's Permanent 
Sample Plot system to identify sites where productivity of P. radiata was particularly high. 
For the 10 most productive sites in the country (defined by a mean annual increment in excess 
of 40 m3/ha/year) the mean annual temperature range is between 9.8° and 13.7°C and the 
mean annual rainfall between 1100 and 1200 mm (New Zealand Meteorological Service 1983). 
Only one of these forests, at Glenbervie, is in Northland. Clearly, there are many factors 
which could contribute to the observation that maximum productivity does not occur in 
forests in Northland, but this could be at least partly attributable to higher temperatures. 

CONCLUSIONS 
The analyses used in this paper have enabled us to make initial predictions of the impacts 

of climate change on natural and plantation forests in New Zealand. However, these 
predictions are based on very limited data and the models have not been tested widely. The 
limitations of our approach need to be stated clearly. For example, the analysis of natural 
forest response assumes that species distributions are currently in equilibrium with current 
climate variables, i.e., they do not bear major imprints from past events such as climatic 
extremes or other major landscape-level disturbances. If this assumption is incorrect, 
predictions of change in species distributions will be unreliable, unless interpreted in the light 
of these historical events. In addition, predicted changes for natural forests take account of 
neither the tolerance of species to climates in which they do not currently occur, nor the 
effects of competition between species. This is because climatic surfaces describe the 
realised, rather than the fundamental niche of species, i.e., rather than indicating the potential 
climatic range of a species, they describe the climate over which a species is more 
competitive than other species (Austin & Smith 1989). 

Predictions based on mean annual temperature and rainfall should be treated with caution, 
when the seasonality in these components and extreme values are not considered. No account 
of changes in such factors as disease and insect attack, nutrition, weed competition, and wind 
damage on forests is included. There is no consideration of the rate of acclimation of 
processes (relating to productivity, migration, for example) that will take place within 
species or genotypes in response to changing climate. As currently used, neither approach 
considers the responses of species to increased carbon dioxide concentration, including any 
interactive effects of carbon dioxide increases on plant responses to climatic variables. 

Considerable further research is required to improve the certainty of these estimates. For 
more detailed predictions to be made for natural forest communities, information will be 
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required not only on current relationships between vegetation and climate, but also on the 
physiological response of plant species to changing climatic and carbon dioxide regimes, and 
the dynamic processes by which adjustment to new climatic regimes occurs (Ojima et al. 
1991; Woodward & Diament 1991). 

Management priorities for the remaining natural forests are currently oriented to 
conservation and watershed protection. Although the impacts of a changing climate will be 
more indirect than those on agriculture and plantation forestry, management intervention to 
protect and maintain current values may be necessary. However, such intervention must be 
preceded by development of clear objectives. For example, at a community level, there will 
need to be a clear recognition that the changes occurring in forest composition are an 
inevitable response to a changing environment. In contrast, intervention to overcome the 
effects of removal of former migration pathways (for example, by past agricultural 
development) may be considered to be a valid and necessary management action. 

At a species level the choices will be more difficult. Decisions will have to be made 
concerning the need for intervention by moving populations of species which are at risk by 
virtue of factors such as current poor population status, or low dispersal capability. These 
decisions will have to balance the desire to conserve particular species against the likely 
impacts of artificial establishment on the composition of the surrounding communities. 
Given the relatively long life-span of most natural forest trees, there is probably little urgency 
for intervention, at least for several decades. The exception is where forest mortality is 
accelerated by extreme climatic events. 

Analyses of the relationships between climate and productivity and wood quality of the 
plantation forest resource in relation to current climate variables have already been 
undertaken. For example, Jackson & Gifford (1974) took data on periodic volume increment 
for P. radiata at 132 sites from the maximum range of climates in New Zealand and showed 
that 66% of the variability (after age effects had been removed) could be accounted for by 
mean annual precipitation, seasonal rainfall distribution, seasonal departures of ambient 
temperatures from postulated optima, and the other site factors which were effective soil 
depth, and nitrogen and phosphorus availability. Hunter & Gibson (1984) sampled 290 plots 
of P. radiata across New Zealand and used principal components analysis to account for 
differences in site index (mean top height of trees in a stand at 20 years). Site index was 
predicted to increase with increasing rainfall and decrease with the departure from an 
optimum mean temperature. These approaches need to be extended to predict the effects of 
future climate scenarios on tree growth and wood quality and this will require the continued 
availability of comprehensive mensurational data sets. 

There is an urgent need to determine the physiological response of plantation species and 
genotypes to increasing temperature and carbon dioxide concentration, and interactions. 
This will involve a major commitment of resources. Continuation of the long-term 
mensurational databases is essential at sites where the forest ecosystems are particularly at 
risk, to ensure that response to changing climate is recorded. This programme should include 
regular, extensive measurements of tree performance (e.g., diameter and height measurements) 
in combination with periods of intensive activity which are used to investigate processes and 
dynamics, in relation to climatic variables. Predictions of growth in a future climate will also 
be required at sites where forests have not yet been established. 
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