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THE EFFECT OF TEMPERATURE ON FOREST PRODUCTION

IN CANADA, FINLAND AND SWEDEN

Predicted effects of a global warming on production of lodgepole pine

and Scots pine in the northern boreal forest

Fries, Anders

Department of Forest Genetics and Plant Physiology

Swedish University of Agricultural Sciences,

SE-901 83 Umea SWEDEN

ABSTRACT

The aims of this study were to analyse relationships between forest production and climatic

factors under different biogeoclimatic conditions and, thus, to enhance our ability to predict

changes in production following temperature increases. Production in the IUFRO 70/71

provenance test series with lodgepole pine (Pinus contorta var. latifolid) was correlated to

climate data from adjacent meteorological stations. Field-tests in Canada (British Columbia and

the Yukon) and Scandinavia (Finland and Sweden) were evaluated about 20 years after

planting. The temperature regime was strongly correlated to forest production in the northern

boreal forest regions. The temperature during the growing season as a whole and the length of

it seem to be more important than the maximum summer temperature. The relationship

between production and temperature was weaker in Canada than in Scandinavia, and

production increased generally more on poor and intermediate sites than on rich sites.

According to the presented algorithms, an increase in the temperature sum from 600 to 1200

degree days, would theoretically result in an increase in site index of between 5 and 13 m for

lodgepole pine, and slightly lower for Scots pine. The highest increases would occur in

Scandinavia. Temperature plots show that, especially in northern Scandinavia, a higher mean

temperature would prolong the growing season, and this may make short spells with above-

0°C-temperatures during the dormant period. Together with drought during the growing

season, this may increase the frequency of climate-related frost damage.

Key words climate change, lodgepole pine, Scots pine, site fertility, site index, temperature,

wood production, climate damage
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1. INTRODUCTION

1.1 Aims of the study

The present study had three main aims. The first was to analyse the relationships between a

number of climatic factors and production of pines (Pinus ssp.) in the northern boreal forest

zone. The second was to contribute with a number of algorithms for estimating the increase in

production in different regions that would follow predicted temperature increases. The third

was to study whether the predicted changes in forest production would differ under different

biogeoclimatic conditions. Together with previous studies in these fields, e.g. Beuker (1996),

Korpilahti (1996), and Fries et al. (1998), it should increase our possibility to generate better

prognosis concerning climatic influence on the production of northern boreal forests. Better

knowledge of the relationship between climate and production may also help in choosing plants

that would be well-adapted both in the near future and after the predicted climate change.

1.2 Climate change prognosis

Today, the most widely-predicted climate changes include a global increase in the mean

temperature, a global warming, as a result of increasing CO2 -levels (Bolin et al. 1987). Due to

the complex interactions between various climatic factors, it is difficult to predict overall

changes in the climate, but it is obvious that growing conditions for native forest trees would

also change. Continuously-modified climate simulations and projections are, thus, presented by

the Intergovernmental Panel on Climate Change (IPCC), and in IPCC (1996), the effects of

emission of other gases and aerosols, e.g. sulphur dioxide and sulphur aerosols are also

considered. Secondary effects of changes in forest production, and on land use, furthermore,

being examined by the International Geosphere-Biosphere Programme (IGBP) as described in

various texts such as Koch et al. (1995).

Observations taken over the course of this century indicate that a common effect of temperature

increases in western and northern Europe is an increase in cloudiness and precipitation (Brazdil

and Budikova 1994, Dahlstrom 1994). This would occur also in North America and the former

Soviet Union, and Groisman et al. (1994) estimated that cloudiness and precipitation has

increased by 20% in northern Canada, and by 12-14% in southern Canada, the contiguous U.S.

and the former Soviet Union. In Finland, the annual precipitation is predicted to be 5-16%

higher than today by the end of the next century (Carter et al. 1995). Still, Kellomaki (1995)

and Gardenas and Jansson (1995) suggest that the expected higher temperatures may cause

water deficit in southern Finland.

The most recent scenarios predicting climate changes are based on a doubling of the CO2 -level

by around the year 2100. It is estimated that this would cause an increase in global mean

temperatures of 1-5°C by around the year 2050 (Carter et al. 1995). For northern latitudes, it

has, however, been suggested that there will be a more pronounced increase than ca 5°C during

autumn, winter and spring (Hanninen 1991, Carter et al. 1995).

In this study, the effect of the temperature regime on forest production was analysed in the

Canadian (British Columbia and the Yukon), Finnish and Swedish parts of the IUFRO 70/71



provenance test series with lodgepole pine (Figs. 1 and 2). In this test series, the strategy

followed in choosing the location of test sites, and in establishing and managing them has been

similar. This makes the material unusually homogeneous and well suited for a joint analysis.

Forest production was estimated in terms of a site index derived from the standard unit for

volume production of lodgepole pine, C50 (Hagglund and Lundmark 1982). The climate data

were based on recordings of a number of climate variables at permanent weather stations close

to the test sites, interpolated to climate data at the test sites. Thus no climate measurements

were taken at the actual test sites. The interpolated climate data have been used, together with

assessments of site fertility and exposure (aspect and slope) in regression analyses with the

estimated site indices of the test sites. For many of the climate parameters, there are

uncertainties involved in calculating climatic data for a site using measurements taken

elsewhere, and this have decreased the accuracy of the results.

2. MATERIALS AND METHODS

2.1 Provenances

The seed material that was available for the IUFRO 70/71 test series is described in Lindgren et

al. (1980) and Lindgren (1983). Out of the 187 provenances in all, those, which due to the

climate had small chances of survival at a certain site, were not planted. Sixty provenances

were planted per site in Canada (40 in the sites in the Yukon), 13 in Finland, and 80-82 in

Sweden. Further descriptions and previous evaluations of the Canadian test sites are published

in Ying et al. (1985) and Ying and Illingworth (1986), of the Finnish sites in Hagman (1978),

Rousi (1983), and Ruotsalainen and Veiling (1993), and of the Swedish sites in Lindgren et al.

(1980) and Lindgren (1983). To ensure that the analyses for each test site were based on well-

adapted provenances, only data from provenances recommended by official national directives

for each site (a maximum of 5 provenances per site) were utilised for estimating production at

the site. The recommendations followed were for Canada issued by the B.C. Ministry of

Forests, and for Sweden issued by the National Board of Forestry in Sweden (cf. Lindgren et al.

1993). For Finland, only one provenance was evaluated; Carmacks (IUFRO no 2015), which is

recommended on all sites when applying the Swedish transfer recommendations. In all, 51

provenances with a latitudinal origin lying between 48°28' (altitude 549 m) and 63°18' (alt.

876 m) were recommended for the Canadian sites, and 11 for Scandinavia (lat. 54o01', altitude

760 m to 63018', alt. 876 m).

2.2 Test sites

Fifty-eight Canadian, seven Finnish, and thirteen Swedish test sites were evaluated (Fig. 1-3,

Table 1). The Canadian field tests were planted in 1974, and the Finnish and Swedish tests in

1971 (except for one Finnish field test, which was planted a year later but with one year older

plants). In the Canadian field tests, each provenance was planted in two plots per site and 3x3

plants per plot. In four of the Finnish test sites, each provenance was planted in four complete

plots, in three sites only one plot was planted per provenance. Plot size was 20x20 plants

(10x10 plants in one site) and spacing 2x2 m. The planting design in the Swedish field tests

were single tree plots with 2x2 m spacing. In each Swedish field test, 15-30 trees per



provenance were planted. The Finnish and Swedish provenance tests have been discussed in

Fries etai. (1998).

Although the studied regions all lie within the northern boreal zone, there are considerable

biogeoclimatic differences between Scandinavia and Canada, and including this

biogeoclimatically heterogeneous material in the same analysis may be misleading. However, it

should be possible to derive valid conclusions concerning the influence of different climatic

parameters by applying a consistent approach in a simultaneous analysis both of all regions

together, and of each of them separately. On the basis of data shown in Fig. 3 and in Lindgren

(1983), the Canadian test sites were split into two groups: one located below 1100 m, and the

other located at 1100 m or higher. The high altitude sites were generally located in the south

(Fig. 3). The following groups were therefore analysed:

i) Canadian sites at 1100 m altitude or higher (28 sites),

ii) Canadian sites lower than 1100 m altitude (30 sites),

Hi) Finnish and Swedish sites, designated 'Scandinavian' in this study (20 sites),

iv) Canadian sites both lower and higher than 1100 m altitude (58 sites),

v) All Canadian and Scandinavian sites (78 sites).

The Canadian field tests were measured in 1993 (plus two tests in 1988), and the Swedish in

1988 (plus two tests in 1984), while the Finnish sites were evaluated at various ages (Table 1).

2.3 Test site data

The background of the test site data were:

i) Geographic location: latitude and altitude. Based on field test protocols. For Finland,

however, latitude and altitude were obtained from maps showing the exact location of

the plots with the analysed provenances.

ii) Site fertility. The effect of site fertility was considered by grouping the sites into three

fertility classes, poor (1), intermediate (2) and rich (3), according to descriptions of

indicator species and type of soil in the field test protocols. These classes were used as

dummy variables in stepwise regression analyses (Draper and Smith 1966).

Hi) Aspect and slope. The aspect and the slope of the test site may have a joint influence on

the local growth conditions by influencing the heating effect of the radiation (Geiger

1965). To analyse this, these two variables were combined into a variable describing

the exposure effect, ExpEff. According to Geiger (1965), radiation at latitude 50°N is

maximal on a southern slope of ca 30-50°. Due to diffuse light and an assumed slightly

lower heating effect, 35° was regarded as being optimal for the test sites in this study

when estimating ExpEff.

To compensate for different location of the test sites, the latitudes of the site were included in

the equation for ExpEff, which thus was:

ExpEff = (-1 x Cos(Asp) + 1. l)/2 x Sin(£/o(90O - 35°) + 50° - Lot [for the site]) ,

where Asp, Slo and Lat are given in degrees in a 360°-scale, and 50° is the reference latitude.

The equation assumes the same relationship between sunshine and cloud cover during the

whole day on all sites, which for Scandinavia is consistent with data presented by Josefsson

(1987).



2.4 Climate data

All climate data were interpolated climate records collated at permanent meteorological

stations, and then monthly and yearly mean values from the period 1961 to 1990 were used. For

the Canadian test sites, the reference normals were issued by Environment Canada (1993) (Fig.

1). The interpolated climate data were from Rose and Grant (1976), who calculated secondary

climate parameters from a number of primary variables recorded both at test sites and at

meteorological stations (Table 2).

For Scandinavia, the data were 30-year-reference normals from 1961 to 1990 (Fig. 2). The

Finnish data were given in Anon (1991), and the Swedish data were issued by The Swedish

Meteorological and Hydrological Institute, SMHI, (Alexandersson 1991). Weather stations

close to large waters, above the timberline or close to big cities were excluded before the

interpolation. For transforming the reference normals of the weather stations to climate data for

the test sites, a parabolic interpolation method in Lindgren (1994) was applied. This resulted in

an algorithm for calculating mean temperatures, and dates for a given site (identified by

latitude, altitude and a country code) when certain temperatures and temperature sums are

expected to occur. By this method, monthly average temperatures, temperature sums (5°C

threshold), and the length of the growing season could be derived. All variables are summarised

in Table 2. Site index (57) was estimated according to Lindgren et al. (1994). 57 describes the

production capacity of the site, and it eliminates the effect of different ages at measurement.

For lodgepole pine, 57 is defined as the expected top height of 50-year-old trees (C50)

(Hagglund and Lundmark 1982), and it can be transformed to the corresponding measure for

Scots pine, T100, according to Elfving and Norgren (1993).

2.5 Statistical analyses

The effects on site index of the different climatic factors and test site variables were studied by

linear and stepwise regression analyses using the SAS and Excel statistical programs (SAS

User's Guide: Statistics 1992, Microsoft Corporation 1993). The significance of differences

between the linear regressions for the different regions was tested using the standard errors of

the coefficients of the temperature variable (confidence intervals ±1.96x(standard error)). In the

stepwise regressions, the significance level for the variables to enter and stay was/?=0.99. By

using such a high level, the effect of all possible variables was checked, regardless of their

relative influence. To be included in the presented equations, the significance level wasp=0.5.

The temperature variables were also analysed after ln-transformation.

3. RESULTS

3.1 Climate and site index correlations

Correlation coefficients (r) in Table 3 and 4 show that the temperature regime during the

growing season has the dominating influence on forest production. Significant correlations

were found between site index and Tsum, Julytemp, and Sumtemp, for all regions (Scandinavia,

Canada <1100 m and Canada >1100 m altitude), and for the regions combined. For the

Canadian test sites at altitude 1100 m and above, and for Scandinavia, Cont also showed

significant relationships with site index. Temperature regime over the whole growing season



was more strongly related to SI than the average temperature in July: r(lnTsum)=0.95

(Scandinavia) and 0.69 (Canada) whereas r(Julytemp)=QM (Scandinavia) and r(lnJuly)=0.60

(Canada). For the non-temperature variables analysed (Precgs, Precyr, Snow depth, Radgs,

Radyr, and Pevap), which were available only for Canada, no significant correlations were

obtained.

The temperature-57-regressions differered significantly (p<0.05) only in the following

comparisons between regions:

i) Canada compared to Scandinavia,

ii) Canada <1100 m compared to Scandinavia,

Hi) Canada >1100 m and Scandinavia compared to Canada <1100 m (not for Conf).

3.2 Increases in production

According to Table 4, site fertility (Fert) and exposure effect (ExpEff) increased in many cases

the correlation between 57 and temperature variables (however, often non-significantly). None

of the other non-temperature variables contributed significantly to the regressions in any of the

regions. Table 5 shows the change in 57 correlating with different increases of Tsum and

Julytemp for different site fertility classes and for different species. The rate of increase in 57

with Tsum diminishes generally as Tsum increases, while the increase in 57 and MAI at an

increase in Julytemp follows a slightly different pattern among the regions. For lodgepole pine

in Canada, the rate of increase in 57 per degree centigrade is almost the same at higher Julytemp

(14°C to 16°C; 2.4 m) as at lower (12°C to 14«C; 2.1 m (5.5-2.4 m)). In Scandinavia, on the

other hand, the increase in 57 between 12°C and 14°C is only 1.1m (12.9 - 11.8 m), while it is

11.8 m between 14OC and 16°C.

3.3 Length of the growing season

Fig. 4 shows that within each continent-, the increase in Tsum is at least as much reflected by an

increase in the length of the growing season, i.e. the period with average temperature >ca 5°C,

as by the maximum summer temperature. Furthermore, at the same Tsum are the winter

temperatures in Canada considerably lower than in Scandinavia, while the summer

temperatures are more similar. For the warmer group of test sites, the length of the growing

season seems to be slightly longer for Scandinavia than for Canada, while the growing season

is longer for Canada in the less warm group.

4. DISCUSSION

4.1 Influence of temperature

Correlation coefficients (r) between temperature and site index were for the Scandinavian sites

0.80-0.95, and for the Canadian sites 0.60-0.69 (Table 3). It should, thus, be possible to get

good estimates of forest production capacity for Scandinavia using a temperature variable

alone. For Canada, they should, however, be somewhat less precise. A probable explanation for

the difference is that the topography is fairly regular in Scandinavia, in contrast to Canada

which has north-south aligned mountain ranges, with the test sites at higher altitudes in the

south (Fig. 3). The high mountain ranges and deep valleys, and correspondingly large



altitudinal differences in Canada compared to Scandinavia make the temperature amplitudes

and local variations in precipitation larger in Canada than in Scandinavia, where the

temperature regime is characterized by limited local variation and clinally decreasing

temperatures towards northwest. The temperature seems, thus, to be the dominating factor for

production, unless the topography is irregular. In such cases, a complex influence of additional

growth factors may be introduced. Since Tsum is quite difficult to measure, Julytemp or the

sum of the average "temperatures from April to September (Sumtemp) can be recommended as

easily measured climate parameters to describe the production capacity of a site. The fact that

the correlation for Tsum became stronger after ln-transformation, indicate that a long growing

season should be more important than the maximum summer temperature for productivity,

especially in the north. Analysis of the monthly mean temperatures during the year (Fig. 4),

shows, in addition, that regions with low Tsum have lower winter temperatures and lower

production, while the highest summer temperatures are more similar in regions with higher

Tsum. The importance of the length of the growing season has also been emphasised by Mikola

(1950), Hustich (1983) and Tolvanen and Kubin (1990). The increase in mean temperature due

to the enrichment of CO2 is expected to be greater in the winter than in the summer (Carter et

al. 1995), and this higher temperature would also extend the growing season (Repo et al. 1996

and Fig. 4). The present results, thus, support previous suggestions that the increase in

production due to the predicted global warming should be amplified in cold climates.

The index of continentality (Cont) was less strong correlated to SI, probably since the equation

for Cont, beside Julytemp, includes Jantemp. Jantemp has, however, normally no direct

influence of the growth of trees, but there is one possible indirect influence ofJantemp on 57. If

winter hardening not has been normal, extremely low winter temperatures may decrease the

efficiency of the photosynthesis apparatus during the growing season (Hanninen 1991).

Jantemp is strongly influenced, furthermore, by local factors such as the local topography,

proximity to rivers and lakes in the valley bottoms etc. (Odin and Perttu 1978). The frequent

occurance of these features in western Canada cause, due to interpolated weather station

temperatures, weak or negligible correlation between 57 and Cont for the Canadian field tests.

4.2 Length of the growing season

Besides extending the growing season, milder winter climate, thus, reduce the risk of decreased

efficiency of the photosynthesis, which should increase forest production in the north. At the

same time, the winter temperature is low enough to ensure that the plants do not have

drastically increased risk of climate damage due to sudden rises in temperatures above zero

during the dormant period (Hanninen 1996, Sykes and Prentice 1996). This risk may, however,

be a reality in the south, but to quantify the changes in productivity caused by such damage is

difficult. They are often of the 'lethal' or 'non-lethal' kind, especially when also considering

secondary attacks on injured plants by pathogens and insects.

4.3 Site fertility, precipitation and soil moisture

The inclusion of weather station data for precipitation did, due to its considerable variation over

short distances (Kellomaki and Kolstrom 1994, Lentz et al. 1995), not increase the accuracy of

the regression. Therefore, site fertility, in which soil moisture is one component, in some cases



improved the correlation between production and site index (Table 4). The warming of 2-4°C

in summer and 5°C in winter require, however, 175-250 mm higher annual precipitation to

counteract drought (Kellomaki 1995), and in southern Scandinavia, water deficit due to rising

temperatures may, therefore, become a limiting factor. In northern Scandinavia, however, the

soils are generally saturated by water at the beginning of the growing season, and the water

holding capacity is good (Kellomaki and Kolstrom 1994). Most predictions, for example that of

Dahlstrom (1994), indicate in addition that precipitation in the north will increase after a global

warming, and drought should therefore be a much smaller problem there. Gardenas and Jansson

(1995), thus, found smaller risk of drought in the north, even after compensation for increased

evapotranspiration due to larger leaf area, which is a result of the higher production. Kellomaki

and Vaisanen (1996) drew similar conclusions. A larger risk of drought damage, may, however,

occur during a short period in the spring when the soil may still be frozen. At that time, high

temperatures during the day initiate physiological activity in parts of the plant exposed to open

air, while no water can be obtained from the roots since they are still in frozen soil (Venn and

Solheim 1990). Changes in precipitation in combination with temperature, and, followingly, the

snow cover are thus key factors when judging the effect of this type of damage (Odin and

Perttu 1978, Pavlov 1994). As previously claimed, it is, however, difficult to quantify the

reduction in productivity due to climate damage.

4.4 Quantification of the increase in production

For lodgepole pine, the increase in site index (SI) correlated with a doubling of Tsum from 600

d.d. to 1200 d.d. was estimated to be between 6.0 and 10.6 m (33-78%), with the highest

percentages in Scandinavia (Table 5). This corresponds to an increase in mean annual

increment (MAI) of between 3.6 and 7.3 n^ha"1 (68-165%). The doubling of Tsum from 600 to

1200 d.d. is equivalent to an increase in Julytemp from 12 to 16°C, and in the different regions,

this temperature rise implies an increase in SI of between 4.4 and 12.9 m (22-78%). The

corresponding increases in MAI would be between 2.7 and 8.9 m^ha"! (57-107%). For Scots

pine, these increases were generally slightly lower than for lodgepole pine (Table 5). Both in

Canada and Scandinavia, the increase in 57per 100 d.d. is, thus, higher at low Tsum values (600

to 900 d.d.) than at higher Tsum values (900 to 1200 d.d.). The same comparison based on

Julytemp indicates, on the other hand, that in Scandinavia, the effect of increasing Julytemp is

larger at the higher temperature interval, while in Canada, the increase in S7is fairly linear at an

increasing Julytemp. The results for Tsum support the suggested larger effect of a temperature

increase in cold regions. For Julytemp, on the other hand, the diverging pattern may be due to

that very few test sites had such a low Julytemp, making this estimate less precise.

The production figures of lodgepole pine in Scandinavia that were found in this study are

similar to those obtained for Scots pine in Finland by Beuker (1994) and Kellomaki and

Kolstrom (1994). Beuker (1994) estimated an increase in wood production (SI) for Scots pine

of up to 50% at a doubling of Tsum. The functions used for transferring production of

lodgepole pine to Scots pine according to Elfving and Norgren (1993) are thus realistic to

apply, and should followingly be possible to use in general prognoses for conifers in the

northern boreal forest region. For Norway spruce, the estimated increase was up to 300%. This

is in agreement with data in Mikola (1950), and is due to wider distribution area in terms of



Tsum for Scots pine than for Norway spruce (Kellomaki and Kolstrom 1994). Both the present

study and that of Beuker (1994) were based on provenance tests with transferred trees, and such

tests imply a sudden temperature increase. A global warming would, however, involve a

gradual increase, which would be expected to have a smaller influence on production (Persson

and Beuker 1996, Kellomaki and Kolstrom 1994).

When judging the above estimated increases in forest production, it should, however, be

emphasized that other potentially growth-limiting factors have not been considered, although

their inclusion would broaden the scope for theoretical discussions. For instance, has the

change in forest production for northern Europe been estimated in the STASH model based on

interpolation of three bioclimate variables: growing degree-days after budburst, temperature,

and soil moisture in (Sykes and Prentice 1995, 1996). The estimated changes were then used in

an analysis of the dynamics of tree species by a forest gap model (FORSKA2) (Prentice et

al.1993). In the north, FORSKA2 prognosticated only minor changes in composition of tree

species, while a new suit of dominant trees was expected in the south. The mechanisms for this

should include increased competition and chilling requirements and, in accordance with the

temperature development demonstrated in Fig. 4, a more oceanic climate is foreseen.

Although CO2 is the atmospheric gas that generates the greatest interest when discussing

global warming, inclusion of additional atmospheric gases in general guidelines is

recommended by the IPCC Guidelines for National Greenhouse Gas Inventories (Callander

1995, IPCC 1996, Santer et al 1996). Changes in forest production will, furthermore, result in

modifications in land use, which are being monitored by IGBP (Koch et al. 1995). Solomon

(1996) has estimated for instance, using the model in IMAGE 2.0 (Alcamo 1994), that the

above ground biomass in the boreal forest region will increase by about 30% by the year 2050,

whereas it will decrease in the tropics.

4.5 Transfer effects

Lodgepole pine, which was studied here, is a non-native species and the provenances had been

transferred 3-5° of latitude to the north, and, thus, to a different light regime. The native Scots

pine, that was evaluated by Beuker (1994) and Persson and Beuker (1996), had however been

transferred even more, up to 6° of latitude, and, thus also endured new climatic and light

conditions. Since, the evaluated lodgepole pine provenances probably are among the best

choices for the sites, the principal differences in origin between this study of lodgepole pine

and those of Scots pine should be of limited relevance.

5. CONCLUSIONS AND IMPROVEMENT OF THE METHODS

In the northern boreal forest region, the temperature regime is strongly correlated to forest

production. In Scandinavia, it is certainly the single climatic factor that best explains its

variation, while in Canada, with larger altitudinal differences, additional climatic factors have



an influence. A general conclusion is that the increase in production following a temperature

increase will be larger in cold climates than in mild climates. The length of the growing season

is, by increasing the Tsum, important for production. Higher winter temperatures in the north

will also lower the frequency of damage by extremely low winter temperatures. In the south,

however, may more frequent short spells with above-0°C-temperatures during the dormant

period increase climate damage to plants and trees. The degree to which such damage is likely

to influence production is, however, difficult to predict.

To study more closely the relationship between climate and forest production, and to predict

the effect of a global warming on production better, the following would be advantageous:

• Exact climate data from the actual test sites.

• Knowledge of patterns of climate variation among highly-defined geographic areas.

• Better knowledge concerning soil moisture and soil fertility effects.

• Better knowledge concerning the influence of changes in the winter climate, so the

consequences of damage that may occur then is better understood.
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Table 1 The provenance tests that were studied. Identification, location, site index, measurement

ages and survival (averages for the analysed provenances).

Name

Finland

Pudasjarvi

Rovaniemi

Kitlila

Salla

Rovaniemi ml

Kolari

Kuusamo

Sweden

Backskogen

Skansen
SlSttberg
Brandskogen

Granhallberget

Mjosjon

Skalet

Stensvattnet

Pausele

lsliden

Emmaboda
Torrmyra
Asjehult

Canada

Wuho Creek

Lamb Creek
Elk Creek
Lussier River

Freeman Creek

Roddy Creek

Bisson Lake

Lassie Lake

McLatchie Creek
Chuwhels Lake
Community Lake
Pettigrew Lake

Haddo Lake
Equises Creek

Wigwam
Sue Black Water

Sue Fire

Sue Mile 25

Beaverfoot River

Niquidet Lake
Timithy Mountain

BossFdr
Bosk Lake
Thuya Lake
70 Mile

Holden Lake

Mons Lake

Kloakut Lake
Cuisson Lake

Bateman Creek

Goat River
Holmes River

Valemount
Dave Henry
Atis Creek
Baker Lake
Camp 4

Neck Lake
Whites Landing

Decker Lake
Fraser Lake

OotsaLalte

Tzenzaicut

Barton Lake

Blackwater
Carpet Lake
Dog Creek
Weston Creek
Salmon Lake

McBrideLake

Chapman Lake
Suskwa River
Nilkilkwa Lake
Telkwa River

Mile 451

Blue River

Whitehorse
Watson Lake

Test serie

National no.

373

373
373

373
374

374

374

-
-

-
-
—

-

-

-
-

--
~
-

Region

2

2

2
2
3
3

3
3
3
4

4
4
4

4

5
5
5
5
5
6
6

6

6
6
7

7

7

7
7

8
S
8

S

8
9
9

9

9

9

10
10
10
10
10
11

11
II
11
11
12

12

13
13

Site in

serie

1

2

3
4

1

2

3

7

8
9

10
II

12
13

14

15
17

2
3
6

Site in region

1

2
3
4

5

1
2

3

5
1
2
3
4

5
1

2
3
4

5

1

2
3
4
5
1

2

3
4

5
1

2

3

4

5
1
2
3
4

5
1

2
S

4

5
1

2
3
4

5
I
2

3
4
5

3
5

Latitude"

(degrees /

North

65.34

66.18
67.49

66.37

66.31

67.01

65.42

60.22
60.16
61.07

62.09
62.06
63.07

64.00

63.36

64.52

65.51

56.39
57.23
59.29

North

49.27

49.19
50.15

49.48
49.05

50.05

50.02

49.37

49.21
50.35
50.55
49.15
50.05

50.22
50.49
51.34

51.34
51.35

51.02

52.27

- 51.54
51.59
52.11
51.27
51.17

51.37

51.40

51.40
52.30
53.53

53:30

53.21

52.47

52.45
52.58
53.03
53.42
53.15

53.20
54.22
53.57

53.46

52.39

53.30

55.32
54.36
54.16
55.50

54.51
54.04

54.55

55.19
55.19
54.37

58.50
59.47

60.48

60.05

Longitude

minutes)

East

27.36

25.41
25.54

28.23

25.02

24.30

28.53

13.06

16.34
14.39

13.29
16.50
15.51
15.07

18.45

17.50

20.49

15.33
14.17

14.22

Wat

115.57
115.54
115.29

115.30
115.51

118.34

118.34

118.55
114.41

120.37
120.04

120.12
119.06

119.37
117.59
117.24

117.21
117.19

116.20

121.19

120.17
120.48
120.48

120.21
121.20

121.31

123.00

123.30
122.23
121.59

120.35

119.50

119.19
119.05
121.55
122.14

122.25
122.20

122.35
125.49
124.47

126.50

122.43

123.25

123.33
122.55
124.24
123.42
123.55

127.18
126.41
127.16
126.40
127.19
125.43

129.08

135.11

125.50

Altitude"

(m)

225

210
300

300

185

200

270

220
ISO
250

560
210

350
460

325

310
260

140

190
190

1340
1250

1190
1650
1520

1460

1130

1370
1550
1430
1370

1520
1340
1370

790
1550
1190

950

1370

950

1280
1190
1100
1250
1070

1160

1280
1520
850

730

700

910

1100
980
1220
910
1000
950

670
930
850
1040

1220

790
730

790
950
670

950
850

790
640
760
760
1100

730

663

710

Site index (57)

meter (m)

20.00

16.60
13.70

17.30

16.18

17.00

16.22

23.15
24.17

22.00
15.89

22.27
20.70

15.21

16.58

14.66

17.59

26.06
23.81

24.73

23.56
22.98
22.60
17.96

21.25

21.16

21.84

23.55
22.17
18.09
20.75
17.71

23.85
20.34

25.93
18.11
24.50

26.39

21.50

22.30
19.10
22.08
22.69
23.89
19.05
21.79

17.31

16.37
22.31

22.87

29.88

22.33
21.20

25.22
19.82
22.72
21.40
21.42

20.66
18.68
21.71
19.22

18.88

21.32

18.57

22.42
21.17
23.50

19.30

18.7S
21.24

22.29
21.80
21.34
13.39
14.04

20.05

18.35

Years and ages

(years) at measurem

1985 16 years

1992 23 years
1985 16 years

1992 24 years

1987 18 years

1991 23 years
1987 18 years

1988 19 years

1988 19 years
1988 19 years

1988 19 years
1988 19 years

1988 19 years

1988 19 years

1988 19 years

1988 [9 years
1988 19 years

1984 IS years
1984 IS years
1984 IS years

1993 20 years

1993 20 years
1993 20 years
1993 20 years

1993 20 years
1993 20 years

1993 20 years

1993 20 years
1993 20 years
1993 20 years
1993 20 years
1993 20 years
1993 20 years
1993 20 years

1993 20 years
1993 20 years

1993 20 years

1993 20 years

1993 20 years

1993 20 years

1993 20 years
1993 20 years
1993 20 years
1993 20 years
1993 20 years

1993 20 years

1993 20 years
1993 20 years
1993 20 years

1993 20 years

1993 20 years

1993 20 years

1993 20 years
1993 20 years
1993 20 years
1993 20 years
1993 20 years
1993 20 years

1993 20 years
1993 20 years
1993 20 years

1993 20 years

1993 20 years

1993 20 years
1993 20 years

1993 20 years
1993 20 years
1993 20 years
1993 20 years

1993 20 years

1993 20 years

1993 20 years
1993 20 years
1993 20 years

1993 20 years

1993 20 years

1988 15 years
1988 15 years

Survival

(%)

72.8

41.8

26.5
67.0

63.4

91.1

82.7

78.6
91.8

93.8
90.B

75.7

80.3

26.6

71.0

49.4

58.7

100
95.5
97.2

82.2
92.2
68.9
90.7

80.0
81.1

87.8

84.4
84.7
85.6
88.9
77.8
80.0
77.8

72.2
77.8

91.7

91.7

81.9

79.2
86.7
51.4
822
83.3

76.4

80.6
75.0

97.2
91.7
93.1

91.7

81.9

80.6
80.0
71.1
85.6

93.1
98.6
75.9
82.2
87.5

80.6

72.2

77.8

90.3
90.3
98.6
86.1
84.7

81.9
87.0

87.0
87.5
88.9
74.1

86.1

80.3
94.4

" For the Finnish test sites, the latitude, longitude and altitude for the plots with the recommended provenance are given



Table 2 Variables used in the study. The table summarises the geographic data and climate
parameters that were analysed in the study.

Variable

Test site data

Latitude of the test site
Longitude
Altitude
Aspect
Slope
Total effect of aspect and
slope "Exposure Effect"

Site Fertility

Site Index

Climate data

Temperature

Monthly mean temp

Sum of monthly mean
temperature Apr-Sep

Temperature Sum,
5°C threshold

Index of con-
tentality

Precipitation

Total during the year
During the growing season

Radiation

Total during the year
During the growing season

Potential evapotranspi-
ration during Apr-Sep

Unit

"N+l/100
°E/W+l/100
meter
360°-scale
0 angle

1-3 (poor-rich)

CSO in m

°C

°C

degree days
(d.d.)
-

millimeter
millimeter

iy
iy

millimeter

Abbreviation

Lat
Long
Alt
Asp
Slo
ExpEff

Fert

SI

Jantemp-Dectemp

Sumtemp

Tsum

Cont

Precyr
Precgs

Radyr
Radgs

Potevap

Source

Test site protocol
- " -
- " -

- " -
( - lxCos(^p) + l.l)/2 x
x Sin(S/<j(90° - 35°) +
+50°-£<«[forthesite])

Ground vegetation and
soil characteristics

Lindgren et al. 1994

Available for

Canada and Scandinavia
- " -
- " -
- " -

- " -
- " -

Interpolation, Can: Rose & Grant
(1976); Scand: Lindgren (1994). Canada and Scandinavia
Do.

Can: Rose & Grant (1976)
Scand: Lindgren (1994)
1.7 x Julytemp -Jantempl
/Sin[Ia/+10°C]-14 (Conrad 1

Can: Rose & Grant (1976)
Can: Rose & Grant (1976)

Can: Rose & Grant (1976)
do.

Can: Rose & Grant (1976)

- " -
»" .
- " -

946)

Canada except 2 in Yukon
where the nearest weather
station was used

Canada except 2 in Yukon
m " .

Canada except 2 in Yukon



Table 3

Linear relationships between site index of the test site (£/) and the studied temperature variables. Of the

untransformed and In-transformed forms of the temperature variables that were tested, the one with the

strongest relationship is given. The regressions were significant at/?<0.001, except where lower

significances are given.

Canada n = 58

Sl = 9.24 x inTsum - 42.56 r = 0.685

SI= 16.24 x inJuly -22.36 r = 0.596

5/= 13.12 x inSum -32.20 r = 0.678

Scandinavia n = 20

5/= 15.81 x InTsum - 87.52 r = 0.945

57= 3.88 x Julytemp - 35.51 /•= 0.882

57 = 2.76 x Sumtemp - 10.14 r = 0.947

5 /=-0 .6Ux Cont + 37.16 r = 0.800

Canada and Scandinavia n = 78

Sl= 11.34 x InTsum • 57.09 r = 0.785

SI = 20.87 x InJuly -34.73 /- = 0.610

S/= 16.28 x InSum -45.15 /- = 0.778

Canada <1100 m altitude n=30

SI= 8.54 x InTsum - 37.56 /• = 0.690

57= 14.49 x InJuly -17.06 /• = 0.614

5/= 11.88x InSum -27.06 r = 0.687

Canada >I100 m altitude n = 28

SI= 10.41 x /«7iwn - 50.63

57=21.02 x /nJa/y - 34.93

5/= 15.68 x InSum - 42.65

5/=-0.231 x Cont + 28.87

r = 0.666

r = 0.581 (p<0.0\)

r= 0.658

r = 0.465 (p<0.05)



Table 4

Algorithms for site index of the test site (SI) as a function of temperature, site fertility (Fert) and exposure
of the site (ExpEff). One regression is given for each temperature variable. Both the untransformed and In-
transformed forms were applied when testing each temperature variable. For Fert, dummy variables were
used as follows: intermediate sites, Fertl and Fert2=0; poor sites Fertl=\, and Fert2=0; rich sites, Fertl=\

and Fert2=\. r^ gives the contribution to the regression for each variable. Only variables with significance
for the contribution to the regression at/?<0.5 are included.

Canada and Scandinavia n = 78

SI = 18.84 x inTsum - 0.00745 x Tsum + 1.80 x Ferl2 -101.63

J 61.6%(p=0.0001) 0.99%(p=0.13) 5.85% (p=0.0004)

SI = 48.88 x inJufy - 1.81 x Julytemp + 2.37 x Fert2 - 0.358 x inExpEff- 83.34

r2 37.2%(p=O.00O1) 0.7]%(p=0.32) 9.9% (p=0.0004) 1.23% (p=0.19)

SI = 32.83 x inSum - 1.75 x Sumtemp + 1.54 x /ert.2 + 0.452 x ExpEff + 1.97 x InExpEff -91.53

r^ 60.6%(p=0.0001) 2.58%(p=0.016) 5.7% (p=0.0006) 0.21% (p=0.48) 0.33% (p=0.38)

SI = 0.2306 x Cont - 11.2 x /nCon/ + 1.80 x Fert2 - 0.59 x InExpEff- 52.32

r2 0.65%(p=0.46) 3.58% (/J=0.089) 6.l%(p=0.03) 3.4%(p=0.09)

Scandinavia n = 20

SI = 15.56 x InTsum + 1.43 x Fertf - 1.16 x ExpEff -85.72

^ 89.4%(p=0.0001) 1.70°/o(p=0.09) 0.6%(p=0.3I)

SI = 39.20 x Julytemp - 499.2 x InJufy + 2.73 x Fert2 - 1.04 x ficp^T- 786.35

r^ 77.8%(p=0.0001) 5.6%(p=0.029) 6.4% (p=0.006) 0.45% (p=0.42)

SI = 2 . 7 1 X 5 M » I + 1.37 x Fert2 - 1.06 x ExpEff - 9.54

r? 89.8%(p=0.000I) 1.55%(p=O.IO) 0.48% (p=0.0006)

SI = - 0.708 x Cont + 1.10 x Fert2 - 4.27 x Fertl - 40.49

r^ O.64%(p=O.00Ol) 1.02% (p=0.36) 16.6%(p=0.0014)

Canada n = 58

SI = 14.23 x /«7iam - 0.0044 x Tsum + 1.77 x Fer/2 - 72.85

r2 47.0%(p=0.0001) 0.53% (p=0.43) 7.2% (p=0.0004)

SI = 17.72 x /«7H/J» + 2.07 x Fert2 - 26.40

?-•? 35.5%(p=0.0001) 9.3% (p=0.0036)

SI = 27.43 x InSum - 1.38 x Sumtemp + 1.69 x Fert.? - 75.28

r^ 46.0%(p=0.0001) 2.1%(p=0.12) 7.3% (p-=0.005)

SI = 37.29 x inCont - 1.04 x C W + 1.16 x Fert2 - 75.01

r? 5.35% (p=0.074) 6.09% (p=0.062) 3.0%(p=0.18)

/• = 0.828*** F=53.6

/• = 0.700*** F=17.5

/• = 0.833*** F = 32.7

• = 0.370*** f = 2.9

= 0.947*** F=5S.6

r = 0.950*** F = 34.6

r = 0.958*** F = 59.6

r= 0.903*** F = 23.7

r = 0.740*** F = 21.7

r = 0.669*** F = 22.3

r = 0.744*** F = 22.3

r = 0.380*** F = 3.0



Table 4, continued

Canada <1100m altitude n = 30

SI = 8.92 xlnTsum- 1.78 x Fert2 - 40.66 r = 0.742*** F= 16.6

j-2 47.6% 0=0.0001) 7.45% (p=0.044)

SI = 15.44 xlnJuly-1.62 x Fert2 -1.45 x FertI - 19.78 r = 0.706*** F = 8.6

^ 37.7% (p=0.0003) 8.83% (p=0.044) 3.28% (p=0.204)

SI = 25.21 xlnSum-1.20 x Sumtemp + 1.67 x Fert2-68.12 /• = 0.750*** F=11.7

A 47.2%(p=0.0001) l.6%(p=0.34) 7.5% (/)=0.044)

SI = - 0.899 x Cont + 37.55 x InCont + 0.71 x Fert2 + 1.54 x FertI - 0.53 x ExpEff- 80.77 /• = 0.338™ F = 0.62

r? 2.8%(p=0.39) 0.15%(p=0.84) 1.7%(p=0.49) 6.5%(p=0.17)

Canada >1100m altitude n = 28

SI = 10.77 x inTsum - 2.01 x Fert2 - 1.52 x Fer/7 - 53.68 r = 0.738*** F= 9.6

r? 44.4%(/)=0.0001) 6.96% (p=0.070) 3.12% (p=0.21)

SI = 23.13 xlnJuly- 2.40 x f e r / ? - 1.61 x FertI - 0.31 x /«£*/>£#• - 40.85 r = 0.689** F = 7 . 2

r-2 33.7%(/>=0.001) 9.9%(/;=0.047) 3.9% (p=0.20) l.ll%(p=0.49)

SI = 30.55 xlnSum- 1.71 x Sumtemp + 1.83 x Fertf + 1.50xFert/ -84.56 r = 0.742*** F=7.\

r* 43.4%(p=0.0001) 1.09% (p=0.A6) 7.35%(p=0.065) 3.29% (p=0.20)

SI = - 0.920 x Cont + 27.71 x InCont + 0.968 x Fert-J + 1.63 x FertI - 45.65 r = 0.562* F = 2.6

r* 0.22%(p=0.013) 5.14% 0=0.197) 1.9%(p=0.44) 2.9%(p=0.33)



Table 5

Calculated increases in site index (SI) and mean annual increment (MAI) associated with increases in temperature sum

(Tsum) from 600 d.d. to 1200 d.d. or from 900 d.d. to 1200 d.d., and with mean July temperature (Julytemp) from 12°C

and 14°C to 16°C. 57 values for lodgepole pine at poor, intermediate and rich sites were estimated using the algorithms

described in the text. For MAI, the Scandinavian growth function was used for the Scandinavian material (Elfving and

Norgren, Table 1, 1993), and for the Canadian and the combined material, the Canadian function in Lindgren et al. (1994)

was used. 57 values for Scots pine were obtained from relationships given in Elfving and Norgren, Function 2 (1993).

Site fertility Increase in Site Index, m

Lodgepole pine Scots pine

Increase in Mean Annual Increment, m^sk

Lodgepole pine Scots pine

Canada n=58

Tsum 600 -* 1200 d.d.

Tsum 900 -> 1200 d.d.

Julytemp 12 -» 16°C

Julytemp 14->16°C

Scandinavia n=20

Tsum 600 -> 1200 d.d.

Tsum 900 ->1200 d.d.

Julytemp 12 -» 16°C

Julytemp 14 ->• 16°C

Poor & Intermed

Rich

Poor & Intermed

Rich

Poor & Intermed

Rich

Poor & Intermed

Rich

Poor & Intermed

Rich

Poor & Intermed

Rich

Poor & Intermed

Rich

Poor & Intermed

Rich

Canada and Scandinavia n=78

Tsum 600 -> 1200 d.d. Poor & Intermed

Rich

Tsum 900 -» 1200 d.d. Poor & Intermed

Rich

Julytemp 12 -> 16°C Poor & Intermed

Rich

Julytemp 14 -» 16°C Poor & Intermed

Rich

7.2 (46.4%)

7.2 (41.7%)

2.8 (13.9%)

2.8 (12.7%)

5.5 (31.6%)

5.5 (28.2%)

2.4 (11.8%)

2.4 (10.7%)

10.6 (78.5%)

10.6 (71.2%)

4.4 (22.3%)

4.4 (20.9%)

12.9 (78.2%)

12.9 (67.1%)

11.8 (67.4%)

11.8 (58.3%)

8.6 (59.5%)

8.6 (52.9%)

3.2 (16.1%)

3.2 (14.7%)

6.9 (42.9%)

6.9 (37.2%)

3.0 (15.0%)

3.0 (13.3%)

6.1 (45.1%)

6.8 (45.8%)

2.4 (14.1%)

2.8 (14.7%)

4.7 (31.6%)

5.0 (29.9%)

2.0 (11.4%)

2.1 (10.7%)

8.8 (71.5%)

9.6 (73.3%)

4.2 (24.4%)

4.3 (23.6%)

12.2 (85.7%)

12.4 (74.7%)

11.2 (74.3%)

11.5 (65.9%)

7.3 (57.6%)

7.6 (54.4%)

2.9 (16.8%)

3.0 (16.1%)

4.7 (31.6%)

5.0 (29.9%)

2.0 (11.4%)

2.1 (10.7%)

4.3 (116.6%)

4.3 (90.6%)

1.7 (26.0%)

1.7 (22.3%)

3.3 (68.2%)

3.3 (54.3%)

1.4 (21.6%)

1.4 (18.2%)

7.3 (164.7%)

7.3 (135.5%)

3.0 (34.8%)

3.0 (31.4%)

8.7 (137.7%)

8.9 (106.7%)

8.1 (113.5%)

8.1 (90.0%)

5.2 (168.7%)

5.2 (124.6%)

1.9 (30.3%)

1.9 (25.9%)

4.1(103.0%)

4.1 (75.1%)

1.8 (28.2%)

1.8 (22.8%)

3.6 (146.6%)

4.1 (124.6%)

1.4 (30.8%)

1.7 (29.2%)

2.8 (83.8%)

3.0 (68.3%)

1.2 (24.1%)

1.3 (20.5%)

6.1 (168.4%)

6.6 (160.9%)

2.9 (41.9%)

3.9 (38.6%)

8.4 (171.6%)

8.6 (130.5%)

7.7 (140.1%)

8.0 (110.8%)

4.4 (217.8%)

4.6 (163.6%)

1.7 (37.0%)

1.8 (32.4%)

2.8 (83.8%)

3.0 (68.3%)

1.2 (24.1%)

1.3 (20.5%)



Table 5, continued

Canada <1100 m altitude

Tsum 600 -> 1200 d.d.

Tsum 900 -> 1200 d.d.

Julytemp 12 -> 16°C

Julytemp 14 -» 16°C

Canada kllOO m altitude

Tsum 600-> 1200 d.d.

Tsum 900 ->1200 d.d.

Julytemp 12 -> 16°C

Julytemp 14 -> 16°C

Poor

Intermediate

Rich

Poor

Intermediate

Rich

Poor

Intermediate

Rich

Poor

Intermediate

Rich

n=28

Poor

Intermediate

Rich

Poor

Intermediate

Rich

Poor

Intermediate

Rich

Poor

Intermediate

Rich

6.0 (37.9%)

6.0 (36.4%)

6.0 (33.1%)

2.5 (12.9%)

2.5 (12.4%)

2.5 (11.5%)

4:4 (25.9%)

4.4 (23.9%)

4.4 (22.0%)

2.1 (10.6%)

2.1 (9.8%)

2.1 (9.1%)

7.6 (44.6%)

7.5 (49.0%)

7.5 (43.3%)

3.1 (14.7%)

3.1 (15.8%)

3.1 (14.3%)

6.7 (37.3%)

6.7 (41.2%)

6.7 (35.9%)

3.1 (14.4%)

3.1 (15.7%)

3.1 (14.0%)

5.1 (37.2%)

5.3 (37.1%)

5.6 (35.7%)

2.2 (13.4%)

2.4 (13.7%)

2.4 (12.6%)

3.9 (26.3%)

4.2 (26.1%)

4.1 (23.4%)

1.8 (10.9%)

2.0 (11.0%)

1.7 (8.8%)

7.0 (48.3%)

6.4 (47.5%)

6.8 (45.6%)

3.1 (16.8%)

3.0 (17.7%)

3.1 (16.5%)

6.3 (40.8%)

6.1 (43.3%)

6.3 (38.8%)

3.2 (17.1%)

2.9 (17.1%)

3.1 (16.2%)

3.6 (91.4%)

3.6 (82.9%)

3.6 (67.9%)

1.5 (24.7%)

1.5 (23.2%)

1.5 (20.2%)

2.7 (56.9%)

2.7 (48.0%)

2.7 (40.9%)

1.2 (20.2%)

1.2 (17.7%)

1.2 (15.6%)

4.5 (100.5%)

4.5 (126.3%)

4.5 (94.3%)

1.9 (26.3%)

1.9 (30.1%)

1.9 (25.2%)

4.0 (77.4%)

4.0 (96.2%)

4.0 (71.5%)

1.9 (25.4%)

1.9 (29.5%)

1.9 (24.0%)

3.1 (114.8%)

3.2 106.7%)

3.3 (88.4%)

1.3 (30.4%)

1.4 (29.8%)

1.4 (25.0%)

2.3 (71.9%)

2.5 (63.3 %)

2.4 (50.4%)

1.1 (24.6%)

1.2 (22.7%)

1.0 (16.7%)

3.6 (146.6%)

3.6 (146.6%)

4.0 (124.6%)

1.4 (30.8%)

1.4 (30.8%)

1.6 (29.2%)

3.8 (103.2%)

3.6 (130.1%)

3.8 (91.8%)

1.9 (34.3%)

1.8 (37.6%)

1.9 (31.4%)



Fig 1 Location of the Canadian provenance tests and main climate stations.

Black squares indicate the provenance tests, grey dots the climate

stations
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Fig. 2
Location of the provenance tests and climate stations in Finland and
Sweden. Black dots: provenance tests, grey dots: climate stations



Fig. 3 Location of the test sites in the Canadian and Scandinavian material
The broken line separate the Canadian field tests from the Scandinavian
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Fig. 4 Monthly average temperatures over the year for Canada and Scandinavia after grouping into
regions based on Tsum
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