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Abstract

Persson, T. 2001. Genetic characterization of growth and survival in northern Scots pine. Licentiate thesis.

ISSN 0348-7954, ISRN SLU-SKOGENV-R-14-SE.

The aims of this thesis were to quantify the amount of genetic and environmental (co)variation, and to derive genetic parameter estimates for tree height and survival of northern Scots pine (Pinus sylvestris L.) in field trials.

The effect of different levels of non-random mortality on estimates of (co)variance components and of genetic parameters, were analyzed using stochastic computer simulations. The simulations generated bivariate and normally distributed phenotypic data, with known (co)variances. These data resembled growth and survival results obtained in field trials, in northern Sweden, of Scots pine half-sib progeny. Three common evaluation methods were compared: single-trait REML, using pairwise sums of traits; multiple-trait REML; and product-moment correlations between family means. At no culling, single- and multiple-trait REML provided unbiased genetic correlation estimates between growth and survival. In contrast, product-moment correlations between family means in normal situations, produced biased estimates. When selective culling was introduced, single-trait REML and product-moment correlations between family means produced severely biased genetic correlation estimates. In general, multiple-trait REML produced genetic correlation estimates with little bias.

The multiple-trait REML procedure was also applied to data from 84,213 half-sib progenies of Scots pine plus-trees. These individuals had been assessed in 20 Swedish field trials, and included progeny from 762 Swedish, and 185 Finnish, plus-trees. Estimates of additive genetic and environmental variance, for tree height and survival, varied widely across the trials. The genetic coefficient of variation across the trials ranged from 3.1% to 16.4% for tree height, and 0% to 29.8% for survival, with means of 10.4% and 16.0%, respectively. A large variation in narrow-sense heritability estimates was also observed, with average values across the trials of 0.13 for tree height and 0.08 for survival. Genetic correlation estimates between tree height and field survival were generally large and positive. Negative correlations were found in only three cases. Overall, the arithmetic mean and standard error of genetic correlations across the trials was 0.47 
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List of papers

This thesis is based on the following manuscripts, which are referred to, throughout, by their Roman numerals.

I.  Persson, T., and Andersson, B. 2001. Effects of non-random mortality on
estimates of genetic correlations: a simulation study.

II.  Persson, T., and Andersson, B. 2001. Genetic variance and covariance patterns of growth and survival in northern Scots pine.

Introduction

Local climate

Forest production in northern Sweden is confined to an area approximately delineated by latitudes 60 and 68(N. The region is characterized by a short, cool growing season and an unpredictable and variable climate (Ångström 1974, Odin 1984, Alexandersson et al. 1991). The annual mean temperature is highly variable. Data collected between 1930 and 1990 from forest areas in the interior of northern Sweden (Lindgren 1993) indicate a significant variation in average temperature between growing seasons, comparable to a change in altitude of 
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300m. The annual temperature range generally increases with latitude, with cooler summers and colder winters further north, while the diurnal temperature fluctuations generally decrease with latitude (Heide 1985). There are wide variations in both photoperiod and total radiation over the year.

The climate in northern Scandinavia and on the Kola Peninsula is relatively mild for such a northerly latitude. This is mainly because of the Gulf Stream, combined with prevailing west to southwesterly winds (Ångström 1974). Scots pine do not grow at such high latitudes anywhere else in the northern hemisphere (Boratyński 1991). Another unique feature is the almost continuous summer daylight at the highest latitudes, i.e. from around lat. 67( in June (Ångström 1974).

Low temperatures during the growing season affect metabolism, photosynthesis and respiration (Junttila and Nilsen 1993), as well as other biological processes that control the uptake of carbon, water and nutrients by leaves and roots (Grace and James 1993, Wardle 1993). A strong relationship between temperature and growth has been demonstrated by Morén and Perttu (1994). They showed that the annual average forest yield in Sweden was strongly correlated (r = 0.89) with the temperature sum in day degrees for the threshold value +5(C.

Cold hardiness

In most woody plants, the ability to withstand cold is connected to the regulation of acclimation and deacclimation, not to an absolute capacity. The cold hardiness of different plants is mainly dependent on the synchronicity of the local climate and the plant’s phenology during transition periods in spring and autumn (Junttila 1996).

The climate of the late winter significantly influences the survival of Scots pine seedlings and young trees. Fluctuating temperatures (Nilsson and Walfridsson 1995, Nilsson 2001) and winter desiccation (Christersson and von Fircks 1988), combined with photoinhibition and subsequent photooxidation (Öquist 1983) may cause severe injuries. During spring, damaged photosynthetic apparatus may recover, but this is dependent on suitable temperature conditions (Lundmark et al. 1988).

Unhardened Scots pine plants of Scandinavian origin can normally withstand temperatures during the growing season of between -4( and -6(C, depending on age, stage of development and the type of tissue (e.g. Christersson and von Fircks 1988, Repo 1992; for an extensive review, see Repo et al. 2001). Exposure to frost during the growing season may cause visual symptoms, such as abnormally shaped or brown needles, and disturbance of apical dominance (Rikala and Repo 1987, Ryyppö et al. 1997). It has been proposed that night frosts followed by clear days, with high levels of solar radiation, increase the plants’ susceptibility to photoinhibition and subsequent photooxidation (Lundmark and Hällgren 1987, Strand and Lundmark 1987, Hällgren et al. 1990). A cool, short growing season may result in incomplete physiological maturation of tissues during the autumn. As a result, cambial freezing injury and dieback of terminal shoots may occur in the subsequent growing season (Venn 1970).

Mortality

In northern Sweden, the growing season becomes shorter and its harshness increases at higher latitudes and altitudes (Alexandersson et al. 1991, Morén and Perttu 1994). The mortality in Scots pine regenerations increases in harsher areas (Eriksson et al. 1980, Persson 1994), and occurs over a long period (Persson and Ståhl 1993). Mortality is seldom caused by a single event, but instead is usually the result of damage caused over several years. Such injuries reduce the plant’s ability to successfully utilize the following growth period. A negative feedback can result, with more injuries (climatic, fungal or insect related) and increased mortality (e.g. Stefansson and Sinko 1967).

Tolerance to adverse conditions seems to depend, partly, on the tree size. Mortality occurs predominately before the trees reach a height of 2 m, which corresponds to approximately 12–16 years after planting (Persson and Ståhl 1993). Mortality, at least in harsh areas, usually decreases considerably in trees more than 20 years old (Persson and Ståhl 1993). The reduced mortality associated with tree height and age may be partially explained by selection, i.e. most of the trees with low tolerance to cold die at an early age (Ståhl and Andersson 1985) The “changing” environment may also have some effect. For example, the risk of attack by the fungus Phacidium infestance declines with increasing tree height, because the fungus only grows under snow cover (e.g. Roll-Hansen et al. 1992). In contrast, terminal shoots emerging through snow cover, could be severely injured during late winter due to desiccation and photooxidation. In clear-cut areas, during calm and clear summer nights, the minimum air temperature is lowest near the ground, because radiative heat loss cools the ground surface and the air above it (Ottosson Löfvenius 1993).

High mortality in regenerating Scots pine, caused by the parasitic fungi Phacidium infestans and Gremmeniella abietina (Karlman 1986, Ericsson 1989, Roll-Hansen et al. 1992, Hansson and Karlman 1997), has been reported. Attacks by Phacidium infestans are most common. The extent of injuries caused by fungi is highly correlated with the geographical origin of the tree material. Trees of northern origin are usually more resistant (Stefansson and Sinko 1967, Karlman 1986). Hence, adaptation to climatic stress largely prevents damage from common fungi.

Between- and within- population variation

Many studies of Scots pine in northern Sweden and Finland have reported large between- and within- population variation for tree height and field survival (Eiche 1966, Stefansson and Sinko 1967, Eriksson et al. 1976, Remröd 1976, Eriksson et al. 1980, Nikkanen 1982, Persson and Ståhl 1990, Mikola 1993, Persson 1994, Ruotsalainen 1998, II).

The between-population variation for growth and hardiness characters, exhibits a clinal trend associated with the latitude of origin. This was demonstrated by Langlet (1936) and confirmed in numerous, more recent studies. The further north the origin of the material, the earlier the growth cessation, the shorter the tree and the greater its hardiness (e.g. Håbjørg 1978, Mikola 1982, Eriksson et al. 1980, Beuker 1994, Persson 1994, Hurme et al. 1997, Repo et al. 2000, Nilsson 2001). The large macroclimatic variation (Anon. 1991, Alexandersson et al. 1991) and the strong natural selection influencing survival (Savolainen and Hurme 1997, Eriksson 1998), combined with the continuous distribution of the species and the absence of effective pollen barriers, may explain the cline. However, in Sweden, recent studies have demonstrated no significant effect of altitudinal origin on field survival (Persson 1994) or on frost hardiness evaluated in artificial freezing tests (Sundblad and Andersson 1995). In contrast, earlier studies (Remröd 1976, Eriksson et al. 1980) showed minor but significant altitudinal effects.

The population differentiation produces a negative phenotypic covariance between tree height and field survival, when comparing transplanted populations in common-garden experiments. However, phenotypic characteristics are the result of both genetic and environmental factors, and it is important to distinguish between the two different causes of covariation (e.g. Falconer and Mackay 1996, p. 314). In addition, factors such as natural selection, founder effects or migration may induce gametic phase disequilibrium between unlinked loci, which affects the population covariance (Muona 1982, Falconer and Mackay 1996, pp. 16–19, Lynch and Walsh 1998, pp. 94–97, 655). Hence, the negative relationship, physiologically, between extended growth period and satisfactory hardening does not necessarily imply the existence of a negative genetic relationship between growth and hardiness.

The within-population variation might be partly explained by high gene flows from other populations via long-distance pollen dispersal. Disruptive selection, caused by the large variation in annual mean temperature during the growing season, may also be a factor (e.g. Eriksson 1998).

Selection indices

In northern areas, both growth and cold hardiness/survival are important traits in forestry and tree breeding. The definition of breeding objectives plays a central role in breeding programs. One general objective in tree breeding is to enhance per-hectare volume production. Both growth and survival influence such productivity.

An aggregate breeding objective (H) can be defined as a linear combination of additive genetic values, weighted by their associated relative, usually economic, importance (Hazel 1943). Because evaluation is often performed before the completion of a full rotation, traits can be difficult and/or expensive to measure. Therefore, characteristics correlated with the objective traits are used as selection criteria instead (e.g. tree height). The selection criteria can be combined in an aggregate selection index (I) constructed using the equation 
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, where P represents phenotypic measurements of selection characteristics and b represents index weights (e.g. Falconer and Mackay 1996). Index weights (or selection index coefficients) are obtained by maximizing the correlation between H and I. This results in a set of index equations, in matrix notation, 
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, where P is the matrix of variances and covariances among the observed phenotypes, G is the matrix of additive genetic covariances between the observed selection criteria and the traits in the aggregate breeding objective, and b and v are the vectors of index weights (b1, b2 … bn) and economic values, respectively. Hence, the evaluation of index weights is strongly influenced by the accuracy of the (co)variance matrices used.

Objectives

The objective of this thesis was to derive genetic and environmental (co)variances, and genetic parameters, for tree height and survival in field trials of northern Scots pine. The following questions were addressed:

· How do varying degrees of non-random mortality and different estimation procedures, affect estimates of (co)variance components and subsequent genetic parameter estimates?

· How large is the additive genetic and environmental (co)variation for tree height and field survival in northern Swedish Scots pine progeny trials? Is there any genetic relationship between the traits?

Material and Methods

Simulation study

In study I, a stochastic simulation model was designed to generate data records for two correlated traits, with known (co)variances. The data closely resembled the results of tree height and field survival in northern Swedish Scots pine (Pinus sylvestris L.) progeny trials. It was assumed that both traits were measured from the same trees. The influence of different levels of selective culling on estimates of genetic variances and covariances, and on the resultant genetic correlations, was studied. Three evaluation methods were compared: single-trait REML, multiple-trait REML and product-moment correlations between family means. The differences between the methods were studied, with the emphasis on the average deviation from expected parameter values and empirical sampling variances.

Field material

Study II was based on open-pollinated or polycross progenies of 762 Swedish, and 185 Finnish, Scots pine plus-trees. These were assessed in 20 progeny trials, established in the 1980s, as a part of a series of field experiments by the Swedish Forestry Research Institute. The plus-trees originated from locations between 61º45' and 68º30'N, at 10–700 m elevation in Sweden, and between 64º45' and 68º00'N, at 100–300 m elevation in Finland. The distance between the most southerly and the most northerly stands, within a trial, ranged from 0º45' to 2º15'.

The trial sites were scattered over a broad latitudinal range, from 61º01' to 67º49'N. Predominately, locations with severe climatic conditions were selected. Survival across the trials averaged 57%. The trials were assessed when the trees were between nine and 13 years old. The height of living trees was measured and all individuals were scored for vitality, which reflects survival ability. For between-population, within-population (family) and overall levels, estimates were calculated for the following: additive genetic (co)variance; additive genetic coefficient of variation; narrow sense heritability; and genetic correlation (only calculated at the family level). The study involved the analysis of records from 84,213 individual trees.

Statistical analyses

Standard univariate statistical methods require random samples, containing records for all traits from all individuals. If the population is under selection pressure, the selection must act independently of the traits evaluated. These assumptions cannot be fulfilled in situations where individuals are subjected to selective culling, e.g. in field trials with non-random mortality. Hence, applying univariate statistical methods to data containing non-random missing records, does not take account of all information available, and produces genetic (co)variance estimates that are likely to be biased (see discussion by authors such as Meyer and Thompson 1984, and Meyer 1991). In contrast, other methods, such as the multivariate maximum likelihood estimation procedure, can utilize information from all traits contained in the evaluation, including covariation between traits and relationships between individuals. In addition, the method may, under certain conditions, take account of selective culling and, thus, yield more accurate estimates (see reviews by e.g. Shaw 1987, Schaeffer et al. 1998, and Hofer 1998). Restricted maximum likelihood (REML) is a modified maximum likelihood approach (Patterson and Thompson 1971), which takes into account the loss of degrees of freedom resulting from estimating fixed effects. This is, currently, the favored estimation procedure among breeders.

In the past, the use of multivariate methods has been limited, due to the need for large computer capacity. However, recent development of computer hardware and software now makes it possible to analyse quite large data sets including several traits. A recently developed software package, ASREML (Gilmour et al. 2001), has become a popular evaluation tool among breeders worldwide. ASREML estimates variance components under a general linear mixed model by restricted maximum likelihood, with an average information algorithm (Gilmour et al. 1995). It covers genetic, multivariate, repeated measures, and spatial and multi-environment analyses. The latest version of the program is available on the web-site ftp://ftp.res.bbsrc.ac.uk/pub/aar/.

ASREML was used to estimate (co)variance components, for single- (I) and multiple-trait (I, II) analyses. Data records generated during the simulation procedure (I) and summaries of the data (I, II) were used the SAS statistical software (SAS Institute Inc. 1990a, 1990b).

Summary of results

Study I

Applying multiple-trait REML to the data affected by selective culling provided, in most cases, almost unbiased estimates of (co)variance components. The results were in agreement with theoretical expectations (e.g. Gianola et al. 1989) and earlier simulation studies (e.g. Ouweltjes et al. 1988, Jensen and Mao 1991, Van Tassel et al. 1995, Schenkel and Schaeffer 1998). When the data was balanced, both single- and multiple-trait REML provided unbiased genetic correlation estimates, as expected. However, when selective culling was introduced, the single-trait REML analysis greatly underestimated the genetic correlations.

Product-moment correlations between phenotypic family mean values usually produce biased genetic correlation estimates. The theory has been reviewed by authors such as Lynch and Walsh (1998, p. 636-637). In this study, in normal situations, the method produced biased estimates, as expected.

Study II

A wide variation was observed in the estimates of additive genetic and environmental variance both across trials and between the trials containing the same families, for both tree height and vitality. Even after rescaling, to produce comparable CVA estimates for each trial, the large variation across trials remained. Overall, the average CVA was 10.4% for tree height and 16.0% for vitality. Narrow-sense heritability estimates were moderate to low. The average values across the trials, overall, were 0.13 for tree height and 0.08 for vitality. The most important result from this study was the relatively large and positive genetic correlation between tree height and vitality. The mean correlation and SE for all the trials was 0.47 
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 0.39.

Concluding remarks

Practical implications

Multiple-trait REML estimation of (co)variance components is recommended for field data affected by non-random mortality. The use of single-trait REML analyses or product-moment correlations between family means often generates a heavy bias.

The most noteworthy result, was the large and positive genetic correlation between tree height and field survival of the populations sampled. This result is not in agreement with the results of provenance-level, common-garden experiments, where hardy provenances, generally, exhibit slow growth rates. Although the mean value of the genetic correlation estimates was associated with a large standard error, the positive association seems to be real.

The positive genetic correlation between two important selection criteria is encouraging. Together with large/moderate additive genetic variances in tree height and survival, the positive genetic relationship between the traits will be valuable in planning Scots pine breeding programs in northern Sweden.

Future research

More information relating to northern Scots pine populations needs to be collected, and collated with the results of this study. This would produce more accurate estimates of genetic (co)variances and genetic parameters. Results from several breeding populations are being collected and information from old provenance/progeny trials should be re-evaluated using modern multiple-trait REML analysis.
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