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SUMMARY 

The aim of this study was to examine the variability in resistance to Phytophthora 
cinnamomi within the Pinus radiata species, to investigate its inheritance, and to 
determine a strategy for including the disease resistance character into Western 
Australian populations of radiata pine. 

At the provenance or major population level, seedlings from Cambria showed the greatest 
degree of resistance and Monterey was similar, while seedlings from Ano Nuevo and the 
two island populations of Guadalupe and Cedros generally had a susceptible reaction. 
The variation m disease response was equallv as large between the world's major domestic 
populations as it was among the natural populations. Pinus radiata from South Africa was 
consistently less affected by Phytophthora cinnamomi infection than was Pinus radiata 
from Australia and New Zealand. 

Techniques for the glasshouse test have been defined, and refined to give the maximum 
expression of the Phytophthora cinnamomi disease for each family. The development of 
the empirical scale to represent the continuous variation in response of Pinus radiata 
seedlings to infection with Phytophthora cinnamomi, was a major improvement. 

Two field tests have shown that the family response to P. cimzamomi is similar in the 
glasshouse and in the field. Family rankings for the incidence of disease were very highly 
correlated in both test environments. The glasshouse test can be used as a reliable and 
r<!lpid metpod for determining the Pinus radiata family response to Phytophthora 
cmnamomi. 

The genetic gain of 60% in seedling survival has been calculated for using only genotypes 
that bave a tolerant or moderately-tolerant response, as compared wnh using a seed 
population that ignores this Phytophthora tolerance character. The effect of sub-lethal 
mfections of P. cmnamomi on the growth of plantation trees of Pin us radiata has been 
quantified. The field tests, FPl and FP2, have indicated that height growth was reduced 
by 9% when compared with the growth of a population that included tolerance to 
Phytophthora cinnamomi as a major character. 

Variability within the P. cinnamomi pathogen population has been found to be 
considerable, and this has been shown to be independent of the variation in the host. 

Heritability of the response of seedlings and trees of Pinus radiata to Phytophthora 
cinnamomz root-rot was very high and consistent, both at the family and individual level. 
Open-pollinated families of Pmus radiata have shown a remarkable consistency in their 
response to Phytophthora cinnamomi infection, indicating that cytoplasmic inheritance 
may be significant. Confirmation of this is required as it has a profound effect on the 
constitution and development of sublines within the Western Australian breeding 
population. 

Resistance to P. cinnamomi disease in Pinus radiata is under strong genetic control. This 
has been shown to be constant in a diverse range of environments and for a wide range of 
pathogen isolates. The level of disease expression has varied according to the conditions 
of the environment and the virulence of the Phytophthora cinnamomi isolates used in the 
tests. However, ranking of families for their response to the pathogen has remained 
unchanged and in particular, the variation in disease expression m the host appears to be 
independent of the variation in the pathogen. Both of these forms ofvariabihty are rarely 
encountered with disease resistance that is controlled by major genes. Indications are that 
there are a number of genes in Pinus radiata, each having a small effect, acting additively 
to give general resistance to Phytophthora cinnamomi. 
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CHAPTER 1 

GENERAL INTRODUCTl()N 

In Western Australia the majority of the timber supply has been provided from native 
hardwood forests. Demand for sawn timber is expected to increase from the current 
supply of 1.0 million cubic metres, to between 1.2 to 1.7 million cubic metres by 2050 
(Conservation and Land Management, 1987). Within this rime, the original hardwood 
forest will have been harvested and the industry will have to adjust to efficiently process 
the new regrowth forests. Areas of indigenous forest available for timber production will 
be further reduced by alienation for conservation and recreation areas. Designated 
timber production areas could also be lost through the spread of the jarrah die back disease 
and release of State Forest for other government utilities. The present yield from the 
hardwood forests cannot be sustained because of the slow growth rates and the impact 
of the dieback disease (Forests Department of W.A., 1975). Hardwood yield will need 
to be reduced by one half to ensure any degree of continuity in hardwood log supplies. 

There is the need in Western Australia to supplement the indigenous hardwood timber 
supply with local, plantation grown softwood. Plantations of pine trees have been planted 
in Western Australia from around the turn of the century to the present (Figure 1). The 
area of pine plantations established is 60,512 ha, with 55 CJc of the area as Pinus radiata 
and 45% asP. pinaster. Pinus radiata is the preferred species because of its inherent faster 
growth rate, although it has more stringent site and fertiliser requirements to achieve its 
potential. Saw logs are the principal objective of the plantations, to make up for the saw log 
deficit from the hardwood forests. Short rotation plantations of fast growing softwoods 
are technologically better than hardwoods for this need. A continuing programme of 
pine planting is required to provide for the future timber demands of this state. 

The limited area of land available, suitable for pine planting has been a major restriction 
. to the programme . .The policy has been to use repurchased farmland when it is available, 
but this has been insufficient to meet the plantation requirement. 
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In 1975 (Forests Department of W.A.), it was proposed to develop a 60,000 ha pine 
re-afforestation programme in the Donnybrook Sunkland, by conversion of a native 
hardwood forest, predominantly of Eucalyptus marginata Uarrah), into productive pine 
plantations. The jarrah dieback disease caused by Phytophthora cinnamomi (Podger, 
1972) is prevalent in the area. In 1973, 16% of the Sunkland forest was recorded as 
diseased and because of its extreme susceptibility, it was seen as inevitable that some 60% 
of the forest would be affected by the extension of existing infections (Forests 
Department of W.A., 1975). The preferred species for this programme \\'as the highly 
productive Pinus radiata, al though there had been reports in the Ii te ra ture citing P. radiata 
as susceptible to Phytophthora cinnamomi (Newhook, 1959). Extensive planting of the 
Sunkland commenced in 1974. Chevis and Stukely (1982) reported deaths of established 
pine trees that were constantly associated with root infection by Phytophthora spp. (usually 
P. cinnamomi A2). Butcher et al. ( 1984) reported that there was considerable variation 
within Pinus radiata in tolerance to Phytophthora cinnamomi, that this was under strong 
genetic control, and that the resistance also operated in the field. Immediate steps were 
taken to screen all parents in the Western Australia breeding population for tolerance 
to P. cinnamomi. Based on these results, part of the West \tfanjimup seed orchard was 
culled of susceptibile genotypes to produce a Pinus radiata seed source with tolerance to 
the Phytophthora cinnamom.i disease. 

A Government policy change in 1984, not to clear any more native hardwood forests for 
pine plantations, ended the Sunkland project. The area of pine plantations established 
was 10,600 ha (December, 1987), principally of Pinus radiata. 

Government policy is to maintain a State plantation establishment rate of 2,000 ha per 
annum of P. radiata until the early part of the twenty-first century. The intention is to 
establish 1,000 ha near Albany, 500 ha in the Southern Forest Region and 500 ha in the 
Central Forest Region (Conservation and Land Management. 1987). Phytophthora 
cinnamomi is prevalent over most of this area (Figure 2). It is accepted that Pi nus radiata, 
with tolerance to Phytophthora cinnamomi as a principal character, will be required for 
the majority of these plantations. 

1.1. Objectives of the Study.,_ 

The paper of Butcher et al. (1984) made two very worthwhile contributions to the Pinus 
radiata I Phytophthora cinnamomi root-rot system. Firstly, it established very clearly that 
resistance in Pinus radiata to Phytophthora cinnamomi was under strong genetic control 
and secondly, that genetic control of this resistance as demonstrated in the glasshouse 
experiments, also operated in the field. This original work gave the potential to reduce 
disease in the field by the selection of host genotypes. However, whether such a selection 
would result in reduced disease or in epidemics depended on factors for which there was 
little current knowledge. The aim of this study was to acquire that knowledge. 
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The specific objectives were to : 

1. Define the most efficient procedures of selection for resistance to 
P. cinnamomi root-rot in Pinus radiata. 

2. Evaluate the variation in resistance to Phytopluhora cinnamomi within the 
natural populations of Pinus radiata. 

3. Evaluate the variation in resistance to Phytophrhora cinnamomi within the 
world's major, improved domestic populations of Pin us radiata. 

4. Study the inheritance of disease resistance. 

5. Examine the stability of the host/ pathogen interaction. 

6. Examine the genetic variability in disease resistance in the field, and the 
effects of sub-lethal infections on the growth of P. radiata trees. 

7. 

8. 

Predict genetic and realised gains from breeding Phytophthora cinnamomi 
resistance in Pinus radiata. 

Achieve a better understanding of the epidemiology and genetics of the Pinus 
radiata I Phytophthora cinnamomi system, for the planning of disease control 
stategies. 

1.2.. List of experiments conducted to achieve objectives. 

NPl. Natural population, glasshouse test No.1. 
Pinus radiata populations from Ano Nuevo, Monrerey (coastal and inland), 
Cambria and Cedros Island. 

NP2. Natural population, glasshouse test No.2. 
Pinus radiata populations from Ano Nuevo, Monterey (coastal and inland), 
Cambria, Cedros Island and Guadalupe Island. 

DPl. Domestic population, glasshouse test No.1. 
Pinus radiata families from South Africa (n = 22). South Australia (n = 18), 
New Zealand (n = 5) and W.A. standard response families. 

DP2. Domestic population, glasshouse test No.2. 
Different Pinus radiata families from South Africa (n = 12), South Australia 
(n = 12), New Zealand (n = 20) and W.A. standard response families. 

FPl. Field population, test No.1. 
Pinus radiata families from the Western Australian breeding population 
(n = 26) planted on a natural Phytophthora cinnamomi infested site, and with 
artificially applied inoculum. 

FP2. Field population, test No.2. 
Different Pinus radiata families from the Western Australian breeding 
population (n = 36) planted on a disease-free site, and on a natural 
Phytophthora cinnamomi infested site with artificially applied inoculum. 

HPl. Hostx pathogen, glasshouse test No. l. 
2 tolerant, 1 average and 2 susceptible disease response families of Pinus 
radiata, with 8 isolates of Phytophthora cinnamomi A2. 

HP2. Hostx pathogen, glasshouse test No.2. 
3 tolerant and 5 susceptible disease response families of Pinus radiata; with 8 
isolates of Phytophthora cinnamomi A2, a single isolate of P. cinnamomi Al 
and an uninoculated control. 
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CHAPTER2 

REVIEW OF LITERATURE 

2.1 PINUS RADIATA : HOST 

2.1.1 Natural occurrence 

The natural forests of Pinus radiata D.Don. are restricted to verv small areas in coastal 
California and to two small islands off the Baja peninsula in Mexic~ (Figure 3). The small 
area of some 7,000 ha (Forde, 1966) belies its importance as the world's most important 
softwood crop. More than 2.5 million hectares of plantation have been established in the 
Southern Hemisphere. 

Pinus radiata occurs in three separate places on the coast of central California, covering 
a range of about 300 kilometres (Figure 3). In these areas the pines are never more than 
7 km from the sea and mostly much less. They are found almost entirely on gently sloping 
land lower than 300m above sea level. The three mainland populations are at Point Ano 
Nuevo near Swanton, 37° 06' (area of about 500 ha), Monterey, 36° 35' (area of 5,000 ha) 
and Cambria, 35° 35' (area of 1,000 ha). These natural stands have been discussed in 
detail by Lindsay (1932), Forde (1966) and Roy (1966). The most striking feature of the 
species distribution is its discontinuity, being restricted to headlands and ridges which 
were probably islands in the Pliocene or Pleistocene periods (Scott, 1960). 

The two small island natural stands form disjunct and isolated populations of genetically 
interesting radiata pine. Guadalupe Island, at latitude 29° 10', is 800 km south of the most 
southerly mainland population. Libby et al. (1968) counted only 383 living pines during 
their expedition to the island in 1964. The other island occurrence is Cedros Island, some 
300 km southeast of Guadalupe Island, at latitude 28° 16'. Here the pines occur in two 
major stands, occupying about 100 ha in the north of the island and 50 ha inland on the 
central part of the island (Libby et al., 1968). 
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The central Californian coast has a Mediterranean type climate. Rainfall is concentrated 
in the winter months and summers are usually dry, although fogs are frequent. 
Temperatures are moderate and are relatively uniform throughout the year. Lindsay 
(1932) compiled extensive climatic records for this general area. Climate of the individual 
forest stands was reviewed by Scott ( 1960) and Forde ( 1966 ). Mean annual rainfall 
approximates 700 mm at Ano Nuevo, which is 50% greater than at the two southern stands. 
However, appreciable additional moisture is received from condensation of heavy 
summer fogs (Forde, 1966). Monterey pine is not found growing naturally outside the fog 
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However, appreciable additional moisture is received from condensation of heavy 
summer fogs (Forde, 1966). Monterey pine is not found growing naturally outside the fog 
belt; this source of moisture is essential to its survival in the southern stands. Eldridge 
(1983) indicated that the summer fog was even more critical to the survival of radiata pine 
on the high ridges of Cedros and Guadalupe Islands where rainfall is much lower. 

TABLE I 
Identification and description of natural population seed lots of Pinus radiata. 
(After Eldridge, 1978a, and unpublished) 

Population Sub-population Latitude Longitude Altitude 
(rainfall) m 

Ano Nuevo 01/1 coastal strip 37°06' 122°17' 15- 60 

01/2 inland, central 37°06' 122° 16' 120-330 

(700 mm) 01/3 inland, Swanton 37°04' 122°14' 60-240 

01/4 inland, northern 37°08' 122°18' 60-210 

Monterey 02/1 coastal dunes 36°37' 121°57' 5- 60 

02/2 Del Monte 36°35' 121 °s2· 20- 60 

(450 mm) 02/3 Huckleberry Hill 36°35' PlO-- , "- )) 60-210 

02/4 Jack's Peak 36°33' 121 °52' 60-300 

02/5 Point Lobos 36°30' 121°57' 15- 60 

02/6 Carmel Highlands 36°30' p10-;-, - _.:-, 80-580 

Cambria 03/1 Pico Creek 35°37' 121°09' 30-120 

(500 mm) 03/2 Cambria town 35°34' 121°06' 30-120 

03/3 Scott Rock 35°35' 121°04' 60-180 

Guadalupe Island (L) 29°10· 118°18' 580-1160 

(150 mm, sea level) 

Cedros Island (T) 2s016' 115°14' 290-610 

(150 mm, sea level) 

Pinus radiata occurs on a very wide range of soil types in its native habitat. Detailed 
soisurveys are available for Monterey (Cooke, 1978) and Ano Nuevo (Bowman and 
Estrada, 1980) but there is little published information on soils in the other three areas. 
Shallow soils restrict the growth and occurrence of the tree and it does not occur 
appreciably on poorly drained soils. The best growth is achieved with a one metre deep 
sandy-loam (Scott, 1960). Lindsay (1932) reported that P. radiaw also grew on clay-loams 
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Monterey, from silica-feldspar sands, coarse sandy loams through to shaley clay-loams. 
He divided the Monterey population into six sub-populations (Table 1) and a fair degree 
of uniformity existed in soil type for each sub-population . 

The distinctive feature of the soils of the Cambrian forests is their relative uniformity 
compared with those of Monterey and Ano Nuevo. The pines are confined to sandy loam 
soils and do not extend onto the surrounding heavier soils or the small areas of coastal 
dune sand. However, Eldridge (personal communication, 1984) has described the 
Cambrian stands as " .... the soggiest, poorest drained sites of the mainland populations". 

Eldridge (1983) reported that the pines of Cedros and Guadalupe Islands are located high 
on exposed ridges of shallow skeletal soil. Guadalupe Island is an old oceanic volcano and 
its soils are well-drained basaltic loams. Cedros Island soils are mostly derived from 
sedimentary and metamorphic rocks (Libby et al. 1968). 

2.1.l Introduction as an exotic 

Pinus radiata is the most important conifer for commercial afforestation that has been 
introduced into the Southern Hemisphere. Eldridge ( 1983) reported that about 
2.5 million hectares of fast growing plantations of this species have been established in 
Australia, New Zealand, South Africa and Chile. Pinus radiata is adapted to the 
Mediterranean climate of California and thrives best as an exotic when introduced into a 
similar habitat. The total world area suitable for P. radiata is very limited, being confined 
to parts of two climatic regions and to sites lying between the latitudes of 30° and 46°. Of 
these regions, the Mediterranean is most favourable provided that soil conditions are 
reasonably good and the rainfall is over 500 mm and preferably over 750 mm. The 
West-Maritime region is also suitable provided that very low temperatures, unseasonable 
frosts, or prolonged summer rains do not occur (Rawlings, 1957). 

As seed from the improved domestic populations forms part of the major thesis studies, 
a description of the regions of origin follows: 

Pinus radiata in Australia 

Pinus radiata was probably first introduced into Australia about 1857 where it was 
recorded as being planted in the Sydney and Melbourne Botanical Gardens, and in 1866 
in the Adelaide Botanical Gardens (Fielding, 1957). In a revie,v of Australian literature, 
records and from the recollections of older foresters, Eldridge ( 1983) concluded that no 
radiata pine plantations were established from seed imported directly from California. 
Early plantations were made from seed collected from park or shelterbelt trees and in 
later years, from Australian and New Zealand plantations. 

The similarity of the appearance of trees and particularly the cone morphology, between 
Australian trees and the native Monterey stand was noted by Fielding (1961) and he 
concluded that Monterey was probably the original seed source. Research by Eldridge 
(1978b) indicated that the early seed collections in California were from a small number 
of coastal trees at Monterey and Ano Nuevo. This was later confirmed by Moran and Bell 
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(1983), using the gel electrophoresis technique. They found no material from Cambria, 
Guadalupe or Cedros Islands in the Australian breeding stock, and concluded that the 
original source of Australian plantations was the Monterey population, but considered 
that some Ano Nuevo material could be present. 

In Western Australia, P. radiata was first planted at Bunbury on the coastal plain sands in 
1897. These were a failure •because of the poor sandy soils (Forests Department of W.A., 
1969). The first P. radiata plantations on deep fertile loams were planted at Mundaring 
in 1922, usi·ng seed imported from South Australia. The seed source for all of the early 
plantations was from South Australia, although some seed was obtained from New 
Zealand, Victoria and New South Wales, during the period 1950 to 1960. Seed was 
collected from Western Australian plantations for local use after 1968, and from seed 
orchards after 1974. 

Most of the older plantations in Western Australia have been established on naturally 
fertile loamy soils of basic origin. Suitable land has been obtained by repurchasing 
farmland, notably in the Blackwood Valley. However, funds for land purchase were very 
limited and there was considerable opposition to this policy from rural communities, and 
particularly from local government. This led to the development in the 1970's of the 
Sunkland pine project, under which a total of 60,000 ha of poor quality, diseased jarrah 
forest growing on duplex sandy soils was to be converted to pines over a thirty year period. 
This programme was halted in 1983 when Government policy reverted to the purchase of 
agricultural land. 

TABLE 2 
Plantation areas of Pinus radiata in Australia (March 1983) and the Australian plantings 
for the year 1982. (Data from Bureau of Agricultural Economics, 1984) 

State 

New South Wales 

Victoria 

South Australia 

Tasmania 

Western Australia 

Australian Capitol Territory 

Queensland 

Australian total 

Plantation area (ha) 
total planted annual planting 

183,472 

173,153 

74,801 

57,314 

40,494 

13,324 

3,532 

--
546,090 

IO 

10,952 

7,925 

2,598 

2,970 

1,787 

0 

12 

26,244 



An area of 546,090 ha of P. radiata plantation was established in Australia by 1983 (Bureau 
of Agricultural Economics, 1984). The current planting rate was given as 26,244 ha per 
annum. Individual State details are listed in Table 2. 

Pinus radiata in Australia has been an outstanding success as a plantation species. It is a 
hardy tree, easy to establish on suitable sites, where it makes exceptionally fast growth to 
produce a high yield of timber. The wood is suitable for a wide range of uses, from 
sawtimber to paper pulp. 

Pinus radiata in New Zealand 
The tree was most likely introduced to New Zealand as individual specimens although 
Bannister (1965) traced a record of one settler coming to New Zealand via California in 
1865 with seed and established a single plantation of some 4,000 trees on his farm. Other 
introductions were recorded by Weston ( 1957). A single P. radiata tree produces copious 
amounts of seed with 

the result that large numbers of trees can originate from small numbers of parents. For 
example, Bannister ( 1965) reported that Dr. S.P. Jamieson in 1914, collected enough seed 
from a single tree to plant one half of his 20 ha plantation. The new Zealand Forest 
Service has regularly collected seed for its own use from this plantation. Seed from this 
plantation has also been sold to Australia, including Western Australia for afforestation. 
The extensive pine forests established in the 1920's and 1930's were grown from seed 
collected from the early shelterbelts and block plantings (Wilcox, 1983b ). 

The origin of the New Zealand P. radiata stock is not known but Burdon ( 1985) suggests 
that it is a fusion, in varying proportions, of two components : 

1. A narrowly based element from the Monterey population, introduced 
piecemeal, mainly up to the mid-1860's; mu~h of this material would have 
come via Australia but all might have come directly or indirectly from Britain. 

2. A more broadly based element from the Ano Nuevo population which may 
have come in from the late 1860's and'which may represent several initial 
collections. 

A close resemblance between the two New Zealand populations (Kaingaroa - North 
Island, Nelson - South Island) and the Ano Nuevo population with respect to many 
characters was found by Burdon and Bannister ( 1973). They reported that Nelson 
appeared to contain an appreciable mixture of Monterey genes (about 40%) but 
Kaingaroa had less (about 20%). Further, they deduced that Cambria was probably not 
represented in New Zealand stock. 

Man-made exotic forests in New Zealand now cover 0.9 million ha and 90% or 0.8 million 
ha is P. radiata. Each year about 40,000 ha of unproductive land, including uneconomic 
farmland, are converted to new P. radiata forest and another 16,000 ha are replanted 
following the logging of mature plantations. It involves the annual planting of about 70 
million trees (Wilcox, 1983b). 
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Pinus radiata in South Africa 
The provenance of seedlings used for afforestation in South Africa can not be traced to 
any particular locality within the natural range of the species (King, 1925). At no time 
was seed ever imported direct from California or neighbouring islands (Poynton, 1957). 
The early plantations used seed collected locally and was later supplemented by seed 
imported mainly from New Zealand and from agents in Europe, Australia and the United 
States. Most of the seed used for commercial planting in South Africa was collected from 
cultivated trees of either unknown or unspecified provenance. Poynton (1977) reasoned 
that the Monterey district was the most accessible of the three mainland localities in the 
early days and was therefore most likely to have been the source of practically all of the 
first seed collections. His inference was that the Monterey provenance predominates in 
South Africa. 

Pinus radiata has been planted mainly in the winter and uniform rainfall areas, where it 
thrives on cool, relatively gentle, southerly and southeasterly slopes on the coastal belt. 
It is exacting in its edaphic requirements, needing a moderately fertile, deep, well drained 
soil for its optimum development. The tree is not thrifty on sites where root penetration 
and drainage are impeded and on these sites it can be severely attacked by Diplodia pinea 
(Poynton, 1977). However, even on marginal sites P. radiata is planted in preference to 
other species on the principle that the yield from an unthrifty stand of P. radiata is likely 
to be better than that which would otherwise be obtained (Poynton, 1977). An area of 
48,000 ha had been planted to P. radiata as at March 1974 (Poynton, 1977). 

Pinus radiata in Chile 
Pinus radiata was introduced into Chile in 1885; large scale planting began in a number 
of places about 1935 and increased to a peak of 16,000 ha per annum in 194 7-49 (Scott, 
1960). The area currently being planted is about 45,000 ha per annum. The country's 
total artificially afforested area amounts to 1.20 million hectares, of which 1.04 million 
are radiata pine (Chilean Forestry News, 1987). 

In Chile the Mediterranean region provides an almost exact replica of California. 
Generally, Chile is more suitable for MIP. radiata than are the native habitats because 
the soils are usually more favourable, the_re is little wind and the Californian mistletoe, 
fungi and insects are absent (Rawlings, 1957). The Chilean stands are specially healthy 
and vigorous, even more so than in New Zealand (Scott, 1960). 

2.1.3 Diseases and Pests 

One reason that is often given for the outstanding success of P. radiata as an exotic tree is 
its growth in similar habitats without the presence of injurious pests and diseases. Offord 
(1964) listed 72 pathogens associated with P. radiata stands in California and a further 86 
fungi reported on exotic P. radiata. Oh mart ( 1981) recorded 319 species of insects from 
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P. radiata growing in the three native populations and other non-native plantings in 
California. The susceptibility of P. radiata to insects and fungi can not be ignored and the 
extensive monoculture of the species make it extremely vulnerable (de Gryse, 1955). 

In its native habitat, a tree may be considered to have achieved a reasonably stable 
equilibrium in which its inherent physiological abilities are in harmony with all of the 
adverse and beneficial factors of the habitat (Rawlings, 1957). In an exotic habitat the 
climate or the soil may not be suitable, mycorrhizal fungi may be absent or there may be 
a biotic factor to which the tree does not have natural immunity or resistance. Introduced 
lethal factors may be even more serious on an exotic than on an indigenous species. 

Pathological problems arise mainly as the result of unfavourable climatic or edaphic 
conditions. Pinus radiata remains healthy with a dry summer and wet winter. Summer 
rainfall favours attack by rust fungi. For example, large plantations of P. radiata were 
destroyed by Dothistroma in Brazil, Zimbabwe and east Central Africa (Zobel and 
Talbert, 1984 ). Dothistroma is present in the native forests in California but it is not a 
problem (Cobb and Miller, 1968). Infection by Diplodia precludes the planting of£. 
radiata in Queensland (Bryan, 1954), Kenya and Brazil (Gibson, 1972), Natal and the 
Transvaal in South Africa (Poynton, 1977) and Zimbabwe (Barrett and Mullin, 1968). 
Although present in California Diplodia pinea is not a serious pathogen. Offord ( 1964) 
attributes this to the absence of hailstorms in the coastal areas. Diplodia pinea is a more 
aggressive pathogen in Australia than in its own native environment (Newhook, 1964). 

Numerous disorders are associated with unfavourable soil conditions. Because forestry 
has long crop rotations and is generally less economic than agriculture, plantations are 
usually established on sites that are unsuitable for agriculture, and soil conditions may be 
a limiting factor to healthy tree growth, predisposing trees to pathological problems. In 
the native stands, the best growth and the most disease-free conditions are found on sites 
where the soils are well drained, deep and of sandy loam. Pinus radiata does not thrive 
on clay soils; these usually infer poor drainage and restricted aeration. These factors 
favour the development of root diseases and reduced vigour of trees. 

The creation of large uniform areas of a single species and age class is extremely hazardous 
and is conducive to disease and insect outbreaks (Shea, 1971 ). Foresters and pathologists 
involved with the radiata monoculture, have long been aware of this risk. The potential 
disease situation has been the s.ubject of frequent review, for example : 

Rawlings, ( 1957) 

Scott, ( 1960) 

Offord, ( 1964) 

Newhook, ( 1964) 

Gilmour, (1966) 

Magnani, ( 1966) 

Hepting, (1971) 

Allen, (I 973) 

Old, (1979) 

Ohman (1981) 

pathology of radiata pine as an exotic. 

Pinus radiata, diseases and pests. 

diseases of Monterey pine. 

forest disease situation in Australasia. 

pathology of forest trees in New Zealand . 

fungal diseases of P. rudiata. 

diseases of forest trees in America. 

pests and diseases of radiata pine. 

pathology of P. radiata in California . 

list of insects associated with P. radiata in California. 

13 



(-

Some of the more important diseases of Pinus radiata are briefly introduced in the 
following sections. Their relevance in the natural forest and in the planted exotic 
plantations are discussed. 

Foliage disease 
Naemacycleus niveus was listed by Offord (1964) as being the most widespread and 
damaging of the foliar diseases on the three mainland areas of native pine. The same 
disease, associated with needlecaste of P. radiata, has been observed in Australian 
plantations for many years (Stahl, 1966) with the severity of the outbreaks varying from 
year to year. Newhook (1964) reported that it is widespread and common in Australia 
and New Zealand, but it was insignificant as a disease. However Van der Pas et al. ( 1984) 
showed significant growth reductions associated with the disease. 

Needle-blight caused by Dothistroma pini was not listed as a disease of the native stands 
by Offord ( 1964 ), or of exotic stands in Australasia by Gilmour ( 1964 ). Attention was first 
drawn to the damaging effects of this disease in Kenya by Gibson et al. (1964 ). It was first 
identified in the Central North Island of New Zealand in 1964 (Gilmour, 1967) and has 
since spread over the rest of the country (Gadgil, 1984 ), and across into Australia. The 
first confirmed detection in Australia was in the Barrington Tops State Forest (NSW), in 
October 1975 (Matheson, 1985). The disease has now been reported in the northeast of 
Victoria and northwest Tasmania. Dothistroma has not been found in southern Victoria, 
the southeast of South Australia or Western Australia (Matheson, 1985). 

Branch diseases 

Diplodia pinea, the twig-blight of exotic Monterey pine is present in the native forests but 
has not been a serious pathogen under Californian conditions. Diplodia pinea was 
described by Gilmour (1964) as probably one of the few major tree disease organisms that 
was common in the radiata pine plantations in New Zealand. It has generally been 
considered to be a parasite of wounded or weakened trees (Gilmour, 1966), although it 
can parasitize young undamaged shoots (Chou, 1976). Stem malformation and tree 
volume losses can be quite significant.(Currie and Toes, 1978). The fungus is widespread 
throughout Australia (Stahl, 1968) and it is considered to be the major factor limiting the 
use of radiata pine in sub-tropical, summer rainfall areas such as southern Queensland 
and northern New South Wales (Wright and Marks, 1970). In South Africa, P. radiata is 
so susceptible that Diplodia pinea ( = Sphaeropsis sapinea) has virtually restricted its 
cultivation to the South Western Cape where hail is rare (Swart et al., 1985). 

Stem diseases 
The western gall rust (Peridermium harknessii Endocronanium harknessii) occurs at 
damaging levels in the Cambria, Monterey and Ano Nuevo stands and is one of the major 
factors limiting the value of this species in California (Offord, 1964). The rust stimulates 
the formation of witches-brooms, retards the growth of the infected stem and can even 
cause the death of a small tree . In the Cambria and Monterey areas the gall rust, together 
with the dwarf mistletoe (Arceuthobium campylopodum) are the most prevalent and 
destructive pathogens of Monterey pine (Offord, 1964 ). The North American experience 
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shows that the gall rusts may be vigorous and damaging diseases under a wide range of 
climatic conditions. The western gall rust disease has not yet been observed in Australia 
or New Zealand (Parmeter & Newhook, 1967). Tests have shown that the New Zealand 
radiata pine is just as susceptible to the disease as are the native California pines. Old 
(1981a) regards the gall rust as the greatest threat to radiata pine in Australia. 

Root diseases 
The world wide fungus Armillaria rnellea is prevalent in the natural P. radiata stands, 
although it appears to be contained by natural biological agents (Offord, 1964 ). Raabe 
(1982) reported that the pine was rarely infected and more rarely killed by the fungus in 
coastal California, although it was easy to infect and kill young seedlings in the glasshouse. 
In New Zealand, MacKenzie and Shaw (1977) reported that Armillaria root-rot had 
caused damage to many recently established plantations of P. radiata on sites freshly 
cleared of cutover podocarp forest. In Australia it attacks many species of eucalypts and 
causes deaths of individuals or of small groups of trees (Gilmour et al., 1975). 

Fornes annosus is the most important root disease in the native stands and P. radiata is 
highly susceptible (Bega, 1962). Most of the tree deaths appear to be associated with 
shallow, poorly drained, heavy soils where the trees were unthrifty. 

Fornes annosus has not been recorded from Australia but is present in New Zealand, 
apparently as a relatively innocuous fungus (Newhook, 1964). Even though ideal 
opportunities have existed in the past 30 years, no attack of P. radiata has been recorded. 

Phytophthora cinnarnorni has been found on nursery stock from southern California 
(Zentmyer and Munnecke, 1952; Munnecke and Bricker, 1976), but it has not been 
reported from the native stands of the Monterey pine (Offord, 1964 ). In the far north of 
New Zealand, this fungus was associated with dying and unthrifty Pinus radiata (Newhook, 
1959), and in the state of Parana in Brazil, it was considered to be a lethal agent of 
P. radiata (Rawlings, 1957). The fungus is prevalent in Western Australia (Podger, 1972) 
and was associated with the death of P. radiata by Batini and Podger ( 1968). Rawlings 
( 1957) made the important statement" ... In humid-temperate regions, peaty or clay soils 
with poor drainage may pre-dispose trees to attack by root fungi such asArrnillaria rnellea 
andPhytophthora cinnarnorni, and damage and mortality will render the management and 
use of Pinus radiata extremely difficult." 

2.1.4 Crop losses in production due to disease 

Dothistrorna needle-blight of P. radiata has made the growing of P. radiata impracticable 
in Kenya and Brazil, and serious losses have been reported from Chile (Gibson, 1972). It 
is regarded by Wilcox ( 1982) as the most serious threat yet to the health of New Zealand's 
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forests of P. radiata. Dothistroma is now established in eastern Australia, although 
Edwards and Walker (1978) argue that many plantations may be little affected by reason 
of climate or nutrition. However, its recent discovery in Tasmania suggests that it is a 
potential threat to many areas in Australia (Matheson, 1985). 

In New Zealand, Gadgil (1984) reports that 125,000 ha of susceptible age classes of 
P. radiata are infected by Dothistroma pini; tree mortality as a result of inf~ctiqn is rare 
but the major consequence is the loss or volume increment. A loss of 30-40m ha- of wood 
at the end of the ro1ation for unsprayed trees can be expected. Woollons and Hayward 
( 1984) reported 6m ha-1 more basal area over a period of five years in a P. radiata stand 
that had been annually sprayed for protection against Dothistroma. However, their data 
suggests that the growth of dominant trees in unsprayed areas was not significantly 
affected and the cost-effectiveness of chemical spraying for sawlog and pine plantations 
was questioned. 

Cyclaneusma (Naemacycleus) minus is a common cause of needlecaste of P. radiata 
wherever the tree is planted. The impact is usually only minor, but the severity does vary 
from year to year and the periodic serious outbreaks are of concern to managers. In 
Western Australia, only the single outbreak has occurred. This was in 1968 following 
abnormal autumn rainfall and most of the P. radiata trees in the Mungalup plantation 
near Collie were severely infected by Cyclaneusma (Butcher, unpublished data). The 
disease is more severe in the New Zealand climate and annual infections can significantly 
reduce increment. Van der Pas et al. ( 1984) calculated a reduction in revenue at 
clearfelling of $600-$700/ha for a persistently heavily infected stand. Genetic variation 
in resistance has been recorded in progeny tests (Wilcox et al. 1975) and it has a 
moderately high heritability. Wilcox ( 1982) has suggested that there is a positive genetic 
correlation between susceptibility to the Dothistroma and Cyclaneusma diseases. 

Diplodia pinea causes extensive tree death of P. radiata after hailstorms in the summer 
rainfall areas of South Africa (Luckhoff, 1964). It is important in Australia and New 
Zealand in causing malformation of trees and significantly reducing commercial volumes. 
Dead topping of trees in Victoria was shown by Wright and Marks ( 1970) to reduce tree 
growth by 40%. Severe tree malformation in a heavily infected P. radiata stand in New 
Zealand reduced the potential merchantable volume hy 63%. Research priorities in 
South Africa, to reduce the impact of Sphaeropsis sapinea (formerly Diplodiapinea), were 
listed by Swart et al. (1985). These were to evaluate host resistance, and forest 
management practices to reduce stress conditions and injury to the trees. Genetic 
variation in resistance to inoculation was shown in progenies of P. radiata by Burdon et al. 
(1982). 

Annillaria root-rot is the most damaging disease in New Zealand of P. radiata established 
on freshly cleared indigenous forest sites (Van der Pas et al., 1983). Pine mortality after 
two years can range from 5-27%, and may leave nearly one-third of the planted area as 
basically production-less openings (Shaw and Calderon, 1977) . On a severely diseased 
site, growing costs were increased by 40%. Shaw and Toes ( 1977) reported that 8 to 
10-year-old P. radiata trees lost 17-73% of annual diameter growth when infected with 
Dothistroma compared with non-infected trees, and 14-24% annual loss when infected by 
Annillaria alone. Growth reduction in trees heavily infected hy both fungi was greater 
than the sum of the losses attributable to heavy infection by each fungus alone. 
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2.1.5 Monoculture 

The outstanding success of P. radiata as an exotic in the southern hemisphere has led to 
the establishment of more than 2.5 million hectares of plantations. Pinus radiata has an 
inherent capacity for growing with extraordinary vigour and often is more productive on 
marginal sites than a less demanding, alternative species, despite poor soils and 
pathological problems. Plantation forestry prior to 1960 sought to choose the most 
adapted species for growing on a site. However, since that time the reverse has applied. 
The site is now modified to suit the growth of P. radiata, on the promise that poor growth 
of P. radiata is superior to healthy but slower growth of an alternative species. The trend 
is to increase the monoculture of P. radiata, despite early warnings from Professor Zobel, 
repeated again during his visit to Australia in 1977 (Eldridge. 1978a). 

Considerable efforts have been made in Australia and New Zealand to diversify the exotic 
forests, and this has cost a fortune (Fenton, 1978); very few second best species have been 
found. Only in Western Australia are significant areas of another pine being planted . 
Species diversification is successful in Western Australia because poorer quality sites are 
planted to P. pinaster. Productivity is similar, and P. pinasrer is resistant to the root-rot 
pathogen Phytophthora cinnamomi. In New Zealand, the second-best species Pseudotsuga 
menziessii has pest and disease problems, and Pinus ponderosa and P. nigra are no longer 
planted because of their high susceptibility to Dothistroma (Chou, 1981). If diversity is 
necessary to combat the risk of disease, it would be better on economic grounds to achieve 
biological diversity within P. radiata, rather than use numerous species. Cobb and Libby 
(1968) have shown that radiata seedlings from the Island populations of P. radiata were 
more resistant to Dothistroma pini disease than the mainland populations. Useful 
quantitative genetic variance in resistance to infection in the New Zealand breeding 
population was shown by Wilcox (1982). A Dothistroma resistant breed of P. radiata is 
being developed in New Zealand for planting on areas where chemical spraying for 
control would normally be deemed necessary (Carson, 1985). 

Pinus radiata in its native habitat is in equilibrium with a considerable number of fungal 
diseases and insect pests. It has a very small natural range and consequently is not as 
genetically variable as a more widespread species. Moran and Bell ( 1983), using isozyme 
analysis, found that native P. radiata had about half the average value of genetic diversity 
recorded for other gymnosperm species . Most variation was recorded within the 
Monterey population, whilst the least variable was the very small, isolated Guadalupe 
Island population. Less genetic diversity was found within the Australian breeding 
population than the natural populations. Monterey and Ano Nuevo populations were 
probably the major source of the original introductions to Australia (Moran and Bell, 
1987), and it is probable that the Cambria and Island populations are not represented in 
the breeding populations. 

The origin of Pinus radiata in Australia is uncertain. However, it is certain that the vast 
gene pool developed as the Australian population was derived from very few Californian 
genes, and these genes were unlikely to be a representative sample from the five natural 
populations known to exist. Bannister (1959) suggested that there are many genes in the 
native populations that have never reached or arisen in Nev,: Zealand and that many of 
these genes, if introduced to the gene pool, might confer benefits on the species. With 
this in mind, there is still the possibility of increasing the genetic diversity of P. radiata 
and thereby extending the range of sites on which it can be grmrn successfully. 
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The restriction of the genetic base may lead to losses or even to catastrophes; for example, 
the potato blight caused by Phytophthora infestans, described in Russell (1978). 
Vulnerability increases with the uniformity of the crop ( Ledig, 1986). Certain 
C,yptomeria tree clones that had been planted in Japan for 400 years can no longer be used 
because of the risks of fungal and insect attack (Toda, 1974) . In the Dutch elm breeding 
programme, Heybroek (1982) reported that another pathogen appeared, which did not 
previously play a role, in an elm clone resistant to the Dutch elm disease. An effective 
way of minimizing the risk is to use a diverse range of genotypes ( Heybroek, 1982). Forest 
crops require from 25 to 100 years to mature and are liable to attack from a multitude of 
pathogens. Genetic disease resistance is the great hope of the forest managers (Schmidt, 
1980) and used wisely so that genetic diversity is maintained. it is a valuable tool for disease 
management in the forest. 

The true situation related to genetic diversity in forest trees is generally misunderstood. 
Trees are almost always highly heterozygous genetically and recent studies have indicated 
that forest trees have the greatest genetic variability of any organism (Zobel, 1982a). 
Because of this, and intensive breeding programmes, the next plantation crop 20-30 years 
hence will be genetically dissimilar from the previous crop planted on a given site. This 
should negate the fear of a supervirulent pathogen evolving to destroy the new seedling 
and tree crop. 

The importance of Pinus radiata to the economy of several countries is so high that it is 
of some concern to read comments such as" ... exotics are not all fore-doomed to failure, 
but for every exotic the chance of failure is much greater than the chance of success" by 
Boyce (1954) and by Popovich (1980) " ... Monterey pine was heavily planted in New 
Zealand and Australia, often to the exclusion of other species with greater disease 
resistance. Now these stands are vulnerable to severe disease attacks." On the other 
hand, Peace (1957) defended the practicality of more intensively managed plantations, 
and stressed their silvicultural and management benefits; he recognized the potential 
disease threat to the planted monocultures and noted that unnatural was not necessarily 
the same as unhealthy. Van Emden and Williams (1974) commented" ... although pest 
outbreak is often regarded as a general consequence of reducing diversity through 
monoculture, it is surprisingly hard to find documented examples." Bain (1981) refuted 
the belief that monocultures court disaster more than a mixed species plantation, and 
holds that the risk can be greatly reduced by planting the right species on the right site 
and carefully tending it. A literature survey by Chou ( 1981) also showed little to support 
the notion of increased disease and pest risks associated with monocu·ltures. 

Even with the existing and impoverished gene pools of P. radiaw in Australia and New 
Zealand, and more than 50 years of intensive management of large scale plantations, 
productivity losses are remarkably low, especially by comparison with native forests. 
Complacency must be avoided. There is a need for an even greater vigilance now, to 
structure breeding populations for the future that will be durable to all possible 
pathogens. Potentially the most serious threat to the Australasian plantations is the 
western gall rust (Parmeter and Newhook, 1967). The gall rust is very damaging to 
P. radiata in its native range and it is one of the main factors limiting the value of this 
species in California. It is likely to cause serious losses in P. radiara plantations if 
introduced into the southern hemisphere (Old, 198 la). In the event of introduction, the 
future of P. radiata will depend on the use of genetically controlled resistance and suitable 
management practices (Old et al., 1986). 
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2.2 PHYTOPHTHORA CINNAMOMI: PATHOGEN 

2.2.1 Origin and distribution 

Phytophthora cinnamomi was first described by Rands (1922) as a pathogen on the 
cinnamon tree in Sumatra. The fungus is now widespread through the warm temperate, 
sub-tropical regions of the world (Figure 4 ), attacking a diverse range of plants 
(Zentmyer, 1980). 

Information on the origin of the P. cinnamomi fungus is fundamental to the management 
of forest systems. If the pathogen is indigenous then control based on practices to exclude 
the pathogen are irrelevant, whereas vulnerable plant communities can be identified and 
protected by quarantine and hygiene if the pathogen is introduced. The question assumes 
great importance if areas are to be cleared for the establishment of plantations of a 
potentially susceptible species. Genetic resistance programmes are enhanced if gene 
centres for plants are associated with the pathogen (Lippik, 1970). 

Zentmyer (1977) concluded thatP. cinnamomiwas not indigenous to the soils of southern 
California or Mexico. His studies included many soil and root samples from undisturbed 
native chaparral situated above possible sources of infection. No root-rot developed; 
neither was the fungus isolated from avocado seedlings planted in the soils which were 
kept very wet. In Zentmyer's Mexican and Latin American sampling of native Persea, 
growing in undisturbed areas remote from cultivation, no Phytophthora cinnamomi was 
recovered even though many of the samples were taken in areas of very high rainfall and 
in soils containing considerable clay. These were sites where P. cinnamomi would be 
expected to develop and to be easily cultivated if it was present. 

Contrary opinions as to the length of time P. cinnamomi has been resident in Australia 
have been argued by Shepherd (1975) and by Podger (1975). The argument favours the 
recent introduction in forests of Western Australia, South Australia and Victoria, as its 
presence is usually associated with disease 

In Queensland it has the characteristics of an endemic pathogen as it is widely distributed 
but is not associated with significant disease. The jarrah dieback disease due to the 
root-rotting fungus Phytophthora cinnamomi (Podger et al., 1965) is a serious and 
widespread problem in southwest Western Australia affecting large areas of crown land 
and private property (Figure 2). The extensive occurrence of the pathogen is the result 
of human activity in a susceptible plant community, and environmental factors suitable 
for the pathogen (Batini, 1973; Shea, 1975). 
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lack of environmental stress in a mild climate with well distributed rainfall, and/ or the 
action of soil factors on reproduction of the fungus (Podger and Newhook, 1971). 
Tolerance in plant communities is evidence of evolution and gives support to the theory 
of an indigenous pathogen, rather than a recent introduction (Robertson, 1970). 

Von Broembsen (1984b) has recovered P. cinnamomi from all major rivers of the 
South-Western Cape Province in South Africa. Native vegetation in the mountains 
contains many hosts, some of which are highly susceptible to the pathogen (Von 
Broembsen and Brits, 1985) but there were little destructive effects on the plant 
communities. The fungus was also recovered by Von Broembsen (1984a) from dying 
Pinus radiata trees in several forest plantations and from native vegetation in mountain 
fynbos areas of this region. Von Broembsen ( 1985) postulated that it was unlikely for the 
pathogen to have spread from the forestry and agricultural areas without being destructive 
to the native plant communities; she suggests that Phytophthora cinnamomi is an 
indigenous component of the native ecosystems of these mountains. 

2.2.2 Morphology 

Phytophthora cinnamomi varies less morphologically than many other plant pathogens, 
including Fusarium and Rhizoctonia, and less than a number of species of Phytophthora 
(Zentmyer, 1980). The predominant growth form, especially for the A2 mating type, is a 
characteristic rosette growth pattern on PDA. 

Phytophthora cinnamomi produces four spore stages: sporangia, zoospores (which are 
released from sporangia under certain conditions), chlamydospores and oospores. These 
spore types are distinctly different in form and function, and are variously affected by 
environmental and nutritional factors (Zentmyer, 1980). The most significant spore stage 
is the sporangia; these have the the capacity for greatly increasing the inoculum potential 
in a very short time through zoospore production thus accelerating the infection rate. 
Zoospores appear to form the main infective agent in non-sterile soils (Marks, 1979). 
Zoospores and mycelium have a very brief life-span. Chlamydospores and oospores 
function as the survival propagules and their formation appears to be an adaptation to 
considerably drier moisture conditions than those that permit sporangium production 
(Gisi, 1983). Oospores are probably the most resistant structures produced and serve to 
maintain the population when the pathogen has almost ceased to grow because of adverse 
environmental factors (Weste, 1983). 

Phytophthora cinnamomi is heterothallic and requires the presence of opposite mating 
types known as A 1 and A2 for the formation of the sexual stage of the life cycle (Savage 
et al., 1968). Heterothallic species are unique in that sexual reproduction readily occurs 
even between morphologically and physiologically distinct species, suggesting that 
chemical stimulation may be involved in oospore formation during mating, a hypothesis 
originally proposed by Ashby ( 1929). Phytophthora citricola and P. megrupemza are 
homothallic and are capable of completing their life cycle by single isolates. Phytophthora 
cinnamomi can also function as a homothallic fungus when the proper chemical stimulus 
is provided to the A2 mating type (Savage et al., 1968). The infrequent occurrence of the 
A 1 mating type may be related to the inability of the A 1 type to form oospores 
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homothallically (Zentmyer, 1980). The A2 type has apparently become adapted to 
producing oospores by various mechanisms not requiring the A 1 type and this may be a 
survival mechanism (Zentmyer, 1980). 

2.2.3 Strains and races 

Zentmyer ( 1980) reported that no definite races of P. cinnamomi had been identified, 
although there were many reports in the literature of variation in pathogenicity and 
morphology. His results indicate significant differences between isolates in pathogenicity 
to different hosts and in virulence on the same host. Shepherd and Forrester ( 1977) have 
found that P. cinnamomi is a more variable organism than previously perceived. Chee 
and Newhook (1965) tested many isolates from New Zealand and Australia and found 
some variation in temperature response but no significant differences in reaction on 
different hosts. In tests of 49 different isolates, all but one were able to kill seedlings of 
Eucalyptus marginata in Western Australia (Podger, 1972). Growth rates of 361 isolates, 
on cornmeal agar showed considerable variation (Shepherd and Pratt, 1974) 

Isolates of P. cinnamomi have been separated into two compatibility types, Al and A2, on 
the basis of their mating behaviour (Haasis et al., 1964). Zemmyer (1980) reported the 
A2 type as the common form, geographically and in terms of the hosts infected. Both 
compatibility types showed similar temperature optimums and similar pathogenicity to 
lupin and young Pinus radiata seedlings (Shepherd et al., 1974). New tissue culture 
techniques and isoenzyme analysis are being used to study variability in P. cinnamomi, on 
Eucalyptus marginata clones (Old, personal communication). He is finding that 
P. cinnamomi is genetically quite uniform in Australia and that the Al mating type is more 
widespread than previously thought. Phytophthora cinnamomi from New Guinea was 
more different than the variation within Australia. 

Phytophthora is a large and diverse genus (Gallegly, 1970). Many different species have 
been isolated in Australia and many have been associated with the death of Pinus radiata 
seedlings and trees; for example, Phytophthora cryptogea (Davison and Bumbieris, 1973; 
Gerrettson-Cornell, 1977), P. megasperma var. sojae (Davison and Bumbieris, 1973) and 
P. drechsleri (Heather and Pratt, 1975). Chevis and Stukely ( 1982) isolated P. Cl)ptogea 
from a number of dead seedlings of Pinus radiata in the Donnybrook Sunklands, and 
Phytophthora citricola and P. megasperma var. sojae only rarely. However, they reported 
that P. cinnamomi A2 was by far the most prevalent Phytophthora spp. in the Sunkland 
plantations. 

2.2.4 Epidemiology 

Factors affecting epidemiology of P. cinnamomi disease were excellently described for 
Pinus radiata by Newhook (1959, 1960, 1970). He used the extreme comparison of 
P. radiata trees growing in single-row shelterbelt plantings, with massed trees in a forest 
plantation, to illustrate epidemic developments. The outcome of infection was 
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determined by shifting balances between shoot-root ratios, changing susceptibility with 
age, the timing of infection in relation to seasonal patterns of shoot growth, rootlet 
regeneration and evaporative stress, and the overriding importance of excessive rainfall 
(Newhook and Podger, 1972). 

Newhook (1959) associated Phytophthora spp., including?. cinnamomi, with the extensive 
killing of mature shelterbelt and ornamental Pinus radiata trees in various parts of New 
Zealand. His survey and sampling indicated that P. radiata was highly susceptible as 
seedlings and up to 4-5 years of age. Trees were then resistant until the mature phase of 
growth was reached at 20-30 years. This difference was probably due to the root 
regeneration capacity (Newhook, 1970). He associated the major change in resistance 
around 20 years of age, with the general change in host physiology of P. radiata. It was 
also at this age that P. radiata becomes resistant to Dothistroma pini (Gilmour, 1967), and 
heartwood formation begins. 

Sutherland et al. ( 1959) found that the sµsceptibility of P. radiata increased with 
increasingly poor soil drainage. In Western Australia, Batini and Podger ( 1968) reported 
that P. radiata shelterbelts had been virtually eliminated by Phytophthora cinnamomi on 
irrigated, poorly drained soils of the coastal plain. Deterioration and death of Pinus 
echinata also resulted from Phytophthora cinnamomi infection of fine roots under wet soil 
conditions (Campbell and Copeland, 1954). Experimental and field evidence in New 
Zealand indicated that prolonged saturation of the soil is of importance mainly because 
it provides requisite conditions for infection and sporulation (Newhook, 1960a). 

Symptom expression was seen by Newhook (1959) to depend on the destruction of the 
balance between transpiration demand and absorptive capacity of the root system. If 
rootlet mortality is high in autumn and spring, trees will suffer from physiological drought 
in summer at a time when the water demand increases rapidly. Large crowned trees 
rapidly reach a state of permanent wilt and die (Newhook, 1959). 

The difference between the shelterbelt epidemics and the "littleleaf' symptoms of an 
infected plantation or closed canopy forest relate to soil moisture and temperature 
conditions. In New Zealand, Newhook (1970) reported that the years of shelterbelt 
epidemics were characterised by abnormally long periods of rainfall when soil 
temperatures favoured infection, followed by wet winters when rootlet regeneration was 
poor. These large-crowned trees,··with a large transpiration requirement in summer, 
wilted rapidly and died. On the other hand, trees in plantations usually develop "littleleaf' 
symptoms as a result of Phytophthora infections of the root system. Soil water and 
temperature conditions under the closed pine canopy limit the growth and sporulation of 
P. cinnamomi, mainly through the increased water and radiation interception of the 
canopy. Unhealthy trees with small crowns do not have a large transpiration demand and 
these rarely die. The importance of transpiration and interception was also shown by 
Newhook (1970) when plantations with "littleleaf' symptoms further deteriorated 
following the removal of understory shrubs. 

Zentmyer (1980J defined the optimum temperatures for P. cimzamomi growth in the 
range of 24-27 C, with few isolates growing below 10°C or above 36°C. Lethal 
temperatures were reported in the range from 35-44°C (White, 1937; Shepherd and 
Pratt, 1974). Munnecke and Bricker (1976) reported that growth of Pinus radiata plants 
was greatly reduced within 2 weeks from inoculation with Phytophrhora parasitica, but was 
similar to uninoculated seedlings following a very hot period in which soil temperatures 
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in pots reached 38°C, indicating that the pathogen had probably been killed. A warm 
water treatment at 41°C for 25 minutes eradicated P. cinnamomi from Pinus radiata 
seedlings without significantly affecting root growth capacity and mycorrhizae (Theron 
et al., 1982). Old ( 198 lb) has used clear plastic sheeting to generate high soil temperatures 
by covering nursery beds for the successful eradication of Phytophthora cinnamomi. 

Soil-borne P. cinnamomi requires a high soil moisture for production and dispersal of 
zoospores (Gisi, 1983). Reproduction on the surface of the host is strongly influenced by 
environmental changes such as temperature and moisture (Weste, 1983). Phytophthora 
cinnamomi has a short latent period (Byrt and Holland, 1978), and in optimal environment 
conditions can reproduce rapidly on diseased roots and so increase the pathogen 
population and subsequently the incidence of disease. 

In Western Australia, soil moisture levels are too low in the summer months for asexual 
reproduction, and survival outside large roots is limited (Shea et al., 1980). During winter, 
fungal spores can survive but soil temperature levels are too low for asexual reproduction. 
Hence the periods during which the pathogen can reproduce are restricted to relatively 
brief periods in spring and autumn when there there is a coincidence of favourable soil 
moisture and temperature conditions (Shea et al., 1980). 

Generally sporangium production is sparse in flooded soils (Zentmyer, 1980). Mitchell 
and Zentmyer (1971) reported that production of sporangia by species of Phytophthora 
was inhibited by low oxygen and also by high carbon dioxide concentrations. Nesbitt et al. 
(1979) also suggested that poor sporulation in waterlogged soils may have been due to a 
low oxygen concentration. 

2.2.5 Losses in production 

Jackson (1945) reported that a conspicuous symptom of the littleleaf disease of Pinus 
echinata was the gradual decrease in diameter growth that accompanied the progressive 
foliar decline of the affected trees. The average radial growth of the diseased trees 
amounted to only 52% of the healthy trees (Jackson, 1951). ,, Campbell and Copeland 
(1954) reported that Phytophthora cinnamomi was the primary cause of the littleleaf 
disease but other factors such as poor aeration, low fertility and periodic moisture stresses 
were also important. They indicated that the littleleaf area occupied some 6 million 
hectares of the commercial shortleaf growing area east of the Mississippi River and was 
causing sufficient losses on one third of the area to seriously interfere with forest 
management plans. Annual mortality was estimated at 3-5%. Hepting ( 1949) estimated 
that the annual stumpage loss from the disease would approximate five million dollars. 

Small areas of jarrah forest were reported as having die back disease in 1920. The die back 
disease spread very rapidly after the Second World War, as a consequence of the 
widespread introduction of vehicles to the forest. Batini ( 1973) reported that 5% of the 
750,000 ha of jarrah forest mapped was affected W, P. cinnamomi, noting also that the 
saleable volume in the unaffected forest was 36 m ha-1 compared with 15 m3ha- 1 in the 
diseased forest. In 1976, Shea estimated the total area affected by dieback to be 
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282,000 ha. The forest quarantine system was implemented in 1976. Currently about 
719,000 ha of forest are under quarantine in Western Australia (McKinnell, 1981). 

In a New Zealand survey of 1,970 Pinus radiata shelterbelts, Sutherland et al. ( 1959) 
reported that half of these were seriously damaged by Phytophthora cinnamomi. Newhook 
(1960) stated that Phytophthora species were present in commercial pine plantations, and 
that they must be considered as a limiting factor in forest production. 

2.2.6 Association of Phytophthora cinnamomi with Pinus radiata 

Zentmyer (1977) has reported that Phytophthora cinnamomi was not indigenous to 
southern California. The introduced pathogen was first isolated in 1942 by Wager, on 
dying avocado trees in irrigated orchards. Several avocado and ornamental nurseries were 
found by Zentmyer and Munnecke ( 1952) to have P. cinnamomi infections in their 
container-grown and bare-root stock. The fungus has apparently spread to other areas 
from the dissemination of diseased nursery stock, but this has now ceased (Zentmyer, 
1980). 

In Offord's (1964) review of the diseases of Monterey pine, the only reference to 
P. cinnamomi in California was the already cited nursery stock occurrence on Pinus 
radiata, grown for ornamentals (Zentmyer and Munnecke, 1952). However, he stressed 
a concern as to the possible introduction of the disease into forest nurseries and the native 
stands of Monterey pine. The same reference was the only one given in Hepting's ( 1971) 
review of diseases of forest trees in the United States. Munnecke and Bricker (1976) 
reported numerous isolations of Phytophthora parasitica and P. cinnamomi from diseased 
roots of Pinus radiata, from nine Christmas tree farms in southern California. Zentmyer 
(personal communication, 1983) stated that no Phytophthora cinnamomi disease has been 
reported from the native forest areas of Pinus radiata. 

Shelterbelt mortality of Pinus radiata, caused by Phytophthora cinnamomi has been severe 
in New Zealand (Newhook, 1959). Phytophthora cinnamomi has been found in association 
with Pinus radiata plantations showing "littleleaf' symptoms on poorly drained clay soils 
(Hepting and Newhook, 1962). These trees were restored to full vigour by the application 
of superphosphate (Weston, 1956). However, the potential growth could not be achieved 
because the population of the pathogen was unaltered (Newhook, 1970). Phytophthora 
species are present in New Zealand's indigenous forests (Ne\vhook, 1960a). They are 
present in commercial plantations and must be considered as a limiting factor in forest 
production (Newhook, 1960b ). Fertilizer application and improved drainage are likely 
to have limitations as control measures, and large scale application of fungicides is 
impracticable (Newhook, 1959). Breeding or selection for resistance was considered to 
be a very long term project. Newhook's solution to the problem was to change from the 
traditional use of Pinus radiata, to a species that was resistant to Phytophthora attack. Pinus 
radiata remains as the principal plantation tree on the Auckland clay sites (Shelbourne 
et al., 1986). A multinodal breed is being developed for these sites that has specific 
adaptation to poorly drained, phosphate-deficient soils. 
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Phytophthora root-rot of 25-30 year old trees in a Pinus radiata plantation in New South 
Wales was reported by Hartigan (1964). The outbreak occurred in summer following 
very heavy rainfall in late spring. Jehne (1971) found that the high mortality in four to 
six-year-old P. radiata plantations on the south coast of New South Wales, was associated 
with Phytophthora cinnamomi on shallow, less permeable, high bulk density soils. 
Phytophthora cinnamomi was also found to be widely distributed throughout the central 
Tablelands plantations of New South Wales (Keirle, 1979). 

Davison and Bumbieris (1973) sampled sites which had a history of Pinus radiata tree 
death and low productivity in the Adelaide Hills, and Southeast plantations of South 
Australia. These sites were often situated on a sandy soil overlying clay, liable to 
waterlogging in winter and drying out in summer. Phytophthora cryptogea was isolated 
with high frequency from the Kuitpo forest reserve in the Adelaide Hills and 
P. cinnamomi was isolated from a dead tree in the Mt. Bold seed orchard. Recovery of 
Phytophthora (P. megasperma var. sojae) from the Southeast plantations was very 
infrequent and may indicate that it is rare. Waterlogging was seen by Bumbieris ( 1976) 
as an important factor in the decline of young Pinus radiara infected with Phytophthora 
cryptogea. A survey by Bumbieris and Boardman (1979) established the presence of 
P. cinnamomi in the Adelaide Hills pine plantation, where it appears to have been 
introduced only recently. High first year planting mortalities of Pinus radiata, caused by 
Phytophthora cinnamomi, were reported in 1986 (Boardman, personal communication) in 
this plantation. 

Phytophthora cinnamomi was associated with the shelterbelt deaths of old Pinus radiata 
trees growing on waterlogged sites of the Swan coastal plain in Western Australia (Batini 
and Podger, 1968). Chevis and Stukely (1982) found that deaths of established trees in 
the Donnybrook Sunkland were consistently associated with root infection by 
Phytophthora spp., usually P. cinnamomi A2, and reported a higher frequency of pine 
deaths in areas previously affected by jarrah dieback disease. Mortality rates of Pinus 
radiata were highest on the silty-loams of the valley floors (Chevis, 1984 ). 

Donald and Von Broembsen ( 1977) reported that some 309c of the Pinus radiata 
seedlings, raised in boxes in the major forest nursery in the South West Cape Province of 
South Africa, were killed by Phytophthora cinnamomi in 1971, while only 43% were 
saleable in 1972. Over 500 tons of sandy-loam soil was imported into the nursery each 
year for the boxes, from the surrouhdipg plantations and forest areas. Phytophthora 
cinnamomi has been isolated from the roots and soil of 10 to 20-year-old Pinus radiata, 
growing on a poor site in the same plantation area (Wingfield and Knox-Davies, 1980). 
Von Broembsen ( 1984a) reported that Phytophthora cinnamomi was well distributed 
throughout the South West Cape Province on cultivated crops. She also recovered the 
fungus from dyingPinus radiata in several forest plantations and from the mountain fynbos 
areas of this region. 

2.3 CONTROL OF DISEASE 

2.3. l Cultural methods 
The most direct method of avoiding production losses from disease is to identify infected 
sites and sites with the potential to become infected and exclude them from the planting 
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of susceptible species. Disease can be avoided by planting a resistant species on a 
potentially infected site. 

A major pine re-afforestation project in Western Australia was proposed for the 
Donnybrook Sunkland (Forests Department of W.A., 1975). The plan was to convert a 
native hardwood forest, in which Phytophthora cinnamomi was prevalent, into productive 
pine plantations. The preferred species for the programme was the highly productive 
Pinus radiata. However, there were many reports in the literature citing P. radiata as 
susceptible (e.g .. Newhook, 1959; Batini and Podger, 1968; Jehne, 1971). The main 
alternative species, P. pinaster is resistant to Phytophthora cinnamomi (Batini, 1978), 
although the pathogen has been associated with the deaths of mature trees on an irrigated, 
riverine, alluvium site (Batini and Podger, 1968). Growth of the improved Pinus pinaster 
is comparable to P. radiata but additional breeding would be required to further improve 
the stem form and branching quality of the tree on these sites to make it a suitable 
alternative (Butcher, unpublished data). 

Phytophthora cinnamomi is widespread throughout the Southwest and southern areas of 
Western Australia (Figure 2). Intensive site preparation is a prerequisite to plantation 
establishment, and this exponentially increases the chances of infecting new areas with 
the pathogen. The threat can be reduced by adherence to prescribed hygiene measures 
(Shea, 1975). 

Phytophthora cinnamomi has been associated with diseased Pinus radiata seedlings in 
nurseries in California (Zentmyer and Munnecke, 1952), South Africa (Donald and Von 
Broembsen, 1977), New Zealand (Bassett and Will, 1964) and Australia (Keirle, 1979). 
Experiments by Boughton and Crane (1984) have shown that Phytophthora cinnamomi 
can infect and kill Pinus radiata seedlings growing in pots containing the Nannup. 
nursery's soil; Nannup nursery is the principal forest nursery in Western Australia. 
Limited sampling within the nursery has not revealed any Phytophthora, although 
P. c,yptogea was isolated from a dying ten-year-old Pinus radiata tree growing next to the 
creek supplying the nursery's irrigation water (Stukely, personal communication). 
Nurseries must be kept free of infection to prevent the dissemination of the pathogen to 
the field. 

Root-rots are considerably more difficult to control by chemical fungicides than are foliar 
diseases. Chemical control may be justifiable in high value, agricultural and horticultural 
crops but it is not economically feasible, or environmentally desirable in extensive forest 
plantations. Repeated applications would also be necessary for pathogen control as fungal 
spores occur within infected large roots and would be protected from the applied 
chemical. 

Biological control offers another opportunity for the control of the Phytophthora root-rot 
of Pinus radiata. Ectomycorrhizae of P. patula acted as biological deterrents to 
Phytophthora cinnamomi (Marais and Kotze, 1976). Ross and Marx (1972) found that 
deaths in seedlings of Pinus clausa, caused by Phytophthora cinnamomi, occurred more 
rapidly when lateral roots were unprotected by a mycorrhizal sheath. Preliminary 
investigations by Malajczuk (personal communication, 1984) indicated extensive 
ectomycorrhiza of Rhizopogon, completely enveloping short roots of a tolerant family 
20058 seedling of Pinus radiata, whereas a susceptible family did not have this protection. 
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Organic matter amendment is another factor in biological control that has been effective 
for control of the avocado root-rot disease (Zentmyer, 1980). Mixing P. radiata bark with 
soil had an inhibitory effect on Phytophthora cinnamomi (Gerrettson-Cornell et al., 1976); 
polyphenols in the bark may have been involved in this inhibilion. This could indicate 
that soils beneath a Pinus radiata plantation may become suppressive to Phytophthora with 
increasing age and site occupancy by the plantation. 

A single application of 600 kg of superphosphate per hectare produced a spectacular 
improvement in the health and growth of Pinus radiata trees infected with Phytophthora 
cinnamomi, on P-deficient clay soils in New Zealand (Weston, 1956). The response, 
which persisted for 16 years, was not due to the destruction of P. cinnamomi, as population 
levels remained high (Newhook, 1970). Subterranean clover is routinely grown in the 
Sunkland plantations to improve the nutrition of the Pinus radiata tree. Boughton ( 1983) 
has found that roots of clover, growing in Sunkland soil, can be infected by Phytophthora 
cinnamomi, but it is not clear whether this will increase the disease level in stands of Pinus 
radiata, growing with clover under an agroforestry regime. 

The physical manipulation of the environment offers the greatest potential for 
minimising timber production losses from existing plantations. Newhook (1970) has 
shown that the severity of the P. radiata host reaction to infection with Phytophthora 
depends not only on the variations in site conditions, but also on the degree to which 
transpiration reduces plant moisture reserves before rootlet regeneration restores the 
root I shoot balance. Deep, exposed crowns of vigorous shelterbelt trees rapidly depleted 
water reserves, leading to severe defoliation or death, whereas mortality was negligible 
in littleleaf areas because transpiration loss from sparse crowns was low (Newhook, 1970). 
Maintaining maximum canopy cover in the jarrah forest gave temperature and moisture 
conditions on upland sites that were unsuitable for sporulation and disease development 
(Shea, 1975). He also found soil environmental conditions under the closed canopy of a 
seven-year-old Pinus radiata stand to be unfavourable for infection by Phytophthora 
cinnamomi during the critical spring months. Pine canopies are capable of intercepting 
large amounts of rainfall, depending on the density of the plantation. Butcher ( 1977) has 
shown for a Pinus pinaster plantation in Western Australia, that interception can range 
from less than 10% in an open, parkland forest to more than 30% in a dense plantation 
stand. Soil profiles under the dense pine stand were rapidly depleted of moisture by 
transpiration and were close to wilting point in November. 

The management model for growing existing P. radiata plantations on potentially infested 
sites should aim at complete site occupancy. Thinning operations should be moderate 
and carried out in middle to late summer. The timing of the operation could be critical. 
Summer operations will reduce the opportunity for spread of disease by heavy machinery 
involved in the harvesting, and soil damage will also be minimised. Depleted soil 
moisture and the physiologic condition of trees at this time, should push the 
micro-organism balance in favour of competitive saprophytes, rather than the facultative 
parasites. Phytophthora cinnamomi persists in the root system without an apparent effect 
on the health of the pine tree but once the tree is harvested, the tree resistance is removed 
and the pathogen can spread through the pine-stump root system, provided moisture 
conditions are suitable for sporulation and growth. With dry site conditions, 
P. cinnamomi will not proliferate and stump-root systems should be invaded by 

saprophytic fungi. Thinning in winter/ spring could provide the conditions for a significant 
build-up of P. cinnamomi inoculum; if rains persisted into early summer, conditions 
would be optimum for an epidemic, with death of the retained high value crop trees. 
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2.3.2 Resistance methods 

Intensive management of Pinus radiata plantations, particularly for a sawlog objective, 
can result in a real increase in the Phytophthora cinnamomi disease. Species, site selection, 
site preparation, nursery stock, mycorrhizal inoculation, fertilisation, scrub control, 
pruning and thinning can all have a significant effect on the P. cinnamomi disease. 

Breeding for disease resistance is compatible both with more efficient management and 
increased productivity per hectare of land by reducing losses to disease. It has the 
advantage that, once obtained, resistance is relatively permanent and more resistance can 
be added (Zobel and Talbert, 1984). In a forest plantation. a genetically poor tree will 
continue to produce below the potential of the land and climate resources for as long as 
it occupies the site (Libby et al., 1969). 

Usable levels of disease resistance occur in many tree species. Many reports of additive 
inheritance suggest that resistance can be manipulated in the same way as other traits and 
that long-term effectiveness can be had (Dinus, 1982). 

Disease of forest trees can be grouped into two categories: those caused by obligate and 
those caused by facultative parasites. Obligate parasites (or biotrophs) are restricted to 
living tissue whereas facultative parasites ( or necrotrophs) are able to colonise both living 
and dead tissue (Tarr, 1972). Necrotrophy, which is very close to and sometimes almost 
indistinguishable from saprotrophy, occurs when living tissues of an organism are first 
killed by the fungus and then utilized (Cooke and Rayner, 1984 ). Most of the obligate 
parasites have a highly specialised physiological relationship with their hosts and have no 
saprophytic ability. They attack a narrow range of plants and resistance is usually specific 
involving only major genes. Examples are the white pine blister rust (Bingham, 1983) 
and poplar rust (Heather and Chandrasheker, 1982). 

Trees are long lived perennials, consisting of a large and increasing proportion of dead 
tissues, which can provide a substrate for the saprophytic build-up of inoculum of 
unspecialized facultative pathogens close to living tissues. In addition to this, Pinus 
radiata used in tree plantations, are often grown on marginal sites which reduces tree 
vigou·r and renders them more susceptible to attack from facultative pathogens. 

Phytophthora cinnamomi is a facultative parasite that is pathogenically unspecialized on 
a broad and diverse host range (Zentmyer, 1980). It causes necrosis and death of the host, 
can both grow and reproduce in the absence of the host, and under suitable conditions of 
temperature and moisture can compete to a limited extent with other soil 
micro-organisms for organic substrate (Weste, 1983). Erv,:in ( 1983) has reported that 
there is no evidence for physiologic races of P. cinnamomi. Given both these sets of 
information, it is extremely unlikely that there will be any specific relationship between 
races of the host and the pathogen. There will be no pressure on the pathogen to produce 
more virulent forms. A generalised field resistance based on a polygenic system can be 
assumed. 

Research on the P. cinnamomi littleleaf disease of shortleaf pine by Zak ( 1955), Bryan 
(1965), and Ruehle and Campbell (1971), has shown that there was variation in the 
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degree of resistance, in individual selections of Pinus echinara. Bryan (1973) later 
reported very little variation in the height growth of his control pollinated progenies, 
indicating that the uniformly high growth rate reflected high vigour related to littleleaf 
resistance. 

Preliminary glasshouse and field tests of Butcher et al. ( 1984) have shown that there is 
wide variation between P. radiata families in Phytophthora cinnamomi disease resistance. 
Very high and consistent family heritabilities were calculated, suggesting strong genetic 
control. A seed source based on resistance to P. cinnamomi is being developed. 

2.4 BREEDING FOR DISEASE RESISTANCE 

Genetic resistance to diseases has proven useful in many agricultural crops but 
applications in forestry are still in the early stages of development. Good progress has 
been reported for loblolly pine to fusiform rust (Zobel, 1982b), blight resistant chestnut 
trees (Bazzigher, 1981) and blister rustresistant western white pine (Bingham, 1983). 
These are but a few examples of the numerous disease resistance breeding programmes 
now existing. Disease-resistant varieties of trees are attainable and only when these are 
used can forestry come close to realising full site potential. Optimal production of forest 
products per unit ofland can then be achieved. In a recent review on the need for resistant 
trees, Zobel (1982a) made the concluding statement " .... breeding for resistance to pests 
in forestry is absolutely mandatory". 

However, disease resistance breeding is not yet fully accepted by forest managers, nor is 
it completely understood by the scientists. Many terms have been used to describe host 
reaction to disease and the inheritance of it; these have often been contradictory and have 
confused both the manager and the tree breeder. In the majority of cases where genetic 
resistance is being used, there is little precise knowledge about the genetics of resistance. 
There is concern about the permanence of resistance and whether this will be overcome 
during the long tree crop rotation by a more virulent race of the pathogen, and the 
possibility of inducing epidemics through the narrowing of the tree species gene pool. A 
greater knowledge of the ways by which plants resist these diseases and of the inheritance 
of resistance is needed. 

2.4.1 Resistance/ tolerance terminology 

Communication in the scientific world for the transm1ss1on of ideas and scientific 
information depends on the meaning of the terms used. As it is usually in the written 
word, unless the terms are adequately defined confusion can result. The terminology used 
to describe the general reaction of a host to a pathogen is particularly confusing. The 
looseness of the use of the term resistance is an example. In scientific literature, Calvert 
(1982) has found that two different meanings of resistance are used, often 
interchangeably, without regard to the meaning conveyed. The general view of resistance 
is that a resistant plant will not suffer yield loss or be damaged by a given pathogen. 
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However, in the biological sense, resistance is not due to the genes of the host alone but 
also to the genes in the pathogen. As Calvert ( 1982) so succinctly stated, " .... resistance in 
the anthropocentric view refers to the host alone but in using resistance in the biological 
view, refers to the interaction of the genotypes of the host and pathogen". The use of these 
terms should be clear to resolve any problems. 

The concept of plant resistance to pathogens has been given a number of interpretations 
(Harris and Frederiksen, 1984 ). Plant pathologists usually consider resistance present 
when the parasite is shown to be hindered in some way. Resistance should be considered 
separately from immunity where there is no development of a parasite on the host. It is 
convenient to arbitrarily characterise disease resistance genes into two major classes even 
though resistance and susceptibility are merely extremes of a broad continuum of host/ 
parasite interactions (Nelson, 1982). The host response can be either a resistant or 
susceptible reaction. Resistance genes will enable the host to restrict the successful 
establishment of infection sites and also retard the colonization and reproduction of the 
parasite. In many cases a host may have some degree of resistance even though the host 
displays a susceptible reaction type, if the host supports less pathogen development. This 
is the area of grey between the black and white extremes of resistance and susceptibility. 
Partial resistance, field resistance, dilatory resistance, etc., and tolerance are terms that 
have been used to describe this intermediate response. 

The concept of tolerance suggests endurance. To Politowski and Browning ( 1978), the 
tolerant plant yields better than another while supporting the same amount of the 
pathogen. In an extensive review on tolerance to plant disease, Schafer ( 1971) defined 
tolerance " .... as that capacity of a cultivar resulting in less yield or quality loss relative to 
disease severity or pathogen development, when compared with other cultivars or crops". 
The National Academy of Science (1968) defines tolerance as the ability of a host plant 
to survive and give satisfactory yields, at a level of infection that causes economic loss to 
other varieties of the same host species. Tolerance has also been designated as an 
intermediate level of resistance somewhere between immunity and full susceptibility, but 
this meaning is erroneous according to Caldwell et al. ( 1958). They noted that plants with 
intermediate resistance are subject to the loss of resistance in the presence of new 
elements of the pathogen population. 

Providing the habitat for the pathogen is seen by Mussell ( 1980) as an important aspect 
of tolerance. There is a general rule, says Manion (1981), that the pathogen most fit to 
survive has the minimum number of virulence genes. If all races of a pathogen have an 
equal chance of reproduction, then the probability of the appearance of a new or more 
virulent race is greatly reduced. In plant breeding, any characteristic that can be 
introduced into the host plant to make them more tolerant will lead to long term stability 
because these traits do not provide a competitive advantage to more virulent races of the 
pathogen. Mussell (1980) further argued that the converse should be true, with selection 
favouring less virulent characteristics in the pathogen population. The use of racespecific 
resistant cultivars to control Phytophthora root-rot of soybean has resulted in the build-up 
of compatible races, whereas the use of tolerant, race-non-specific cultivars should not 
favour the build-up of one race over another (Walker and Schmitthenner, 1984 ). 
Tolerance should offer a more permanent type of protection against losses from disease 
because it does not impose selective pressure on the pathogen population (Caldwell et al., 
1958). 

A major disadvantage of tolerance is that it is unlikely to provide protection as good as 
that provided by more complete forms of resistance; for example, hypersensitive reaction 
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g1vmg immunity. Yields will certainly be reduced and the infected tolerant plant can act 
as a reservoir of the pathogen. However, the use of disease tolerance offers protection 
against the development of any epidemic disease situation. Harlin ( 1976) argues for 
strategies in plant breeding to stabilize the host-pathogen relationship; modest annual 
losses would be far better than the occasional disastrous epidemic. The combination of 
tolerance and resistance has been suggested by Stakman and Christensen ( 1960) as a 
strategy for disease management : tolerance would provide the long term stability, and 
resistance would provide the short term superior protection. However, Schafer ( 1971) 
reported that adequate combinations were not being produced. 

2.4.2 Genetic concepts of resistance 

Whereas the preceding section attempted to qualify the use of the terms resistance and 
tolerance, this section is concerned with the genetical aspects of resistance. Van der Plank 
( 1968) advanced resistance theory by dividing resistance into two basically different types, 
vertical and horizontal. He defined vertical resistance as effective against some but not 
all races of a pathogen, while horizontal resistance is spread against all races. Browning 
et al. ( 1977) used the functional concepts of general and specific resistance to describe the 
reaction. General resistance is present if there is no known differential interaction among 
genotypes of the host and genotypes of the pathogen; the term is roughly synonymous with 
horizontal, race-non-specific, partial or field resistance. Specific resistance is present 
where known genetic interactions exist between host genotypes and pathogen genotypes 
(Browning et al., 1977). Synonyms are vertical or race-specific resistance. Browning et 
al. ( 1977) provide a list of terms that are frequently used to express the genetic concepts 
of resistance. 

The mode of inheritance of the disease resistance character can be controlled by a single 
gene (monogenic), few genes (oligogenic), or many genes (polygenic), or there may be 
some cytoplasmic control of inheritance . Resistance that is conditioned by many genes 
has usually been more durable and less race specific, than resistance that is controlled by 
only a few genes (Russell, 1978), because the pathogen population must change at various 
loci to adapt to the host and the more loci involved, the harder it is for the pathogen 
population to adapt. 

Specific resistance is, as a rule, monogenically inherited. Resistant and susceptible plants 
are easily distinguished as the differences are qualitative and clear-cut. Resistance genes 
can usually be identified and named, and Mendelian ratios and concepts can be stated 
(Van der Plank, 1982). Complete resistance to a pathogen is based on a hypersensitive 
reaction by the host. Hypersensitivity seems to involve a specific relationship between 
particular genes of the host and pathogen. This was described as the gene-for-gene 
concept by Flor (1956, 1971). Gene-for-gene pathogens are diverse and have an 
abundance of specific races, but all have a common feature in that they are biotrophic in 
the infection process ( Van der Plank, 1982). In biotrophy (susceptibility), the host accepts 
the pathogen without reacting against it. Resistance is when the host recognizes and 
reacts to the pathogen, and defends itself. Variation is essentially discontinuous and this 
greatly facilitates breeding for resistance. Although the nature of hypersensitivity is not 
fully understood this kind of resistance has been widely used by plant breeders, mainly 
because it is easy to exploit in a breeding programme (Russell, 1978). 
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Some spectacular gains in disease resistance in agricultural crops have been achieved with 
single-gene inheritance. However, this increases the potential for selection pressure by 
the cultivar genotype on the constitution of the races in the pathogen population (Scott 
et al., 1978). Such selection pressure has been considered responsible for some striking 
breakdowns of resistance of cultivars to obligate pathogens (Watson, 1970). 

General resistance is thought of as polygenically inherited. According to Van der Plank 
( 1968), horizontal resistance is based on independent gene action between host and 
parasite. However, Parlevliet and Zadoks (1977) argue that polygenically controlled 
resistance most likely operates on a gene-for-gene basis with minor genes in the parasite. 
Whether or not a gene-for-gene relationship exists for general resistance to diseases 
caused by Phytophthora spp. is not yet proven (Umaerus et al., 1983). 

Polygenic inheritance is synonymous with continuous variation (Van der Plank, 1982). '--
Resistance varies from high to low values without breaks in the distribution and 
intermediate values are the most common. Resistance is usually measured as metric traits 
and it is then subjected to the statistical methods of quantitative genetics for analysis. 
Additive variance is the main component of genetic variance but dominance variance 
may also be large, particularly where there is a maternal effect. However, general 
combining ability (additive genetic variance) information can be used to evaluate parental 
potential and be used as the basis for selecting resistant parents for use in a breeding 
programme. Non-specific resistance is not simply inherited, and consequently some 
parents will show more resistance than others, in the same way that some yield better than 
others (Watson, 1970). 

Genetic systems concerned with general resistance have been proposed as those most 
likely to result in permanent resistance. They are characterized by having no affinity with 
specific resistance, which is recognized by hypersensitivity (Watson, 1970). On 
theoretical grounds, Watson regarded non-specific resistance to be valuable in helping to 
reduce population shifts in plant pathogens because it involves in the one host, combining 
a series of different genetic systems responsible for controlling the disease expression. 
Maintaining a high degree of heterozygosity in the plant population removes the selection 
pressure on the pathogen and ensures that the original pathogen, plus many unknown 
future pathogens, will have considerable difficulty in developing diseases of epidemic 
proportion. A truly mutual tolerance between pathogen, plant and man can be developed 
through the use of quantitative resistance (Manion, 1981 ). 

One method that has been strongly advocated as a universal solution for breeding for 
resistance is the accumulation of resistance, by selection among progeny of crosses 
between cultivars that have been rated as susceptible to the disease. The argument is that 
this resistance will be race-non-specific and long lasting. However Johnson ( 1984) 
disagrees; it cannot be assumed that these observed low levels of resistance will be 
race-non-specific. In any case, he sees little reason to avoid the use of resistance where it 
already exists, in favour of developing resistance afresh. 

Resistance is the expression of the interaction between the host and the pathogen. Plants 
that are resistant to a disease under one set of environmental conditions are not 
necessarily equally resistant under other conditions. If a hypersensitive reaction is 
involved, the same expression of disease will result for different environments. Varying 
the environmental conditions can be used as a method to identify types of disease based 
on major genes (Russell, 1978). Resistance based on many genes will be influenced in its 
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expression by the environment. Walker (1965) emphasised two points of difference 
between monogenic and polygenic resistance. Firstly, polygenic resistance is usually 
influenced more by environmental factors and secondly, monogenic resistance is often 
only effective against a single or a limited range of pathogenic races, while polygenic 
resistance has a broader spectrum. 

2.4.3 Ontogenetical resistance 

The disease pyramid, defined by Browning et al. ( 1977), is an interactive model of the 
major components of disease: host, pathogen, environment and time. For a long-lived 
tree species, tree age can be substituted as the fourth factor in the model. Changes in any 
of these factors can affect the expression of disease. The tree ages from a seedling.juvenile 
tree to canopy closure, mature tree, through to an old senescent tree. There are many 
examples in the literature citing differential disease response for different stages of 
development of the tree crop. 

Bell (1980) listed a number of diseases, including the Phytophthora root-rot disease, that 
are most severe in seedling hosts, but with aging, the hosts became increasingly resistant. 
Pratt and Mitchell (1976) reported that defence against Phytoplzthora root-rot of alfalfa 
increased more rapidly as it aged in resistant, than in susceptible cultivars. 

A definite increase in resistance with increasing age from four to eighty years was shown 
by Patton ( 1961) for western white pine to the white pine blister rust. Progeny of resistant 
parents were more susceptible in their juvenile stages. Screening in the most susceptible 
phase was favoured by Patton because if resistant progeny were found, resistance may be 
expected to increase rather than break down with increasing age. Similarly, ontogenetic 
variation has been shown in Pinus radiata to Diplodia pinea ( Chou, 1977), Dothistroma pini 
(Power and Dodd, 1984) and Endocronanium harknessii (Zagory and Libby, 1985). In 
each case, resistance increased with increased age of the seedling/ tree. 

Newhook ( 1959) reported that P. radiata was highly susceptible as seedlings to 
Phytophthora cinnamomi, and in the juvenile stage to four to five years. Trees were then 
resistant until they became susceptible again at the age of twenty to thirty years. The 
results of Batini and Podger (1968),-Jehne (1971) and Chevis and Stukely (1982), also 
indicate this range of susceptibility in Pinus radiata. Screening tests of Butcher et al. 
(1984) were conducted when P. radiata was in its most susceptible growth phase. Under 
these conditions, certain genotypes that could be resistant to Phyrophthora cinnamomi for 
most of the thirty-year rotation may be eliminated. 

Although one of the strongest, and perhaps the most variable form of resistance, 
ontogenetic resistance unfortunately may be the least useful (Kinloch, 1982), since it is 
not fully expressed until after a tree crop has passed its most vulnerable growth stage. 

2.4.4 Cytoplasmic resistance 

Determination of the mode of inheritance of the disease character is paramount to the 
breeding strategy. Whether the resistance is controlled by one or many genes, or if there 
is an influence of the cytoplasm, will point to the breeding method to use. The normal 
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mode of inheritance is related to the nucleus or the chromosome segregation and 
assortment. The cytoplasm of the cell can modify the effect of the genes, just as the 
environment can cause a different expression of the genetic character. The expression of 
a character for a male genotype placed in one cytoplasm may be quite different for the 
same male genotype placed in a different cytoplasm (Strickberger, 1968). If there is a 
strong maternal effect, then expression of the character may be the same for a number of 
different male genotypes. 

Cytoplasmic inheritance is controlled by the cytoplasm, as well as the chromosomes, and 
involves a greater contribution from the female parent. The expression of the trait in the 
offspring is that of the maternal parent while the paternal parent exerts little, if any, 
influence. The test for cytoplasmic inheritance of a trait is to make reciprocal crosses 
between two parents that differ in the expression of the trait. If the phenotype expression 
of the trait differs in the reciprocal crosses, and the expression is associated with the 
maternal parent, this is indicative but is not positive proof for cytoplasmic inheritance 
(Hooker, 1974 ). 

Reciprocal cross effects in Pinus radiata were reported by Wilcox ( 1983a) to be significant 
for seed size and early seedling growth. Maternal effects could not be analysed because 
the reciprocal crosses were a random assemblage of full-sib crosses. The maternal 
phenotype evidently played a major role in the variability of seed coat characteristics and 
seed size, which in turn strongly influenced the early growth of the embryo. 

Libby ( 1983) in his concluding summary to a radiata breeding conference remarked 
" .... The surprising reliability of open-pollinated families, in which the male contribution 
was not controlled, compared to full-sibs or clones, has led us to wonder whether the 
female contribution may be much more important than that of the male; it is possible that 
mitochondrial and / or chloroplast DNA may have a greater proportional effect than 
nuclear DNA on the characteristics of interest". Open-pollinated families of P. radiata 
have shown a remarkable consistency in their response to Phytophthora cinnamomi 
infection (Butcher et al., 1984 ), indicating that cytoplasmic inheritance may be significant. 
Cytoplasmically inherited characteristics have not been utilized in tree breeding, but they 
are commonly used in hybrid corn breeding (Manion, 1981 ). 

2.4.5 Summary 

By taking an introduced host that is susceptible, an introduced facultative pathogen that 
is aggressive, and puting them together on a seasonally moist site that is condusive to 
disease development, it is not surprising that disease of epidemic proportion could result. 
Although the innate capability of a host plant to respond to the presence of a pathogen is 
determined genetically, its disposition to disease can be shifted by environmental factors 
toward increased or decreased susceptibility (Barnett, 1959). Environmental stresses, 
particularly in temperature and the availability of water and nutrients, usually increase 
susceptibility to disease (Schoeneweiss, 1975). The status of water in the environment, 
and within host tissue has a major influence on the growth and reproduction of 
Phytophthora. Factors of the environment are investigated in the following chapter to set 
the experimental conditions for the study of the Pinus radiara I Phytophthora cinnamomi 
genetic system. 
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CHAPTER3 

DEVELOPMENT OF EXPERIMENTAL 
TECHNIQUES AND ASSESSMENT 

3.1 Introduction 

In the original study of Butcher et al. ( 1984) on the genetic variation of Pinus radiata to 
the Phytophthora cinnamomi root-rot disease, some possible deficiencies in the glasshouse 
study were recognised. However, these were not expected to be significant because of the 
very high and consistent heritabilities calculated, and the validation of the glasshouse 
results with field test results. 

Paramount to the study of host reaction to disease is an understanding of the factors 
responsible for changes in the pathogen population. Disease caused by P. cinnamomi 
depends on the population density of the pathogen; increasing the population density 
increases the level of disease. However the disease potential can fluctuate independently 
because of changes in the environment or changes in host susceptibility. 

An objective of this thesis study is to also define the experimental techniques, 
environmental conditions and assessment methods, for the more efficient study of the 
genetic variation in Pinus radiata host resistance··to the Phytophthora cinnamomi pathogen 
population. 

3.2 Single-family/ Multi-family treatment pots 

The studies of Butcher et al. ( 1984) used single-family pots as the experimental plot, i.e. 
seven seedlings from the same family. Equivalent amounts of P. cinnamomi inoculum 
were placed in each pot but it is probable that there was a greater buildup of inoculum in 
pots containing the more susceptible families. This difference in inoculum potential 
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could serve to increase the variance between families for disease-resistance and give 
inflated heritability estimates or at worst, could indicate significant genetic differences 
in tolerance where in fact none actually existed, i.e. the observed difference was due to 
the inoculum load. 

To evaluate this potential source of error, the efficiency of the family treatment pot type 
was examined in two different tests. The first compared identical single-family, 
multi-family pot studies and the second assessed the incidence of disease adjacent to a 
susceptible family seedling, used as a bait. 

In a glasshouse screening study of 49 P. radiata families, each family was represented by 
28 seedlings in single-family pots ( 4 pots, each containing 7 seedlings from the same 
family), and by 28 seedlings in multi-family pots (28 pots, each containing 1 seedling from 
the specified family and 6 other different family seedlings) . Data was collected for 
seedling deaths and expressed as plot mean percent mortality. Noncontiguous family 
plots of 7 seedlings were used for the multi-family pots. The plot mean percentage of 
seedling deaths were transformed to arcs in values for the analysis of variance (Table 3 ). 

TABLE 3 
Effect of pot type and its interaction with family mortality. (Abbreviated analysis of 
variance table for Pinus radiata percent seedling mortality, transformed into arcs in square 
root, 180 days after inoculation with Phytophthora cinnamomi ). 

Source d.f. Variance Significance 

Main plots 
Design-pots (D) 1 15931 ** 
Replication (R) 3 844 

error 3 339 

Sub plots 
Family (F) 48 2884 *** 
FxD 48 355 * 
error 288 250 
-- -
Total 391 

* significant at P < 0.05, ** significant at P < 0.01, *** significant at P < 0.001. 

The average mortality for the single-family pot was 53% which was significantly higher 
(P < 0.001) than the multi-family pot (40%). The interaction of the host genotype with 
the pot type was also significant (Table 3, P < 0.05). This is explained hy the higher 
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seedling mortality of tolerant families in multi-family pots relative to the single-family 
pot due to the presence of susceptible family seedlings in the snme pot. The converse was 
also true; susceptible family seedlings in multi-family pots had less seedling deaths than 
in the single-family pot. 

The 2 x 2 contingency table (Table 4) of the top one third and the bottom one third 
groupings of the 98 (family x pot types), ranked on seedling mortality, clearly illustrates 
the strength of this interaction. The calculated chi-square value of 15.75, corrected for 
continuity, is highly significant (P < 0.001), showing that seedling mortality differs 
between the single-family and multi-family pot groups. 

TABLE 4 
Chi-square test of the grouping of Pinus radiata family mortality, caused by Phytophthora 
cinnamomi, related to a multi-family or single-family pot type. 

Character group Multi- pot Single- pot Total 

Highest mortality group 7 26 33 
( top 1/3 of population) 

Lowest mortality group 22 11 33 
(bottom 1/3 of population) 

-- - - -
TOTAL 29 37 66 

calculated chi-square, corrected for continuity = 15.75 
tabular chi-square = 10.83 (d.f. 1, P < 0.001). (Fisher and Yates, 1963). 

The second procedure was to examine the incidence of disease adjacent to a susceptible 
family seedling. A single susceptible family seedling was planted near the centre of each 
pot as a bait for the Phytophthora cinnamomi inoculum to reduce the amount of sampling 
required at the end of an experiment (Chapter 3.3). 

Data from a single-family pot test of 49 families with 21 seedlings per family (3 pots, 7 
seedlings of the same family and 1 seedling of susceptible family 60017) were used to 
illustrate the increased disease intensity associated with susceptible host genotypes. This 
particular test was chosen as it was conducted in a glasshouse environment not suited to 
the development of the P. cinnamomi disease. Trial average mortality was 20%. 
Differences in inoculum intensity were more likely to have an effect in this environment. 
Data for each seedling in the treatment pot is a mortality code: this is an index scale of 
disease intensity (Chapter 3.8). 
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TABLE 5 
Incidence of Phytophthora cinnamomi disease associated with the position of the 
Pinus radiata seedling in the experimental pot. 

Position Mortality 
Rank in Pot code 

1 4 3.33 a 

2 5 3.16 ab 

3 2 3.10 be 

4 3 2.95 be 

5 6 2.85 be 

6 7 2.84 be 

7 1 2.68 C 

values followed by the same letter are not statistically different at the 959; confidence level. 
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different isolates of Phytophthora cinnamomi. 
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The analysis of variance has shown significant differences in seedling mortality codes for 
the planting position in the experimental pot (P < 0.05). Higher mortality codes, which 
infer a greater incidence of disease, were associated with pot positions 4, 5 and 2 (Table 5). 
It is these positions (Figure 5) that surround the seedling of susceptible family 60017 
(Butcher et al., 1984 ). Inoculum potential in this area of the pot has been increased by the 
presence of a susceptible host genotype. Baker ( 1978) has reported that infections 
increase in proportion, producing a logarithmic increase in disease symptoms. 

Both tests have shown that P. cinnamomi inoculum was significantly increased with 
susceptible host genotypes in the pot. In single-family pot studies, family differences in 
disease tolerance will be exaggerated leading to inflated heritability estimates. The 
multi-family pot, tests each seedling genotype with a similar level of P. cinnamomi 
inoculum and gives the best estimate of genetic variation. 

For a number of screening trials using both single-family and multi-family pots, the 
Spearman test (Siegal, 1956) on family ranks was calculated. Coefficients of correlation 
were each highly significant (P < 0.001). The ranking of families on tolerance to disease 
was similar in both the single- and multi-family pots. This verifies the family rankings 
reported in Butcher et al. ( 1984 ). 

3.3 Single-inoculum / Multiple-inoculum pots 

The screening tests of Butcher et al. (1984) used only the same single isolate of 
Phytophthora cinnamomi A2, although the field test did show that resistance was effective 
against a broad spectrum of the natural P. cinnamomi population. Variation within the 
pathogen population is to be expected in the same way as there is variation in the host 
(Russell, 1978). Zentmyer (1980) concluded that there were significant differences 
between isolates of P. cinnamomi in pathogenicity to different hosts and in virulence on 
the same host. 

Chapter 5 of this manuscript is devoted to the host (Pinus radiata) x pathogen 
(Phytophthora cinnamomi) interaction. This will report that there was considerable 
variation in P. cinnamomi virulence, but no evidence of any host x pathogen interaction. 

This section on inoculum pot type reports on the development of the experimental 
technique. Information is drawn from two tests using two inoculum sources as major 
treatments in the design, and from the first inoculum screening test. Results from two 
tests with split-plot designs, each using two isolates of P. cinnamomi cultured from Pinus 
radiata trees, are presented in Table 6. Percentages of plot mortality were transformed to 
the arcsin of square roots for the analysis of variance. The difference in seedling mortality 
between the two Phytophthora cinnamomi isolates used was significant (P < 0.05) in one 
test. More importantly there were no significant differences in mortality in the 
host x pathogen (I * F in Table 6) interaction, in either test. Families were ranked 
similarly for either isolate of P. cinnamomi. Spearmans non-parametric statistical test of 
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TABLE 6 
Variance analysis for the effects of two different isolates of Phytophthora cinnamomi 
used in glasshouse tests No. 3 and 4. (Pinus radiata percent seedling mortality, 
transformed into arcsin square root values). 

Test 3 Test 4 
Source d. f. variance Sig. d. f. vanance Sig. 

Main plots 
Inoculum (I) 1 6163 * 1 4690 
Block(B) 2 874 3 567 
error 2 241 ,., 982 ~ 

Sub plots 
Family (F) 99 1293 *** 34 1451 *** 
l*F 99 265 34 541 
error 396 398 204 635 
-- - -
Total 599 279 

Summary 

Test 3 Test 4 
Inoculum source mortality Inoculum source mortality 

P. cinnamorni (1) 26 P. cinnamomi ( 1 ) 41 
* 

P. cinnamomi (2) 20 P. cinnamomi (318) 33 

* significant at 95% probability level, * * * P < 0.001. 

the family ranks gave a correlation coefficient of r5 = 0.6, representing very high 
correlation of the family rankings (P < 0.001). 

It has been shown that isolates of P. cinnamomi vary in their pathogenicity to Pinus radiata 
seedlings. Only virulent isolates should be used in screening for resistance. Tests on a 
number of isolates indicate a broad range of virulence, and also a loss of pathogenicity for 
one of the Phytophthora cinnamomi isolates previously used. Data for seedling percent 
mortality in Table 7 shows isolate (6) to be highly virulent in the first test but in the test 
in the following year, the same isolate appears to have lost its parhogenicity, killing very 
few seedlings and it did not significantly affect the height growth of survivors. The second 
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year test was conducted in a different moisture/ temperature glasshouse environment to 
the first test. Whether the pathogenicity of isolate (6) was affected by the different 
environment, or has altered through storage and subculturing is uncertain. Isolates are 
stored at 20°C on a cornmeal agar slope. Shepherd and Pratt ( 1974) found that the rate 
of growth and growth optimum for P. cinnamomi varied considerably among the isolates 
tested for different temperatures. Caten (1971) reported that continued culturing can 
result in a loss of virulence of the pathogen. 

TABLE 7 
Death of Pinus radiata seedlings, 180 days after inoculation with four different isolates of 
Phytophthora cinnamomi. 

Inoculum source HPl HP2 

P. cinnamomi A2 ( 1) 14% 48S1c 
P. cinnamomi A2 ( 2) 18 33 
P. cinnamomi A2 (6) 26 ") .,_ 

P. cinnamomi A2 (7) 16 34 

Data suggests that multiple isolates of P. cinnamomi should be used in genetic variation 
tests to cover such eventualities as variable pathogenicity, loss of virulence associated with 
different environmental test conditions, or storage of the culture . Current tests use from 
six to eight differentP. cinnamomi isolates. Inoculum for each isolate is grown separately, 
as described in Butcher et al. ( 1984 ). Single branch-plugs of each isolate are buried in 
standard positions in each pot (Figure 5). Isolate positions are recorded so that it is 
possible to examine the effect of different isolates on seedling health. 

3.4 Glasshouse environment 

Studies reported in Butcher et al. ( 1984) incorporated watering treatments in the 
experimental design. Waterlogging alone did not affect seedling survival or height 
growth. Seedling deaths in P. cinnamomi inoculated, waterlogged pots were lower than 
in P. cinnamomi inoculated pots that were allowed to dry periodically. This test was carried 
out over the summer months (inoculated in October, test ended in June) in a glasshouse 
where temperature control was limited to covering with shadecloth and opening of all 
vents. As the waterlogging treatment occupied half of the surface area of the glasshouse, 
this no doubt had a moderating influence on temperature . 
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Based on the result of their first trial, Butcher et al. ( 1984) eliminated the waterlogging 
regime in the second reported test. The standard watering regime adopted was to water 
pots to approximate field capacity, then to allow pots to dry before more water was added. 

This strategy was slightly modified for the next series of rests to impose a greater 
environmental stress on the Pinus radiata seedlings, on the supposition that this could give 
an earlier separation of susceptible and tolerant genotypes. Water was added at three to 
four day intervals, giving approximately 500 ml per pot; during the course of the 
experiment, this was progressively reduced to compensate for dead seedlings. Glasshouse 
temperatures were controlled by covering with 60% sarlon shadecloth and by the use of 
evaporative coolers. The coolers were set for automatic operation (30°C) only on 
weekends, otherwise the~ were operated manually, switching on only when glasshouse 
temperatures reached 35 C. Thermohygrograph records were maintained for these tests. 
This low water / high temperature regime (Figure 6) was not successful. Seedling 
mortality for susceptible family 20011 averaged 42%, compared with the 94% mortality 
achieved in the high water/ high temperature regime. 

.% 

d 
e 
.a. 
d 

100-, 

751 
I 

50 

25 
f-:1 -.,,-
' 

0 f eeeme::::::>:/Pr>KID l:C.,C'.>:)4[J"J"I IIIC"""l(l>:sm C(l>I 

Moisture: 

TeMp.: 

To I er.a.n-t • • 

Susceptible 

high 

high 

low 

high 

EnvironMent 

mIIIl1 8~7 
§ 6.0027 . 
~ 6.0001 • 
~ 6.E>017 - 20011 

dise.a.se response F.a.M i I y 

FIGURE 6 

Mod 

MOd 

f'ield 

Effect of the glasshouse and field environments on the Phytophrhora cinnamomi death 
of standard test families of Pinus radiata. 
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The effects of different moisture / temperature regimes on Phytophthora cinnamomi 
caused deaths of Pinus radiata seedlings, are shown in Figure 6. The disease pattern was 
essentially the same for the standard response families, although the scale was halved in 
the low water/ high temperature regime histogram. Imposing water deficit conditions 
significantly reduced the pathogenicity of Phytophthora cinnamomi. The tests were most 
efficient when carried out in the moderate moisture / moderate temperature 
environment, as the genetic variance accounted for 22-32 o/c of the total variance. In the 
unfavourable environment, genetic variance reduced to 8o/c. 

Extreme temperatures were responsible for the elimination of a major thesis study being 
carried out in the Wanneroo glasshouse (Chapter 4.3). A glasshouse temperature of 47°C 
was recorded on the thermohygrograph. The majority of the Pinus radiata seedlings were 
discoloured (Plate 5.2), and some seedlings died in both the uninoculated pots and in pots 
that had been inoculated withPhytophthora cinnamomi thirty days previously. Following 
this extreme dry heat, seedlings continued to die in low numbers, in both the control and 
the inoculated pots. Shepherd and Pratt (1974) reported variation in response of isolates 
to high temperatures, but in general found little survival after exposure to 44oC for 7 
hours. 

The optimum glasshouse regime is to provide the mm1mum of stress for the pine 
seedlings, and the pathogen. This was achieved by maintaining pots in a moist condition, 
applying approximateJ:x 1000 ml of water twice weekly and keeping glasshouse 
temperatures below 30 C. Evaporative coolers were set for automatic operation at a 
temperature of 25°C. 

All other environmental variables remain essentially the same as reported in Butcher 
et al. (1984). Equal parts of sand and peatmoss were mixed, fumigated with methyl 
bromide and filled into 8 litre capacity plant pots (height 20 cm), or seedling trays. Pine 
seed was stratified by cold-soaking in water for one day, followed by twenty days cold 
treatment at approximately 3°C, before sowing in seedling trays. Seedlings were grown 
to a height of approximately 8 cm, before they were individually labelled and transplanted 
into their experimental positions in the plant pots (Figure 5). Pots were mulched with 
pine needle litter, containing the mycorrhizal fungi Rhizopogon luteolus and Thelephora 
terrestris, and the seedlings were grown with regular watering and periodic liquid fertilizer 
application. Pots were moved into the glasshouse in May/June, where they were placed 
in individual water holding containers and positioned according to the experiment design. 
A later improvement was to place pots in holding tanks, twenty four pots per tank, where 
greater control of pot moisture level could be achieved. 

The preparation of the pine branch-plug inoculum remained as it was reported in Butcher 
et al. (1984). Live Pinus radiata branches were cut into plugs 1-2 cm in diameter and 
approximately 2 cm long, after the bark was removed. The plugs were soaked overnight 
in distilled water, rinsed, and placed in conical flasks. Sufficient distilled water was added 
to cover the bottom of the flasks, which were plugged with non-absorbent cotton wool 
and autoclaved for 30 minutes at 103 kPa, then cooled to room temperature. Phytophthora 
cinnamomi isolates were incubated at 24-26°C for seven days in 10 ml lots of 10% 

· V8 broth. Mycelial mats were aseptically lifted from the V8 broths and dropped onto the 
plugs, which were shaken gently, and then incubated at 24-26°C. After two to three days, 
when the fungus had started to colonise the plugs, they were again shaken to disperse the 
inoculum and were then left to incubate for a further two to three weeks. 
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Tests commenced with soil inoculation of pots with P. cinnamomi, usually in October 
when soil temperature and moisture conditions are most favourable for the growth and 
proliferation of the pathogen (Shea, 1975). Each pot was inoculated with four to eight 
infected plugs, equally spaced and buried 8 cm beneath the soil surface (Plate 1). The 
soil was saturated with water, and maintained in this condition for at least one day before 
being drained and normal watering was resumed. 

~ 

PLATE I 
Inoculation of experimental pots with Phytophthora cinnamomi, grown on pine 
branch-plugs. 

3.5 Experiment design and procedures 

The exploratory test of Butcher et al. (1984) included a control (nil P. cinnanionii 
inoculation) as well as watering, as major treatments in the design. The design was a 
split-split-plot to prevent contamination of the controls and to allow for easier 
maintenance of the water treatment levels. A nilP. cinnamomi inoculation treatment was 
also included in their second glasshouse test. Butcher et al. ( 1984) reported only 2 
seedling deaths from a total of 1,968 seedlings in non- P. cinnamomi inoculated pots. 
Sampling of root and collars of these 2 dead seedlings proved negative for P. cinnamomi. 
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In the P. cinnamomi inoculated pots, 1,140 seedlings died out of a total of 2,807, and 
P. cinnamomi was recovered from every dead seedling sampled. 

The early tests have shown that it was not necessary to include an uninoculated control in 
the screening tests. This has simplified the experiment to a randomised block design. 
Tests have ranged from 5 to 8 seedlings per pot; 7 treatment seedlings per pot have been 
shown to be an optimum number. Combined with the other refinements of multi-family, 
multiple-inoculum pots, the most efficient design for the screening test is the 7 x 7 
balanced lattice (t = 49, k = 7, r = 8; Cochran and Cox, 1957), using the plant pot as the 
incomplete block unit. 

The number of seedlings inoculated for each family has varied in experiments from 6 to 
64. The minimum number to use will depend on the form of the relationship of the family 
seedlings. Seedlings with the same ancestors will share more common genes and hence 
behave more similarly to each other than seedlings with dissimilar ancestries. By 
comparing the degrees of variation between related and unrelated trees, the genetic 
differences can be seen to have a strong effect if the data cluster in family groups, or a 
weak effect if family clusters are diffuse. Family seedlings used in our P. cinnamomi 
screening tests all have a half-sib relationship; the mother cone tree is the same in each 
family seedling while the pollen parent is assui:ned to be different. 

Sample size was tested in a multi-family/ multiple-inoculum pot trial conducted in an 
ideal glasshouse environment. The maximum number of seedlings per family inoculated 
with P. cinnamomi was 40. Complete blocks of n = 24, n = 16 and n = 6 single seedling 
replications were subsampled, and separate analyses of variance were carried out on the 
seedling disease codes (Chapter 3.8). Genetic variances were very high (Table 8), and 
similar over the 6 to 40 seedling sample range. The ranking of the 35 families for each of 
the sample sizes is given in Table 9. Kendall's coefficient of concordance (Kendall and 
Stuart, 1961) was calculated to be 0.85; this near perfect concordance is to be expected 
since it is obvious from a visual inspection of the Table 9. 

TABLE 8 
Partitioning of variances of seedling disease for a range of seedling sample sizes, from a 
trial of 35 half-sib Pinus radiata families inoculated with Phyropluhora cinnamomi. 

variance Number of seedlings/ family in the Variance Analysis 
n=40 n=24 n= 16 n=6 

6
2
f 31% 34% 29o/c 41% 

6
2
6 4 4 1 1 

, 2 
Ow 65 62 70 59 
,2 
0 t 100 100 100 100 
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TABLE 9 
Ranking of 35 Pinus radiata families on the character of seedling disease tolerance to 
Phytophthora cinnamomi for n = 6, to n = 40 observations / family. 

Family Sample size - ranking 

code 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

14 
15 
16 
17 
18 

n 

40 

34 

21 

32 

22 

14 

10 

9 

24 

26 

29 

6 

20 

31 

5 

8 
2 

34 

25 

Sample size 

n 
24 

34 

21 

32 

19 

17 

11 

6 

30 

25 
24 

8 
23 

31 

4 

5 

2 

35 

29 

n 

16 

33 

21 

31 

9 

10 

6 

9 

22 

26 

32 

5 

16 

29 

6 

14 

2 

33 

24 

Spearmans rank corr. coeff. 

n 
6 

33 

20 

32 

30 

13 

6 

5 

16 

26 

30 

16 

9 

26 

8 
6 

2 

33 

28 

n=40 

1 

Family 

code 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

n=24 

0.97 

n 
40 

4 

7 

30 

5 

17 

19 

13 

11 

18 

27 

3 

28 

1 
..,.., 
J_1 

23 

12 

15 

Sample size - ranking 

n 
24 

9 

6 

32 

14 

19 

16 

11 

9 

14 

26 

3 

27 

1 

27 

22 

13 

18 

n= 16 

0.96 

n 
16 

1 

11 

25 

18 

3 

19 

17 

15 

19 

26 

4 

28 

2 

35 

23 

8 
11 

n=6 

0.87 

TI 

6 

1 

13 

20 

11 

16 

23 

20 

20 

9 

29 

4 

23 

3 

35 

25 

16 

11 

Spearmans coefficient of rank correlation (Siegal, 1956) was calculated by serial analysis 
for each of the sample sizes (Table 9). The ranking of each has near perfect correlation 
(P < 0.001 ). Even for a small sample size of 6 inoculated seedlings per family, Spearmans 
coefficient was 0.9. 
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Data from the examples listed in Tables 8 and 9 are representative of each of our Pinus 
radiata I Phytophthora cinnamomi tests. There is an unusually high consistency of results 
considering that only half-sib seedling stock was being tested. Data is strongly clustered 
in family groups indicating very high genetic variances. Small numbers of seedlings are 
adequate to measure the genetic variation. The optimum number appears to be 16, which 
allows for a duplication of the complete lattice design. 

The length of the test period is another important parameter. Data was collected over a 
period of 250 days in the tests of Butcher et al. (1984), although family seedling deaths 
plateaued at about 130 days after inoculation. This plateau, occurring before the end of 
February, has been constant over most tests. Disease development curves, for the test 
average, are plotted for seven of our screening tests in Figure 7. 
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FIGURE 7 
Progressive seedling mortality after inoculation with Phytophthora cinnamomi, in seven 
family screening tests of Pinus radiata. 
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Providing a moderate moisture / moderate temperature environment improves the 
efficiency of the test, in segregation of the genetic effects. Tests are now conducted in the 
optimum defined glasshouse environment, and end at 160 days after inoculation. Tops of 
the most vigorous seedlings are then removed, set as cuttings, rooted, and later established 
in genetic resource stands. 

Repeatability of the family disease classification was demonstrated by Butcher et al. 
(1984) for the glasshouse and the field. This was corroborated with the second field test 
(Chapter 4.4 ). Glasshouse tests have been standardised by the inclusion of a common set 
of families in each test. These are susceptible families 60017, 20011 and 60001 , and 
tolerant families 80007, 60027 and 60022 (Butcher and Stukely, 1986). Disease 
development curves in Figure 8 show a similar performance of these genotypes across 
tests . Even with the low moisture / high temperature environment regime, the 
performance of the standard families was consistent. 
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FIGURE 8 
Repeatability of Phytophthora cinnamomi disease development in four families of 
Pinus radiata, in four screening tests. 

(susceptible response : 60017 and 20011 ), (tolerant response: 80007 and 60027) 
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Another adjustment to the design, to improve the efficiency of the glasshouse test, has 
been the inclusion of a single susceptible family seedling near the centre in each 
inoculated pot. The susceptible seedling acts as a bait to the applied P. cinnamomi 
inoculum, rapidly multiplying the disease potential within a pot. Most of these seedlings 
die within 100 days (Table 10). Plating has shown massive infections throughout the root 
system, the collar and lower stem of the seedling (Chapter 3.6). Using the bait seedling 
has considerably reduced the amount of sampling and plating for P. cinnamomi at the end 
of a test, in pots in which no seedling had died. 

TABLE 10 
Seedling survival in Phytophthora cinnamomi susceptible families, planted as single 
seedling baits in each pot of the Pinus radiata tests. 

Test 

NPl 

DPl 

DP2 

Pinus radiata 
susceptible family 

60001 

60017 

D655 

3.6 Re-isolation of Phytophthora 

seedling mortality 
100 days 180 days 

63% 69% 

82 89 

74 84 

At intervals during the experiments, seedlings and pots were sampled to detect the 
presence of P. cinnamomi. Dead seedlings, healthy seedlings or inoculum plugs were 
sampled. These were removed with sterile implements, adhering soil washed away and 
the sample surface-sterilized by immersion in 70% ethyl alcohol for 30 seconds, followed 
by four rinses in distilled water. The lower stem and collar of seedlings were cut into 8 mm 
segments and serially plated onto an agar medium selective for Phytophthora (Tsao and 
Guy, 1977). Randomly selected 1 cm root pieces were also plated. Inoculum plugs were 
first cut in half, lengthways before plating. After incubation for at least 72 hours at 
24-26°C, the plates were examined and infections recorded. 

The recovery of P. cinnamomi from dead seedling roots and collars has been consistently 
high, averaging 66% for individual sample pieces and 100% for the seedlings. In study A 
of Table 11, P. cinnamomi was recovered from half of the seedlings sampled at a height 
of 3 cm above the soil surface and from 91 % of the seedlings, 2 cm above the soil. 
Infections were extensive in each case. There was no apparent difference between 
seedling genotypes and the degree of infection. 
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TABLE 11 
Isolation of Phytophthora cinnamomi from dead seedlings of Pinus radiata 

Seedlings Segments + ve Recovery 
Sample n infucred n P.c. % 

-

A. root pieces 44 100% 742 545 73%. 
stem (3cm) 44 44 22 50% 
stem (2cm) 44 44 40 91% 
stem collar 44 44 40 91 % 

B. root 75 100% 1500 930 62 % 
collar 75 1483 968 65 % 

--
C. root @ collar 172 99% 

At the end of an experiment all pots with no dead seedlings were sampled to check that 
P. cinnamomiwas present and active. This was achieved by the plating of inoculum plugs, 
and healthy seedling root and collar segments. In 244 pots containing 903 plugs, 
P. cinnamomi was isolated from 819 plugs 180 days after the pot inoculation, showing that 
P. cinnamomi was present in each of the healthy seedling pots. The extent of infections 
in the healthy seedlings were reflected by the seedling genotype, with greater disease in 
roots and collars of the more susceptible families (Table 12). 

The variable degree of root-rot infection of apparently healthy seedlings has been used 
to create a scale of disease intensity (Chapter 3.8). There is a direct relationship between 
root infection and root mass or bulk. 

TABLE 12 
Recovery of Phytophthora cinnamomi from healthy seedlings of tolerant, average and 
susceptible families of Pinus radiata, one year after inoculation with two isolates of 
Phytophthora cinnamomi. 

Family disease classification 
Tolerant Average Susceptible 

a) individual root pieces . 
number of root pieces 2157 1253 1595 
number with P.c. infection 113 152 378 
% P.c. infection 5% 12o/c 24% 

b) seedlings 
number of seedlings 31 20 21 
% P.c. infection - root 68% 95% 100% 

- collar 13% 50% 62% 
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3.7 Assessment 

Disease offers three parameters for measurement, incidence, intensity and losses in 
production. Incidence infers the presence or absence of disease, i.e. the number of 
seedlings affected. The quantity of disease or intensity is more difficult to measure. This 
can be achieved by counting the number of lesions on roots, the number of roots with 
lesions, or by measuring lesion lengths etc. Disease intensity requires an estimate of the 
proportion of the seedling that is diseased. This is also directly related to the potential 
yield reduction. 

Butcher et al. ( 1984) expressed disease as the percentage of dead seedlings for each Pinus 
radiata family and used height growth to support this data. No attempt was made to 
describe disease intensity on an individual seedling basis. Their data was adequate to show 
there was genetic variation in disease incidence, and to calculate family heritabilities to 
show what progress could be made from progeny test selection for this trait. However, 
the data was inadequate to calculate the genetical aspects of resistance. 

Information on the disease intensity of each individual seedling is required for the 
genetical analysis. Dead seedlings were simply subdivided into classes on the time taken 
to kill the seedling (quantity of disease). Various methods of assessment were examined 
to develop the other end of the index. These included normalised height increment (yield 
reduction), subjective root bulk classification (quantity of disease) and xylem water 
potentials (quantity of disease) of the surviving seedlings. 

Height growth of seedlings, in all families of P. radiata was depressed following 
inoculation with Phytophthora cinnarnorni ( Butcher et al., 1984). Th is loss in growth varied 
according to the disease susceptibility of the family and could be used to form an index of 
disease intensity (Plate 4). However, as there was genetic variation in the height growth 
of seedlings in the absence of P. cinnarnorni, any index based on seedling height growth 
must be adjusted for these genetic effects. Population parameters for each uninoculated 
family need to be calculated to adjust the increment of each inoculated seedling. 
Unfortunately it was not possible to recalculate the data of Butcher et al. (1984) because 
seedling positions in pots were not fixed. 

Uninoculated treatments have been excluded from most of the screening experiments, to 
increase the efficiency of limited amounts of pedigree seed, and glasshouse space . 
Standardisation of height increments on uninoculated controls was not possible but 

. adjustments were made using the general population parameters. 

Surviving seedlings at the end of tests show a large variation in the mass or bulk of root 
systems, and in the degree of root-rotting. Trained observers have experienced little 
difficulty in similarly sorting seedlings into arbitrarily defined root disease classes. Four 
broad disease classification classes have been defined (Table 13). 
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Class 1: Healthy, massive root system, well formed and branched with many active 
growing tips (Plate 2.1). 

Class 2 : Healthy, well formed and branched root systerri, has less bulk than the first 
category (Plate 2.2). 

Class 3 : Unhealthy, sparse root system. Roots are shorter in length and forked above 
rotted root ends (Plate 2.3), root bulk considerably reduced. 

Class 4: Unhealthy, rotted root system with few obvious living roots, generally 
unbranched as rotted roots have sheared away (Plate 2.4). 

The method of assessment is to first remove seedling tops, approximately 10 cm above the 
collar (to eliminate bias with seedling height), empty the pot and physically separate 
seedling root systems. Initially, considerable care was taken to avoid root breakage but 
it was found that with quick separation, healthy roots remained intact and only rotted 
roots fell away. As the root classification was not affected, the quick separation has been 
adopted as the standard. Root systems are visually assessed and assigned to root classes 
by reference to representative samples. 

There is some flexibility within each class to allow for variable competition within 
treatment pots that may be due to unequal numbers of survivors; for example, in a potwith 
six survivors, the root systems are ranked by degrees of bulk and then related to standards, 
while in pots containing only one or two survivors, the classification is absolute. Fo_llowing 
the classification, seedlings are grouped by the root disease classes and at completion, 
each disease class is randomly sampled by taking 30 seedlings; stems are then cut at 1 cm 
above the collar, and roots are oven dried at 50°C for 32 hours to define the limits of each 
class. 

TABLE13 
Definition of Phytophthora cinnamomi root disease classes from the assessment 
of surviving seedlings of Pinus radiata. 

Root Root weight mean and standard deviation 
assessment 

Test A Test B Test C Test D 

class 1 3.3 + l.lg 2.9 + 0.8 g 4.1 + l.8g 4.7 + 1.7g 

class 2 2.2 + 1.0 1.5 + 0.5 2.1 + 0.5 2.9 + 0.8 

class 3 0.7 + 0.3 0.9 + 0.4 1.0 + 0.4 1.2 + 0.4 

class 4 0.2 + 0.1 0.5 + 0.3 0.5 + 0.3 0.4 + 0.3 
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Root mass for disease classes in three separate studies is presented in Table 13. Healthy 
(class 1 and 2) root systems were clearly distinctive from unhealthy (class 3 and 4) root 
systems, as demonstrated by the class standard deviations . Frequency distributions 
(Chapter 3.8) show a normal distribution of the data. 

The root assessment has been found to be a reliable and repeatable index of 
disease.Applying both root assessment and normalised height increment to define the 
amount of disease in surviving seedlings has given identical results from the analysis of 
variance. For example, genetical variances were 22% from either the analysis of the root, 
or the height increment scale in one test. 

Infection by root diseases was reported by Ayres ( 1978) to cause progressive water stress 
in the aerial parts of the plant by increasing stem and root resistances to the conduction 
of water. Death of seedlings resulted from the decline in water supply to the leaves. In 
one-year-old seedlings of Pinus ponderosa, infected with root stain disease ( Verticladiella 
wagenerii), Helms et al. (1971) reported leaf water potentials of -18 bars at four weeks 
increasing to -30 bars at six weeks after infection; most of the infected seedlings died soon 
afterward. Healthy seedlings had leaf water potentials from between -12 and -15 bars. 

A small pot study was carried out in conjunction with the main thesis study at Wanneroo, 
to determine the effectiveness of the xylem water potential as a measure of Phytophthora 
cinnamomi disease severity in Pinus radiata seedlings. Each pot contained four 
susceptible and two tolerant P. radiata families, and two P. pinaster (resistant species) 
family seedlings. Half the number of pots were inoculated with eight isolates of 
Phytophthora cinnamomi. Xylem water potentials of excised seedling tops were assessed 
at 15 day intervals, using the Scholander et al. (1965) pressure bomb technique. 

TABLE 14 
Xylem water potentials of Pinus radiata and P. pinaster family seedlings, 20 days after 
inoculation with Phytophthora cinnamomi. 

susceptible Pinus radiata family (n = 10) 

tolerant Pinus radiata family (n = 5) 

resistant Pinuspinaster family (n = 5) 

xylem water potentials 
P.c. inoculated control 

360 kpa 

430 

210 

270 kpa 

435 

210 

The first result, 20 days after inoculation, appeared promising (Table 14 ). A difference 
of 90 kilopascals was recorded between inoculated and control seedlings of the 
susceptible Pinus radiatu families, whereas xylem water potentials of the inoculated and 
control seedlings of the tolerant families and resistant P. pinasrer family seedlings were 
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the same. However, the same pattern was not evident at the subsequent sampling dates, 
probably because the test was severely affected by the extreme temperatures experienced 
in the glasshouse that caused the elimination of the first domestic population study 
(Chapter 4.3). 

The use of xylem water potentials as a measure of disease has not been pursued. The 
method requires uninoculated seedlings of each family and it could only be realistically 
applied at the end of a test to divide the surviving seedlings into disease severity classes. 
The simple visual classification appears to be adequate for this. In addition, the sampling 
is destructive and this would prevent the taking and setting of inoculated seedlings tops, 
as cuttings for genetic resources stands. 

Assessment procedures have been defined as : Initial heights of seedlings are measured 
at the time of inoculation. Assessments are then carried out at 20 day intervals recording 
the number of dead seedlings and their heights. Heights of all surviving seedlings are 
measured at the end of the 160 day test period. Root systems are then inspected and given 
a subjective disease classification. 

3.8 Scale 

Analysis can be performed on all-or-none traits, for example dead or alive seedlings, to 
calculate genetical variances at the individual level (Robenson and Lerner, 1949; 
Bingham et al., 1969). By definition, all-or-none traits are binomially distributed with 
variances dependent on means and this violates a fundamental requirement of the 
variance analysis . Data in the preceding section of this paper has shown that there was 
considerable variation in the amount of disease in alive seedlings. Similarly, Figure 7 
shows a range in disease intensity of dead seedlings. From these, a disease scale 
representing continuous or quasi-continuous variation can be developed. Obviously a 
scale will be more efficient in describing and analysing the genetic variation. 

The choice of an appropriate scale is the first step in the analysis of polygenic variation 
(Mather and Jinks, 1982). The scale must cover the intensity of disease, ranging from 
minimal effect on seedling health through to rapid seedling death. No complete 
resistance or immunity to Phytophthora cinnamomi disease was observed in healthy 
seedlings of Pinus radiata sampled. Either height growth has been suppressed, relative to 
uninoculated seedlings, or roots have been infected by the disease. Phytophthora 
cinnamomi has been readily isolated from healthy inoculated seedlings sampled. 

Surviving seedlings were apportioned to four health classes, either on the basis of the 
subjective root assessment or on the objective height measurement (Chapter 3.7). 
Similarly, disease classes were developed from the time taken for the seedling to die 
following inoculation. This is demonstrated in Figure 9. Data from four trials, involving 
4,564 seedlings of Pinus radiata inoculated with multiple isolates of Phytophthora 
cinnamomi, in an environment conducive to disease development, were collated to 
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FIGURE 9 
Development of a seedling disease scale . 
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FIGURE 9 (cont) 
Development of a seedling disease scale. 

A. frequency distribution of seedling deaths. 

B. disease codes based on 40 day interval of deaths. 

C. combining (B),with root assessment classes of surviving seedlings, 
to create the disease index. 

D. modified scale was formed by combining diseased seedling codes 3 ,4 in (C) 
to make mod.code 3 and dead seedling codes 5 ,6 in (C) to make mod.code 4. 

E. scale was further modified into : 
healthy (1 = 1 + 2 in (D)), 
diseased (2 = 3 + 4 in (D)), 
and dead (3 = 5 + 6 in (D)). 

illustrate the frequency distribution of seedling deaths (Figure 9A). In these trials, 
seedling death averaged 50%. As the initial classification was based on two classes, it was 
then logical to have an equal subdivision within the dead and alive major classes. Four 
classes could be easily defined from the 20 day record to have a 40 day interval with an 
approximate normal distribution (Figure 9B). 

Combining the four classes of alive seedlings (50%) and four classes of dead seedlings 
(50%) from this data creates the disease intensity scale with eight classes (Figure 9C). 
This empirically developed scale represents the continuous variation in disease expression 
of individual seedlings. 

Seedling disease intensity scale : 

Code 1 - healthy seedling, massive root system 

2 - healthy seedling, good root system 

3 - unhealthy seedling, sparse root system 

4 - unhealthy seedling, rotted root system 

5 - dead seedling, 180 days after inoculation 

6 - dead seedling, 120 days after inoculation 

7 - dead seedling, 80 days after inoculation 

8 - dead seedling, 40 days after inoculation 
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A fundamental assumption of the analysis of variance is that the re is a normal distribution 
of data for the individuals sampled (Sokal and Rohlf, 1981). This was achieved in 
Figure 9(D), by combining the codes 5 and 6 to create mod.code 4 and 3 and 4 to make 
mod.code 3. Seedlings in these classes were similar, either dying near the end of the 
experiment, or having a completely rotted root system and were on the point of death. 
Other conditions of the analysis of variance were met. Seedlings were randomly sampled 
and variances of families were homoscedastic. Analysis of variance on both the assigned 
codes (1 to 8) and modified codes (1 to 6) gave an identical partitioning of variance. 

The frequency distribution of classes in Figure 9(C) shows a clear separation of data into 
two populations, with an equal mixture of two normal distributions. Models are 
illustrated in Allard (1960) that depict this. However, by changing the character scale, 
different interpretations can be made. For instance, Figure 9(D) could represent the 
polygenic model showing high heritability and no dominance. By further compressing 
the central distribution of the scale (Figure 9C) so that codes 3. 4, 5 and 6 are unhealthy 
seedlings, and the extremes, codes 1 and 2 are healthy, and codes 7 and 8 are dead, a ratio 
of 1 : 2 : 1 is achieved (Figure 9E). This is the typical segregation ratio of Mendel 
(Strickberger, 1968). 

The choice of the empirical scale should remove environmental and other effects from 
the genetical analysis. The scale that is appropriate for the representation of variation in 
disease of one population under one set of glasshouse conditions may not be appropriate 
for a different population, given the same or different environmental conditions. One 
scale may be impossible, given our lack of understanding of gene action for this disease 
character. 

3.9 Heritability 

Genetic sources of variance are complex and difficult to measure and use. Many genes 
may effect a single response and many physiological conditions may interact to produce 
the composite trait of disease resistance. Genes cannot often be measured and are 
generally known only by their action on the trait being measured. The trait can be 
manipulated in a designed experiment to separate out the ,·ariation caused by genetic 
effects, from other unidentified sources. 

For genetics experiments, the family groups are the experimental sources of variance that 
can be controlled and analysed. The degree of relationship and the strength of the genetic 
effects determine the physical distinctiveness of the family groupings. By knowing or 
controlling the degree of relationship, gene effects can be studied by measuring the 
similarity of family members. If variation is largely the result of gene effects then close 
relatives like parent-offspring or sib-sib will be very similar, as compared with unrelated 
pairs. If both parents are common between sibs (full-sibs), the covariance is higher than 
if only one parent (half-sib) is the same. In turn, the half-sib covariance is higher than 
for more distantly related pairs. The genetic variation is reflected in the variation 
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between family groups, which increases as the covariances of relatives increase within 
groups. Genetic variances can then be estimated from the known genetic covariances of 
the constructed family group. 

Selfing in mature stands of P. radiata is most likely to be insignificant (Moran et al., 1980). 
Bannister (1965) has shown that many trees have an equal chance of contributing pollen; 
as the density of the stand decreases, the proportion of pollen provided by neighbour trees 
increases. Bannister concluded that if a species is self-fertile , the breeding system may 
range from strong outcrossing in dense stands, through various proportions of outcrossing 
and selfing, to complete selfing in isolated individual trees. While open-pollinated seed 
is inexpensive, a_nd is an easy and rapid progeny test medium, an element of uncertainty 
is introduced in the genetical analysis because of the possible variable rates of sib 
comparisons. 

Heritability is an index which reflects the amount of genetic variation in the population 
relative to the total (genetic plus environmental) variation. To the tree breeder, it serves 
as a partial indication of the genetic gain possible in a certain trait. Hanson (1963) 
considers heritability important in quantifying whether progress from selection is 
relatively easy, or difficult to make in a breeding programme. Some knowledge of 
heritabilities is basic to the efficient operation of breeding programmes, particularly in 
the choice of breeding methods to use (Wright, 1962). 

Heritability can be estimated in either of two ways. The most direct estimate is derived 
from parent/ offspring regressions and correlations. This is not applicable to our situation 
as the selected Pinus radiata parent trees were not growing in a Phytophthora cinnamomi 
environment. The other method is to establish progeny tests with standard statistical 
designs, and to compute the genetic variances from an analysis of the experimental 
variances. 

The glasshouse experiments we used had a randomised complete block design, or a slight 
modification of this. Components of variance and expected mean squares have been 
computed from the analysis of variance at the individual tree level and for family plots 
(Table 15). Most of the trials had no missing values. In trials with missing data, 
k coefficients for unequal subclass numbers were computed by the method of Harvey 
( 1960). Standard errors of individual heritabilities were calculated according to Swiger 
etal. (1964). 

Phenotypic variance and narrow sense heritability of P. cinnamomi disease resistance in 
Pinus radiata were calculated as: 

62 
p = phenotypic variance 

= 62
w + 62

fu + 62
f 

62 
A = additive genetic variance 

4 
, 2 = 0 f 

The variance component 62
f is due to family groups, 62fu is due to the interaction of 

replications and families, and 62
w is due to differences among trees \Vithin plots . The 
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size of 62c is due to differences between the family groups. The female parent ( cone tree) 

is wind pollinated by a large number of male parents (pollen trees) so that the family 

groups are half-sib relatives. Therefore the variance component is equivalent to the 

covariance among half-sibs (Becker, 1975). True half-sibs have a coefficient of 

relationship (r) of 1
/4 (Falconer, 1960)., The variance component 6\ estimates one 

quarter of the additive genetic variance, while the 62
w estimates the remainder of the 

genetic variance, plus all of the environmental variance (Becker, 1975). 

h21 = heritability, narrow sense, individual. 

= 

= 

= 

additive genetic variance 

variance of individual tree phenotypic values 

,2 
o A 
') 

6-P 

4 62
f 

,2 ,2 ,2 
Ow+Ofb+Of 

h2F = heritability, narrow sense, family mean 

= 

= 

. fraction of additive variance 

variance of family means 

62f 

62
f + 62fb/r + 6\v/nr 

(Falconer, 1960; Namkoong et al., 1966; Kung, 1972) 

Individual heritabilities are used to determine expected response from individual or mass 
selection; outstanding trees are selected according to their own individual phenotypic 
performance. Family heritabilities are used to determine expected responses from 
progeny test selection; superior trees are selected according to the performance of their 
progeny. 
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TABLE15 
Expected mean squares for the analysis of variance of populations in individual tests. 

1. multi-family pots 

Source of variation 

between families 

individuals in families 

2. single-family pots 

Source of variation 

between families 

between blocks 

families in blocks 

trees in plots 

3. host x pathogen studies 

Source of variation 

between families 

between inoculates 

between blocks 

family * inoculate 

families in blocks 

seedlings in plots 

d.f. 

f-1 

f(b-1) 

d.f. 

f-1 

b-1 

(f-l)(b-1) 

bf(n-1) 

d.f. 

f-1 

i-1 

b-1 

(f-l)(i-1) 

( f-1) (b-1) 

residual 
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Heritabilities were calculated from the hierarchal analysis of variance model for each 
intermating population in the natural and domestic population tests. A common 
intermating population was used for the field and host/ pathogen studies. 

The mating designs employed can be readily analysed by standard statistical procedures 
and interpreted into the components of variance of the design. To interpret these 
components genetically, Cockerham (1963) listed five assumptions which must be met: 

1. diploid and normal Mendelian inheritance 

2. lack of maternal effects 

3. no linkage of genes 

4. random sampling of candidates in populations 

5. sampling from non-inbred populations 

Regarding the validity of assumption 5, Moran et al. (1980)reponed that the overall rate 
of outcrossing in a thirty clone Pinus radiata seed orchard was at least 90%. The 
outcrossing rate is expected to be higher for the thesis studies of the South African and 
South Australian domestic populations, as seed was collected from plus trees (ortets) in 
plantations. However, the outcrossing rate may be lower in the natural stands of 
California, in particular in the small isolated population of Guadalupe Island. This will 
affect the coefficient of relationship (r) used to calculate the genetic variance 
components, lea~ing to inflated estimates of heritability. Bannister ( 1969) arbitrarily 
chose an (r) of 13.s to counteract the bias when the full requirements of the half-sib 
model could not be met. Some of Bannister's parent trees of P. radiata were isolated, or 
in small clumps, and these could be expected to be more hopiogeneous within themselves 
than families comprising half-sibs only. A similar (r) of 13.6 for open-pollinated seed 
was also used by Squillace ( 1974 ). 

Assumption 4 is wholly valid as there has been no selection for resistance to Phytophthora 
cinnamomi in the Pinus radiata parent trees. Parents in the domestic population studies 
were intensively selected for bole straightness, growth rate and small, flat-angled 
branching. In the natural populations, parent trees were selected at random (Eldridge, 
1978a). · 

For the other assumptions, P. radiata is a diploid tree (Pederick, 1967), and there is no 
evidence of linkage of genes associated with resistance. However, maternal effects are 
uncertain. Indications are that there is a maternal effect because of the surprising 
reliability of the open-pollinated families used in the studies. The maternal contribution 
is being examined in current studies. 

Heritability has been defined in two senses (Kempthorne, 1957). In the broad sense, 
heritability considers the total genetic variability (additive, dominance and epistasis) in 
relation to the phenotypic variability. It can be used by clonal propagation. In the narrow 
sense, heritability considers only the additive portion of the genetic variability in relation 
to the phenotypic variability. As such, it expresses the reliability of the phenotype as a 
guide to the breeding value. The concepts of additive and non-additive variance are based 
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on ideas about gene effects in a general sense. If genes at a certain locus always have the 
same effects regardless of what individual they are part of, they are said to act additively, 
or dependably. By contrast, if the effects of genes at a locus depend on what other genes 
are present in the same individual, then they are said to act in a non-additive manner and 
the effects are not dependable. 

The concept of heritability is simple, but there are many published reports where its 
calculation is unclear and it has been incorrectly applied (Namkoong et al., 1966). The 
particular estimate is a function of the experiment and it may be very different in a slightly 
different test. Therefore, when quoting heritability, it is necessary to include the 
pertinent details of experimental design and calculation procedures. The use of the 
estimate becomes ambiguous unless the unit of measurement, such as the individual, the 
average at a location or the plot mean, is stated precisely (Morley, 1963 ). 
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4.1 

CHAPTER4 

GENOTYPIC VARIATION IN RESISTANCE 
OF PINUS RADIATA 

TO PHYTOPHTHORA CINNAMOMI 

INTRODUCTION 

Earlier glasshouse studies of genotypic variation in the response of Pinus radiata to 
Phytophthora cinnamomi have shown that this is large, highly heritable and repeatable in 
the field (Butcher et al., 1984 ). From their tests of 49 families in the Western Australian 
breeding population, 9 were rated as tolerant and a further 13 families as moderately 
tolerant. These genotypes could be considered for deployment in seed orchards to 
produce seed having tolerance to P. cinnamomi as a major character. However, many 
more genotypes tolerant to .P. cinnamomi ar'e required for selection of a seed orchard 
population that is genetically_superior in growth.rate, stem and branchingform, and wood 
quality, in addition to tolerance to Phytophthora root-rot. 

The aim of the work described in this chapter is to examine the genetic variation in 
(a) the native Californian mainland and island populations, and (b) the major world 
domesticated populations of Pinus radiata, in response to inoculation with Ph_vtophthora 
cinnamomi. The glasshouse test and methods of assessment were improved considerably 
(Chapter 3) over the earlier reported studies. The genotype response is now tested 
against a number of isolates and there is now a greater precision in the estimation of 
genetic variances . 

The response test was conducted in the glasshouse. This has been shown to be repeatable 
. in_the field .. A second,.comprehensive field testis .described . . Production losses through 

death of planted seedlings and the effects of sub-lethal infections on increment are 
examined, and implications to man~gement are discussed. 
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4.2 NATURAL POPULATIONS OF PINUS RADIATA 

SEEDLING RESPONSE TO INOCULATION 
WITH PHYTOPHTHORA CINNAMOMI IN GLASSHOUSE TESTS. 

4.2.1 Introduction 

Pinus radiata, of unknown origin, was first introduced into Australia around 1860 and the 
first forest plantings were in the 1870s. Since then, more than one half million hectares 
have been planted in plantations around. Australia. 

It is possible that all of the Australian plantations are derived from a very few original 
exports from California. Provenance testing of the Monterey pine was never given any 
emphasis because the very restricted coastal distribution suggested that provenance 
variation would be unimportant. Eldridge (1978b) set out to redress this oversight by 
making large seed collections in all natural stands of the species. His concern was to 
introduce the best selections from the natural range of the species and to increase the 
variability of the genetic resource for future domestic breeding programmes of the 
world's most important pine tree. 

A principal objective of the Eldridge seed collection was" ... to provide a long-term and 
very variable stock of genetic variation in many traits, particularly in possible resistance 
to pests and diseases" (Eldridge, 1979). This valuable provenance seed has been used to 
study variation in salinity tolerance (Cromer et al., 1982) and variation in tolerance to 

_ .. western gall .rust (Old et al., .1986). -Individual .family -seed lots were -prnvided by the 
CSIRO, Division of Forest Research for this thesis study on the variability of the natural 
populations of P. radiata in response to inoculation with Phytophthora cinnamomi. 

4.2.2 Materials and Methods 

Each of the five native populations of Pinus radiata were sampled with 20 open-pollinated 
families. Sub-populations of the major Monterey population were also included at the 
suggestion of Dr. Eldridge, because of the variation found in the salt tolerance study 
(Cromer et al., 1982). The coastal and the inland Jack's Peak sub-populations, 
representing the major differences in physiographic conditions in Monterey, were 
selected for the study. Trees chosen for the mainland populations were more than 100 
metres apart, and where there was a choice, were larger and of better form than their 
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neighbours (Eldridge, 1978b), while the two island collections were mostly from 
randomly selected trees (Libby, 1978). 

The 120 provenance/family seedlots, 50 seeds of each, except for Cedros Island families 
where there were 100 seeds, were stratified and sown in seedling trays in March 1983. 
Initial germination was variable (Figure 10), ranging from 691c for the Guadalupe Island 
seed to 34% for the Cambria and Ano Nuevo seed. With time, germination of all 
provenances improved to average 40%, but there was considerable variation within the 
provenance groups (Figure 10). Because of the poor and variable germination, the 
proposed experimental design had to be substantially modified, from a single test to a 
combination of two tests. The Guadalupe Island provenance could not be included in the 
first test because of its protracted germination and lack of seedlings of comparable size 
to the others. Many of the seed did not germinate until 200 days after sowing. 

Natural Population Test (NPl): 

Number of 
Population Sub-population Families Seedlings 

Ano Nuevo 01-1 coast 10 16 

Monterey 02-1 coastal dunes 10 16 

Monterey 02-4 inland, Jack's Peak 9 16 

Cambria 03-2 town 10 16 

Cedros Island T ridge tops 10 16 

Experimental design 

7 x 7 balanced lattice, duplicated (t = 49, k = 7, r = 8) x 2. 

multi-family pot containing seven seedlings plus one susceptible family seedling, 
30004 or 60001. 

multiple-inoculum P. cinnamomi, using isolates (1), (2) , (4), (6), (7), (9), (10) 
and (11), (Table 32). 

16 families common with NP2. 
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Germination of seedlings in natural populations of Pinus radiata, 
and numbers available for experiments. 
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Natural Population Test (NP2) : 

Number of 
Population Sub-population Families Seedlings 

Ano Nuevo 01-1 coast 12 

Monterey 02-1 coastal dunes 12 

Monterey 02-4 inland, Jack's Peak 12 

Cambria 03-2 town 12 

Cedros Island T ridge tops 12 

Guadalupe Island L ridge 12 

Experimental design 

complete randomised block of 72 families in 6 replications, (t = 72, r = 6). 

multi-family pot containing 8 seedlings. 

6 

6 

6 

6 

6 

6 

multiple-inoculum P. cinnamomi, using isolates (1), (2), (4), (6), (7), (9), (10) 
and (11), (Table 32). 

Natural Population Test (NP3) : 

Population Sub-population Number of Seedlings 

Ano Nuevo 01-1 coast 72 

Monterey 02-1 coastal dunes 72 

Monterey 02-4 inland, Jack's Peak 72 

Cambria 03-2 town 72 

Cedros Island T ridge tops 72 

Guadalupe Island L ridge 72 

Experimental design 

complete randomised block of 6 provenances in 9 replications, (t = 6, r = 9). 

single provenance pot containing eight seedlings. 

_ _ mu!tiple-inoculum P. cinnamomi, using isolates (1), (2), (4), (6), (7), (9), (10) 
and (11), (Table 32). 

Nate for NP3 : 

Late germinations of the Guadalupe Island seed enabled the implementation of the 
NP3 test. This test was necessary because the Guadalupe Island provenance was not 
well represented in the other tests. Seedlings were transplanted into the 
experimental pots in November, each pot containing one provenance, although the 
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family identity of positions were maintained. Families not used in the NP 1 and NP2 
tests, because of a lack of seedling numbers, were included in this test. The NP3 
pots were inoculated with eight isolates of P. cinmmw111i on the 11th January 1984, 
one month after the other tests were inoculated. 

PLATE3 
Transplanting of natural population seedlings of Pinus raJiaw into experimental pot 
positions. 

Labelled seedlings were transplanted into the NP 1 and NP2 experimental pot designs in 
August 1983 (Plate 3) . Seedlings were regularly fertilized with Aquasol liquid fertilizer, 
and pots were transferred to the Como glasshouse in October. Pine needle duff was 
collected from the Joondalup pine seed orchard in early November. was finely chopped, 
and spread over the surface of the pots for mycorrhizal inocula1ion. 

Pine plug inoculum was prepared for eight different isola1es of P. ci1111wno111i A2. 
according to the procedure outlined in Chapter 3(4). These were the same isolates used 
in the host x pathogen interaction s1udy reported in Chapter 5. Pois were flooded for two 
days prior to the inoculation on the 7th Decemher !WU .. .\n inoculurn plug for each 
P.cimwmomi isolate was buried in eight holes in each treatment pot (Figure .'i) . Poh 
were drained to field capacity two days later and the normal watering treatment was 
resumed. 

72 



r 

'. 

The glasshouse environment for the NPl, NP2 and NP3 tests was described in 
Chapter 3( 4) as the low moisture/ high temperature regime. About 500 ml of water were 
added to each pot twice weekly, although the volume added was never strictly controlled. 
Temperature was maintained below about 35°C by the use of evaporative coolers. 

Seedling heights were measured at the time of the inoculation, and then at 15 day intervals 
through to the end of experiments, 240 days after inoculation. Seedling deaths were also 
recorded. Surviving seedlings at the end of the experiments were each assessed for the 
degree of root-rotting (Chapter 3.7). 

4.2.3 Results 

Seedling heights varied considerably at the time of inoculation, both within and between 
populations (Table 16, Figure 11). Genetic variance accounted for 57% of the total 
variance in NPl and 59% in NP2. Variance due to blocking was also very large in NPl 
at 18%. This was explained by the planting of the tallest seedlings first in consecutive 
blocks so as to have similar size seedlings in the same pot. Because of their small size, 
this was not possible for the Cedros Island population. The heights of the Ano Nuevo, 
Monterey coast and Monterey inland seedlings were similar in NPl and were significantly 
taller than the Cambria seedlings (P < 0.001). Cedros Island seedlings were 100 mm 
smaller than the Cambria population (P < 0.001). In the second test, NP2, the Ano 
Nuevo seedlings were significantly taller than other mainland seedlings (P < 0.01). 
Seedlings from Monterey were smaller because of the protracted germination, while the 
delayed germination of the Guadalupe Island seedlings also contributed to their relatively 
small size. Cedros Island seedlings were very much smaller than any other population. 

The first seedling death occurred 21 days after the Phytophrhora cinnamomi inoculation 
treatment, in the susceptible family 30004 bait seedling. Disease developed rapidly in all 
treated pots, reaching its maximum expression about 100 days after the inoculation. The 
mortality rate in the Ano Nuevo population was very high and exceeded the rate of the 
susceptible family bait seedling (Figure 12). The pattern of disease development was 
similar for each population, although there were large and significant differences in the 
incidence of disease between populations. Disease incidence was analysed by grouping 
family seedlings into noncontiguous family plots of 4 seedlings in NPl, and 2 seedlings 
in NP2. Family plot percentage of mortalities were calculated and transformed into 
arcsin values for the analysis of variance (Table 17). The incidence of disease was low in 
the Cambria and both Monterey populations, while it was more than doubled in the Ano 
Nuevo population. The Guadalupe Island population was only represented in the NP2 
test and- showed a similar --high- incidence of dead seedlings . . This--observation was 
supported from data in NP3, showing similar high mortality of the Ano Nuevo and 
Guadalupe Island seedlings. The Cedros Island population was ranked with the Cambria 
and Monterey populations as having low mortality in each of the three tests, even though 
most of the Cedros Island seedlings had an unhealthy appearance. 
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TABLE16 
Analysis of variance and summary for seedling height growth of natural populations of 
Pinus radiata, prior to the inoculation with Phytophthora cinnamomi. 

NPI NP2 

Source d.f. variance s1g. d.f. variance 

within population 

Ano Nuevo 9 11474 *** 11 4511 
Monterey coast 9 6590 *** 11 4927 
Monterey inland 8 7225 *** 11 2693 
Cambria 9 3011 ** 11 2014 
Cedros Island 9 3368 ** 11 1026 
Guadalupe Island - - 11 2770 
between populations 4 409116 *** 5 132051 

within species 48 39880 *** 71 12079 
replication 15 38802 *** 5 2499 
residual 720 1222 355 1244 

- -- - --
Total 783 4312 431 3043 

Summary 

Initial mean height mm 
Population NPI NP2 
--

Ano Nuevo 177 a 155 
*** 

Monterey inland 174 a 129 b 

Monterey coast 173 a 124 b 
**:;: ** 

Cambria 159 140 
*** 

Guadalupe Island 98 
*** *** 

Cedros Island . 59 . 35 

* significant difference at 95% probability level, ** P < 0.01 , 
values followed by the same letter are not significantly different. 

*** P < 0.001 
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TABLE17 
Analysis of variance, family heritabilities and natural population summary for percent 
mortality of Pinus radiata seedlings (transformed into arcsin square root), 240 days 
after Phytophthora cinnamomi was applied. 

NPl NP2 

Source d.f. variance sig. d.f. variance · 

within population 
Ano Nuevo 9 573 11 2511 

Monterey coast 9 576 11 1473 

Monterey inland 8 503 11 1284 

Cambria 9 323 11 593 

Cedros Island 9 513 11 900 

Guadalupe Island - - 11 1841 

between populations 4 9594 *** 5 8228 

within species 48 1255 *** 71 1912 

replication 3 664 2 1809 

residual 144 322 142 688 
- - - --

Total 195 557 215 1102 

Summary 

NPl :'IJP2 

Population mortality h2F mortality h2F 
--

Cambria 14 a 0.18 13 b 0.18 

Monterey inland 20 a 0.13 24 be 0.35 

Monterey coast 20 a 0.56 30 C 0.53 
* 

Cedros Island 30 0.50 ?-_) C 0.27 

Guadalupe Island - 45 d 0.71 
** 

.. AnoNuevo . 53 0.35 54 d 0.70 

* significant difference at 95% probability level, * * P < 0.01, * * * P < 0.001. 
values followed by the same letter are not significantly different 
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About two thirds of the inoculated seedlings survived the infection with P. cinnamomi, 
although it was obvious judging on the height growth (Plate 4) that some seedlings were 
more diseased than others. The root system of each surviving seedling was subjectively 
assessed for the amount of disease and classified into one of four disease intensity classes. 
Class parameters were defined from a random sample of 30 seedlings per class: 

Disease intensity scale : 

1 heal thy seedling root mass 3.3 + 1. lg 

2 healthy seedling, root mass 22. + l.0g 

3 unhealthy seedling, root mass 0.7 + 0.3g 

4 unhealthy seedling, root mass 0.2 + 0. lg 

Healthy seedlings were easily distinguishable from unhealthy seedlings. Alive seedlings, 
two thirds of all seedlings inoculated, were divided into a healthy class ( codes 1, 2) and 
an unhealthy, or diseased class, (codes 3, 4) to give a better illustration of the amount of 
disease. Variation between the natural populations is illustrated in Figure 13, while 
within population variation is shown in Figure 14. The simple pie pictures (Figure 13) 
show an almost identical representation of disease for each population in both tests, even 
though different families constituted the population. 

The Cambria and Monterey populations were superior with more than 60% healthy 
seedlings, compared with 30% healthy seedlings in the Ano Nuevo and Guadalupe Island 
populations. Cedros Island population scored only 6% healthy seedlings. This contrasts 
with the earlier analysis (Table 17) on seedling mortality, where it ranked with the 
Cambria and Monterey populations on response to Phytophthora cinnamomi. The 
difference was in the very large number of survivors being classified as unhealthy. The 
majority of the Cedros Island seedlings had a severely rotted root system. Sketches, drawn 
by Lousia de Braganca, illustrate this for three Cedros Island seedlings in Figure 15. 

The non-parametric chi-square analysis was deployed as an independent assessment of 
the disease in natural populations, as a check to the analysis of variance, if the normality 
of data was questioned. Very large chi-square values were calculated for the NPl and 
NP2 tests (Table 18), concluding that there were highly significant (P < 0.001) differences 
among the natural populations in the amount of Phytophthora cinnamomi disease. The 
parametric analysis of variance test (Table 17) also indicated highly significant 
differences (P < 0.001) among natural populations. 
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PLATE 4 

Disease response of seedlings from the natural populations of Pi1111s rwliutu, 
240 days after inoculation with Phytophthora cimzarnomi. 
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PLATE 4 (cont) 

Disease response of seedlings from the natural populations of Pinus racliata, 
240 days after inoculation with Phytophthora cinnamomi. 
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FIGURE 15 
Illustrations of the root systems of diseased seedlings of Pinus radiuta, 
from the Cedros Island population. 
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FIGURE 15 (cont) 

Illustrations of the root systems of diseased seedlings of Pinus radiata, 
from the Cedros Island population. 
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FIGURE 15 (cont) 
Illustrations of the root systems of diseased seedlings of Pinus rudiata, 
from the Cedros Island population. 
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TABLE 18 
Chi-square test for the frequency of healthy, diseased and dead seedlings in six natural 
populations of Pinus radiata, 240 days after inoculation with Phycophthora cinnamomi. 

number of seedlings 

Population NPl NP2 

healthy disease dead healthy disease dead 

Ano Nuevo 50 14 95 23 6 43 

Monterey coast 97 31 30 40 8 24 

Monterey inland 90 25 29 42 10 20 

Cambria 109 30 20 53 9 10 

Cedros Island 10 102 46 5 47 18 

Guadalupe Island - - - 20 15 36 

--
P. radiata spp. 356 202 220 183 95 151 

calculated Chi-square: NPl = 291.6 NP2 = 162.1 

tabular Chi-square = 26.1 (d.f. 8, P < 0.001). Fisher and Yates, 1963. 

Frequency distributions of healthy, diseased and dead seedlings for the open-pollinated 
families in each population, in tests NPl and NP2, are presented in Figure 14. Families 
that were common to both tests are indicated. 

The remainder of the disease intensity scale was developed from the number of days taken 
for a seedling to die. Class intervals were derived from the disease development curves 
shown in Figure 12. 

Disease intensity scale: 

5 Dead at 240 days, after inoculation with P. cinnamomi 

6 Dead at 120 days, after inoculation with P. cinnamomi 

7 Dead at 60 days, after inoculation with P. cinnanzomi 

8 Dead at 30 days, after inoculation with P. cinnamomi 
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Table 19 lists the mean squares for the analysis of variance of the disease scale (1 to 8) 
and the natural population means, while Figure 16 shows the average disease values for 
each family. There were highly significant and consistent differences (P < 0.001) in 
P. cinnamomi disease intensity between the natural Pinus radiara populations in tests NPl 
and NP2. The Cambria population had the least disease development and its expression 
was uniform over the 20 families sampled in the NPl and NP2 tests. There was no 
difference between the coastal and inland populations of Monterey and they were only 
marginally less tolerant than the Cambria population. Both tests showed significant 
variation within the Monterey populations. 

The island populations had significantly more disease (P < 0.01), while the most 
susceptible was the Ano Nuevo population of the northern mainland. Significant within 
population variation to Phytophthora cinnamomi was found in both of the important Ano 
Nuevo and Guadalupe Island provenances. No differences were found within the Cedros 
Island population. 

Figure 17 shows that the disease scores were not normally distributed but skewed to the 
right. Normal distribution of data is a prerequisite to the analysis of variance. In a 
modified disease scale, codes 3 and 4 were given the same value as were the codes 5 and 6, 
resulting in a new scale ranging from 1 to 6 (Figure 17). This right skewed data was then 
transformed using square roots so that a normal distribution was achieved. Variance 
analysis of the transformed modified-disease codes has demonstrated significant 
differences (P < 0.001) within the Ano Nuevo, Monterey coast and inland, and 
Guadalupe Island populations, as well as between populations. Individual heritabilities 
were identical with the results of the analysis of the original disease codes (Table 19). 

The ranking of families for two variables, seedling height before inoculation and disease 
code, was tested for independence by the Spearman's coefficient of rank correlation. The 
rs for test NPl ( 49 families) was 0.30, approaching significance at the 95% probability 
level, and for test NP2 (72 families) was 0.17, not significant. This leads to the conclusion 
that ranking of families on disease intensity, following inoculation with P. cinnamomi, 
was independent of their initial seedling heights. 

Individual heritabilities for the P. cinnarnomi disease intensity in natural populations 
ranged from 0 to 1.35 (Table 19). Population heritabilities were dependent on the 
number of parent trees in the sample and the variation in their response to inoculation 
with P. cinnamomi. Lower values, generally, were recorded in the ten parent tree 
populations of NPl, compared with the twelve parent tree populations of NP2. 
Heritabilities were low in populations where there was little difference in family 
response. When variances were computed from the model for the Pinus radiata within 
species variation, individual heritabilities for the P. cinnamomi disease intensity were 
near unity, being 0.97 + 0.21 in NPl and 1.08 + 0.25 in NP2. However, these extremely 
high values need to be regarded with some scepticism as they involve separate and 
different intermating populations, thereby violating one of the assumptions of the 
genetical analysis (Cockerham, 1963). 
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TABLE19 
Analysis of variance, heritability and Pinus radiata natural population summary for 
disease intensity (scale 1 to 8), 240 days after inoculation with Phytophthora cinnamomi. 

NPl NP2 

Source d.f. variance s1g. d.f. variance 

within population 
Ano Nuevo 9 12.6 ** 11 17.4 

Monterey coast 9 7.1 * 11 10.5 

Monterey inland 8 12.2 ** 11 7.3 

Cambria 9 1.3 11 5.0 

Cedros Island 9 3.5 11 1.0 

Guadalupe Island - - 11 9.4 

between populations 4 162.8 *** 5 52.3 

within species 48 20.2 *** 71 11.5 

replication 15 7.4 ** 5 9.1 

residual 720 3.3 355 3.6 
- - - -

Total 783 4.4 431 5.0 

Summary 

NPl NP2 

disease disease 

Population code h2r h2F code h2I 

Cambria 2.5 a 0 0 2.3 0.57 + 0.45 

Monterey inland 2.7 a 0.56 + 0.34 0.72 3.2 b 0.38 + 0.41 

Monterey coast 2.7 a 0.28 + 0.23 0.55 3.3 b 0.84 + 0.50 ... 
Cedros Island 4.1 0.17 + 0.19 0.41 4.1 C 0 

Guadalupe Island 4.2 C 0.93 + 0.51 .. 
Ano Nuevo 4.8 0.30 + 0.24 0.57 4.6 C 1.35 + 0.55 

* significant difference at 95% probability level, * * P < 0.01, 
values followed by the same letter are not significantly different. 

*** P < 0.001. 
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4.2.4 Discussion 

Data from the three glasshouse tests have shown that there is considerable intra-specific 
variation in the disease expression of one-year-old seedlings of Pinus radiata to infection 
withPhytophthora cinnamomi. Seedlings from the Cambrian population consistently had 
less disease development than any of the other populations. Response of each of the 20 
families, constituting the population, was similar. The two sub-populations from 
Monterey gave a similar response and were only slightly more susceptible than the 
Cambrian provenance to the P. cinnamomi disease. However, in both of the Monterey 
populations, the intra-population variation was considerable. 

Populations from Ano Nuevo, Guadalupe Island and Cedros Island had a poor resistance 
to P. cinnamomi. Intra-population variation was large in the important Ano Nuevo and 
Guadalupe Island populations. Two families from Ano Nuevo, and from Guadalupe 
Island, were ranked in the top quarter for disease resistance, for all of the families in the 
natural population studies. 

Seedlings from the Cedros Island provenance nearly always had a severely rotted root 
system, although the number that died was similar to the tolerant Monterey populations. 
Few seedlings died because their shoots were considerably smaller than the other 
provenance seedlings and the transpiration requirement was reduced. Close examination 
of several surviving seedlings from the Cedros Island population at the end of the trial 
showed every root to be rotted, as well as the shoot collar and lower stem being 
discoloured by the infection with P. cinnamomi. The seedling tops were small, and the 
insignificant water demand did not provide the physiological stress to kill the seedling. 

Shelbourne et al. ( 1979) found that Cedros Island trees grew much more slowly than the 
other provenances at all sites in New Zealand. In the nursery, Burdon and Bannister 
(1973) reported that Cedros Island and Guadalupe Island seedlings developed a strong 
taproot growth at the expense of a fibrous root development, presumably as an adaptation 
to the low rainfall and exposure on the islands. Soils were developed from volcanic rock 
at Guadalupe Island, whereas the Cedros Island soils were mostly derived from 
sedimentary and metamorphic rocks (Libby et al., 1968). Eldridge ( 1978a) described the 
soils on Cedros Island as shallow and skeletal, and on Guadalupe Island as a well drained 
loam between the basaltic boulders. Rainfall is unreliable although fogs are prevalent in 
all seasons. Phytophthora cinnamomi was not recovered by Zentmyer ( 1977) from any 
native trees in undisturbed sites in California, or from undisturbed soils in southern 
California or Mexican avocado areas, but it was readily recovered from roots of trees 
brought into cultivation and affected with root-rot. He postulated that it was unlikely 
that P. cinnamomi was an indigenous fungus in this area. 

Guadalupe and Cedros are small isolated islands with precipitous coastlines. Guadalupe 
Island is uninhabited, and habitation on Cedros Island is limited to small fishing villages. 
From Zentmyer's data, and the nature of the islands, it is extremely unlikely that 
P. cinnamomi would be present. The most likely explanation for the high susceptibility 
of the island populations to the disease is that (a) tree populations have developed in 
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the absence of P. cinnamomi, (b) development of an unbranched rooting system in 
response to the low rainfall, and ( c) inherently low vigour of the Cedros Island population 
developed on infertile, shallow and dry soils. Differences between the populations in 
disease expression is largely due to the lower vigour of the Cedros Island seedlings. The 
low root regeneration potential of the Cedros Island population has resulted in a uniform 
response to P. cinnamomi infection. 

A uniform, tolerant response to P. cinnamomi inoculation was achieved for the Cambrian 
population. This could indicate a balance in the indigenous plant and pathogen 
populations (Segal et al., 1982). However, Zentmyer was certain that P. cinnamomi was 
not a native pathogen of southern California, and there have been no reports in the 
literature of any recoveries of the pathogen from the small Cambrian forest. The uniform 
response must be related to some other allied character. During seed collection early in 
the spring of 1978, Eldridge reported that many parts of the Cambria area were 
waterlogged after an unusually wet winter and some trees were wind thrown. The gentle 
slopes and almost flat terrain at Cambria allows more opportunity for the accumulation 
of water than on steep, well-drained slopes (Eldridge, 1978a). This factor was argued by 
Cromer et al. (1982) for greater salt accumulation in the soil profile and adaptation of the 
Cambria population to be more salt tolerant than the other populations. Adaptation to 
waterlogged conditions also infers a greater tolerance to flooding and a higher root 
regeneration potential. In the absence of evolutional selection to an indigenous 
P. cinnamomi pathogen, the most likely explanation of the increased and uniform disease 
tolerance, is the adaptation of the Cambria population to waterlogging conditions and an 
improved root regeneration potential. 

The tolerant response to P. cinnamomi infection was similar for both Monterey 
populations, even though the soil types were quite different. Forde (1966) considered 
that the Monterey and Cambria forests were ecologically similar, although the latter was 
reported in Cromer et al. ( 1982) to be subject to water logging. Chemically, the Monterey 
and Cambria trees have a similar turpentine composition, while the Ano Nuevo trees have 
a lower average -pinene content (Bannister et al., ( 1962). Variation within the Monterey 
populations was large, suggesting that the populations have developed in the absence of 
Phytophthora. 

Generally, the Ano Nuevo seedlings had a susceptible reaction to P. cinnamomi 
inoculation, although there was considerable intra-population variation. Ano Nuevo has 
the most rainfall, steep terrain and slightly heavier-textured soils, although soil depth 
rather than soil type is more important in determining the distribution of the pine tree 
(Forde, 1966). Evidence suggests that the Ano Nuevo population has developed in the 
absence of P. cinnamomi. 

Genetic variation within Pinus radiata has been considered as a hierarchy of three levels 
for this study; between populations, between individual trees in populations and 
between seedlings within parent trees. In these experiments, populations have been 
represented by less than 20 families, and families have been represented by 16 seedlings 

- in NPl and only 6 seedlings in NP2. Families common to both rests had a similar disease 
ranking. Data in Chapter 3(5) indicated that the same ranking would be achieved from 
a sample of 6, 16 or 40 seedlings. As population trees were sampled at random for this 
character (P. cinnamomi is not indigenous in the natural stands), the large and significant 
differences calculated in both the parametric and non-parametric tests, indicate that 
there are real provenance differences in resistance to P. cinnamomi. 
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Although the individual heritability for disease intensity in the Pinus radiata species was 
close to unity in both tests, its validity is questionable as the estimates of variances for the 
parent trees, were for trees sampled in different intermating populations. The large and 
consistent differences between populations and between parent trees, and the large 
sample size, were responsible for this large species heritability estimate. Heritability 
estimates for each intermating natural population varied considerably, due to the small 
sample size and the different response of the populations. The heritability was very high 
for the Guadalupe Island, Ano Nuevo and Monterey populations, where there was large 
intra-population variation, and was low for the consistent response Cambria and Cedros 
Island populations. 

Genetic variation in response to inoculation with Phytophrhora cinnamomi has been 
shown to be large between natural populations of Pinus radiara. Large responses between 
populations have also been reported for the Dothistroma pini disease ( Cobb and Libby, 
1968), western gall rust (Old et al., 1986), wood density (Nicholls and Eldridge, 1980) and 
salt tolerance (Cromer et al., 1982). In each case there was considerable within 
population variation that can be exploited. 
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4.3 DOMESTIC POPULATIONS OF PINUS RADIATA 

SEEDLING RESPONSE TO INOCULATION WITH 
PHYTOPHTHORA CINNAMOMI IN GLASSHOUSE TESTS. 

4.3.1 Introduction 

Tree breeding programmes for Pinus radiata have been in progress in Australia, New 
Zealand and South Africa since the early 1950s. In each case, programmes were based 
on "plus trees" ( outstanding phenotypes) selected from P. radiata planted in each 
particular country. Some of the New Zealand "850" selections were included in the 
Australian population, but neither the New Zealand nor the South African population 
contains any extraneous selections. No recourse was taken of the natural radiata stands 
in California, unlike the P. pinaster situation in Western Australia where plus tree 
selections in the native Portugal stands played such an integral role in the pinaster 
breeding programme (Perry and Hopkins, 1967). The large provenance variation in 
growth and form of P. pinaster (Hopkins, 1960), compared with P. radiata, could partly 
explain this. 

Major objectives of the Australian, New Zealand and South African tree breeding 
programmes are the same; i.e., increased growth rate, straight stems, small diameter 
branches and improved wood quality. Considerable progress in the improvement of these 
characters has been reported from each programme, for example, Pederick and Eldridge 
(1983), and Shelbourne et al. (1986). 

For the Western Australian programme, tolerance . to the Phytophthora .cinnamomi 
root-rot disease has been cited as a major objective (Butcher, 1986a). Excellent support 
has been given by the Research Working Group No.1 (Forest Genetics) of the Australian 
Forestry Council, in providing seedlots from the Australian population for screening. 
Results of the screening tests for populations from New South Wales, Victoria, South 
Australia, Tasmania, CSIRO-DFR, and APM forests in Victoria were given by Butcher 
and Stukely (1986). No single Australian population appeared to be different from the 
others in response to inoculation with P. cinnamomi; most of the variation was found 
within populations. The various Australian sub-populations could be considered as the 
same, which is not surprising as many clones are common to each programme and most 
of the nation's plantations have originated from seed collections in the southeast of South 
Australia. 

· The aim of this study is to examine the level of genetic variation within the major world 
land-races of Pinus radiata in their response to infection with Phytophthora cinnamomi. 
These races have been improved for a number of characters and they are an excellent 
source of genetic material for the Western Australian breeding programme. 
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4.3.2 Materials and Methods 

Domestic populations from Western Australia, South Australia, New Zealand and South 
Africa formed the study. 

The Western Australia parents were selected for their healthy appearance, superior 
growth rate and tree form from the Mundaring and Grimwade plantations. These 
selections were cloned and planted in the West Manjimup seed orchard. Seed for the 
study was collected from the individual mother trees, open pollinated in the 94 clone seed 
orchard. Standard test families (susceptible 60017, 20011, 60001 and tolerant 80007, 
60027, 60022) were open pollinated in this orchard. 

The South Australian population was represented by the "Super-80" series plus trees 
selected in the southeast region of the State (Boomsma et al., 1983). This was a recent 
extensive search to broaden the genetic base for future breeding activities. Selection was 
based on tree health, vigour and form, at an intensity of 1: 1000. Seed was collected from 
the open pollinated plus trees. 

Seedlots of the New Zealand population comprised both the "850" series and "268" series 
parents (Shelbourne et al., 1986). These open pollinated families were collected at the 
Kaingaroa and Waimihia seed orchards. 

Seed orchard pollinated clones, and wind pollinated plus tree seedlots were sent from 
South Africa for this study. Notes on these selections were given by Lange ( 1979). 

The study was designed as a nested analysis of variance (Sokal and Rohlf, 1981), where 
each major population ( 4) was subdivided into randomly chosen parent tree subgroups 
(21) and each family was replicated (20 inoculated + 10 control) using single tree plots. 
The test medium was a multi-family pot containing 7 different family seedlings and 1 
susceptible family 60017 bait seedling near the centre of each pot. One replication 
consisted of 12 plant pots; the inoculated test consisted of 240 pots and the control, 120 
pots. Family seedlots were stratified, sown into nursery trays, grown, transplanted into 
the experimental plant pots and moved into the Wanneroo glasshouse. The inoculated 
series pots were each inoculated with the same eight isolates of Phytophthora cinnamomi 
used in the natural population studies, in December 1983 (Plate 1 ). Control pots were 
treated identically, except that the infected plugs were first autoclaved. 

Thirty days after the inoculation, 8 ( of 240) seedlings of the bait family 60017 and 7 ( of 
1680) seedlings of the population families had died. There were no deaths in the control 
pots. Immediately after this assessment, a number of days of extreme high temperature 
and low humidity were recorded in the Wanneroo glasshouse, culminating with a 
thermohygrograph temperature recording of 47°C and humidity of 12% on the 
10th January. Seedlings in both control and inoculated pots were wilted, with browning 
of tops and collapse of tissue (Plate 5.2). An assessment of seedling health was made by 
me on my return from leave, 10 days after the disaster. In the inoculated pots, 15% of 
the seedlings were burnt and 6%were dead, while in the control pots 14% were unhealthy 
and 3% were dead. The test was continued, with assessments at 15 day intervals, but 
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detailed analysis of seedling height increments and deaths failed to give any consistent 
segregation of data. Families from the W.A. population that had previously been 
evaluated for tolerance to P. cinnamomi, were inconsistent in this test. There were also 
many deaths in the control uninoculated pots. Phytophthora cinnamomi had most likely 
been killed in the majority of pots. Theron et al. (1982) successfully used a hot water dip 
treatment of Pinus radiata seedlings to eradicate Phytophthora cinnamomi; similar 
conditions were inadvertently applied to our glasshouse test. Eventually, it was realised 
that all data from this test had to be ignored. 

Failure of this main study required that it had to be repeated. However, because of seedlot 
availability this was not possible. Experiment designs were modified and two tests were 
conducted in the following three years to acquire data on the genetic variability of the 
major domesticated populations. These test designs were : 

Domestic Population Test (DPl) : 

Number of Seedlings 
Population 

Sou th Africa 

South Australia 

New Zealand 

WA Standards 

Experimental design: 

Families 

22 

18 

5 

4 

(A) 

32 

32 

32 

32 

(A): 7 x 7 balanced lattice, repeated x 4 (t = 49, k = 7, r = 8). 

(B) 

28 

28 

28 

28 

Multi-family pot containing seven different family seedlings plus one 
seedling of susceptible 60017. 

(B): 7 x 7 quadruple lattice, (t = 49, k = 7, r = 4 ). 

Single family pot containing seven family seedlings plus one seedling of 
susceptible family 60017. 

(A) and (B) : Application of four isolates of P. cinnamomi per pot: ( 1 ), (7), (9) and 
(10) (Table 32). 
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Domestic Population Test (DP2) : 

(A) (B) 

Population Families Seedlings Families Seedlings 

Sou th Africa 12 16 10 40 

South Australia 12 16 6 40 

New Zealand 20 16 1 40 

WA Standards 5 16 4 40 

Experimental design: 

(A): 

(B): 

(A) and (B): 

7 x 7 balanced lattice, repeated x 2 (t = 49, k = 7, r = 8). 

7 x 5 completely randomised block (t = 35, r = 40). 

Multi-family pots with seven different family seedlings and one seedling 
of D655 per pot. 

Application of four isolates of P. cinnamomi per pot: (1), (7), (9) and 
(10) (Table 32). 

Seedlings were grown as previously described. Plant pots we re pas it io ned in large holding 
tanks (24 pots per tank), instead of individual pot containers, in the Como glasshouse to 

". • facilitate uniform moisture· control between ,pots. · Three days· prior to -inoculation, 
holding tanks were plugged, and filled with water to a depth of 8 cm at the centre of the 
tank. This depth saturated the soil volume of the treatment pots. Inoculum grown on 
pine branch-plugs, of four of the most virulent isolates of P. cinnamomi used in the 
host x pathogen tests (Chapter 5), were then buried to a depth of 8 cm in recorded 
positions in each pot. Pots were watered from the top after inoculation. The holding 
tanks were drained six days after inoculation and then normal watering was resumed. 

Pots in test DPl were inoculated on the 30th November 1984, when seedlings were about 
10 months old and 165 mm tall. Pots in the DP2 test were inoculated on the 
6th November 1986; pine seedlings were one-year-old and 280 mm tall. 

The glasshouse regime for these tests was the moderate moisture / temperature regime 
described in Chapter 3( 4 ). Pots were watered with about 1000 mls at least twice weekly, 
and glasshouse temperatures were maintained below 30°C. Evaporative coolers were set 
to automatic operation at a temperature of 25°C. Thermohygrograph records were 
maintained for the duration of both tests. 
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In both tests, seedling deaths were recorded at 20 day intervals through to the end of the 
experiments, 180 days after the inoculation. Heights of dead seedlings were measured at 
these periodic assessments and surviving seedling heights were measured at the end. The 
amount of disease was scored for the root systems of alive seedlings in the multi-family 
pots; this was not done in any single-family pot because of the possible observer bias. Any 
pot with no dead seedlings was tested for the presence of P. cinnamomi, either by the 
plating of inoculum plugs or seedling roots/collar. 

4.3.3 Results 

Before P. cinnamomi was introduced into the plant pots, there was significant variation 
in the heights of the one-year-old seedlings (P < 0.001). From the nesting of the analysis 
of variance, this family variation was partitioned into within population and among 
population effects (Table 20); both were shown to be highly significant (P < 0.001). 
Mixtures of seedling sizes with different competitive abilities in the multi-family pots 
could be expected to affect seedling response to infection with P. cinnamomi; i.e., small 
seedlings to be susceptible and large seedlings to be more able to withstand attacks on a 
larger root system. This association of seedling size and response to P. cinnamomi 
inoculation was tested by the Spearman coefficient of rank correlation. A negligible 
correlation of rs = 0.02 was calculated for the DPl test, indicating a complete 
independence of the rankings of family disease and initial seedling heights. This 
information was later used in the construction of the disease intensity scale for the 
single-family pots in the DPl(b) test. 

The moderate moisture/ temperature glasshouse regime used for the DPl and DP2 tests 
was conducive to maximum disease development. The progression of P. cinnamomi 

· disease, as the percentage of dead seedlings; is illustrated in Figures 18 and 19 for a range 
of Pinus radiata families. Note the comparable performance of the susceptible families 
20011 and 60017 in both tests, and contrast this with the pattern of the tolerant standards 
60027 and 80007. In test DP2, no seedlings of New Zealand family 268/323 died. Figures 
18 and 19 show that most of the susceptible seedlings die \Vithin 100 days of the 
inoculation. The rate of seedling death was used in the construction of the disease scale. 

Tables 21 and 22 show the incidence of disease, as the number of dead seedlings, 180 days 
after inoculation with Phytophthora cinnamomi. Data from the multi-family and 
single-family pot tests of DPl have been combined for the multi-factor analysis in 
Table 21. Four replications of noncontiguous family plots of 8 seedlings were formed to 
calculate plot mean mortality for the multi-family test. Mean mortality in the 
single-family test was based on 7 family seedlings in the same pot. Percentages were 
transformed to the arcsin square root of the number of dead seedlings for the analysis of 
variance. Variation in all factors was large (Table 21). The difference in contiguous 
versus noncontiguous family seedling plots was highly significant ( P < 0.001 ), 53 % death 
compared with 40%. The interaction of family and plot design was also significant 
(P < 0.05). Both results reflect the increased build-up of P. cinnamomi inoculum 
associated with susceptible families of Pinus radiata. The South African population had 
significantly less dead seedlings than the others (P < 0.001). The number of dead 
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TABLE 20 
Analysis of variance and summary for seedling height growth of domestic populations 
of Pinus radiata, prior to the inoculation with Phytophthora cinnamomi. 

DPl. DP2. 

Source d.f. variance s1g. d.f. vanance 

within population 
South Africa 21 8563 *** 11 62688 
South Australia 17 8229 *** 11 38372 
New Zealand 4 3705 * 19 27728 
W.A. standards 3 8266 *** 4 24486 
between populations 3 23506 *** 3 24915 

within species 48 8955 *** 48 38227 
replication 31 2051 * 15 11198 
residual 1488 1331 720 4426 

-- -- - --
Total 1567 1579 783 6627 

Summary 

Initial mean heigh r mm 
Population DPl DP2 

South Australia 173 a 271 b 

W.A. standards 169 a 279 b 
* 

Sou th Africa 168 a 297 
*** ** 

New Zealand 149 270 b 

* significant difference at 95% probability level, ** P < 0.01, *** P < 0.001. 

values followed by the same letter are not significantly different. 
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TABLE 21 
Hierarchal and split-plot analysis of variance, family heritabilities and domestic 
population summary for percent mo~tali!Y_ (arcsin square root transformed) of Pinus 
radiata seedlings, 180 days after inoculaoon with Phytophthora cinnamomi in DP1. 

Source d.f. Variance Significance 

within population 
South Africa 21 204-t *** 
South Australia 17 838 *** 
New Zealand 4 98-1- ** 
W.A. standards 3 6511 *** 

between populations 3 19264 *** 

Main plots. 
Design-pots (D) 1 15931 ** 
Replication (R) 3 844 
error 3 339 

Sub plots 
Family (F) 48 2884 *** 
FxD 48 355 * 
F *R 144 267 
error 144 232 

-- - -
Total 391 631 

Summary 

DPl Population Mortality 
') 

h-F 

Sou th Africa 33 0.87 

*** 
New Zealand 54 a 

W.A. standards 55 a 

South Australia 59 a 0.58 

* significant at P < 0.05, * * significant at P < 0.01, * * * significant at P < 0.001. 

values followed by the same letter are not significantly different. 
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TABLE 22 
Hierarchal analysis of variance, family heritabilities and domestic population summary 
for percent mortality (transformed into arcsin square root) of Pinus radiata seedlings, 
180 days after inoculation with Phytophthora cinnamomi in DP2. 

Source d.f. Variance Significance 

within population 
South Africa 9 783 *** 

South Australia 5 610 ** 

New Zealand 14 775 *** 

W.A. standards 3 3670 *** 

between populations 3 5619 *** 

within species 34 146-+ *** 

replication 4 386 * 

residual 136 145 
-- - -
Total 174 408 

Summary 

DP2 Population Mortality 
,, 

h-F 
--

South Africa 35 0.82 

*** 
New Zealand 50 a 0.84 

W.A. standards 56 a 
* 

South Australia 65 0.64 

* significant at P < 0.05, * * significant at P < 0.01, * * * significant at P < 0.001. 

values followed by the same letter are not significantly di ff ere n r. 
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seedlings in the South Australian, New Zealand and W.A. standards populations were 
similar. There was significant variation between families within each of these 
populations. Variation between the twenty two South African families ranged from 8 to 
60% (average 33 arcsin mortality), 39 to 76% (average 59) for eighteen South Australian 
families, and 37 to 65% (average 54) for five New Zealand "850" families. The calculated 
family mean heritability of 0.87 for South Africa and 0.58 for South Australia were very 
high, and similar to the test values of the Western Australian breeding population 
reported in Butcher et al. (1984 ). Heritabilities were not calculated for the New Zealand 
population as it was inadequately sampled, or for the W.A. standards as these parents 
were selected for their response to P. cinnamomi. 

In the second test DP2(b ), the 40 single seedling family plots were combined to form 5 
noncontiguous family plots of 8 seedlings, to calculate family mean mortality for the 
analysis of variance. Genetic variation was again very large (Table 22). The South 
African population had significantly fewer dead seedlings (P < 0.001) than the New 
Zealand population, which had less dead seedlings than the South Australian population 
(P < 0.05). Family variation within each population was highly significant (P < 0.001), 
ranging from 20 to 54% (average 35 arcsin mortality) for the ten South African families, 
31 to 69% (average 50) for the fifteen New Zealand families, and 44 to 73% (average 65) 
for the six South Australian families. Family mean heritabilities were calculated as 0.84 
for New Zealand and 0.82 for South Africa. Note that different families constituted each 
population, apart from the W.A. standards, in the DPl and DP.2 tests. 

TABLE 23 
Root weights of Pinus radiata seedlings from the subjective assessment and classing of 
root systems in DPl and DP2 tests. 

Disease code 

1 
2 
3 
4 

healthy 
diseased 

root weight (mean and standard deviation) 
DPl DP2 

2.9 + 0.8 g 
1.5 + 0.5 
0.9 + 0.4 
0.5 + 0.3 

2.2 + 1.0 g 
0.7 + 0.4 

-t.4 + 1.8 g 
2.5 + 0.8 
1.1 + 0.4 
0.5 + 0.2 

3.5 + 1.7 g 
0.8 + 0.7 

Seedling root weights, calculated from a random sample of 30 seedlings for the four 
subjective assessment classes in DPl and DP2, are shown in Table 23. Classes 1 and 2 
had a large root mass and were clearly separated from the small weights of the diseased 
seedling roots M classes 3 and 4. These combinations were used to represent healthy and 
diseased seedlings in Figure 20. 
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TABLE 24 
Chi-square test for the frequency of healthy, diseased and dead seedlings in three 
domestic breeding populations of Pinus radiata, 180 days after inoculation with 
Phytophthora cinnamomi. 

number of seedlings 

Population DPl. DP2. 
healthy disease dead healthy disease dead 

Sou th Africa 336 169 199 155 134 143 

South Australia 144 107 325 34 53 249 

New Zealand 30 45 45 127 170 372 

P. radiata spp. 510 321 321 316 357 764 

calculated Chi-square DPl = 132.1 DP2 = 141.0. 

tabular Chi-square = 18.5 (d.f. 4, P < 0.001). Fisher and Yates, (1963). 

The South African population consisted of 704 seedlings in test DPl, and 432 different 
open-pollinated family seedlings in DP2; 48% and 36% respectively were assessed as 
healthy (Figure 20). This contrasted with the 25% and 10% healthy assessment for the 
South Australian population of 276 seedlings in test DPl, and 336 different 
open-pollinated family seedlings in DP2. There were 19% healthy seedlings in both tests 
of the New Zealand population, from a total of 160 seedlings inoculated in DP1, and 669 
different open-pollinated family seedlings in DP2. Chi-square test of this data (Table 24) 
was highly significant (P < 0.001), showing conclusively that there were differences 
between the domestic populations in their response to inoculation with P. cinnamomi. 

Family differences within each population for the percentage of healthy, diseased and 
dead seedlings are illustrated in Figures 21 and 22. 

Scales were developed to represent the continuous variation in disease of individual 
seedlings. One end of the scale was fixed by the four root assessment classes of the alive 
seedlings, and the other end was derived from the seedling death assessments carried out 
at 20 day intervals during the experiments. 

The frequency distribution of the 56% alive seedlings and 449c dead seedlings in DPl is 
shown in Figure 23. These had an approximately normal distribution, but there were too 
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FIGURE 23 (cont) 
Frequency distribution and development of the disease intensity index for test DPl. 

A. distribution of alive and dead seedlings. 

B. root assessment classes of the alive seedlings. 

C. frequency distribution of dead seedlings. 

D. disease codes for dead seedlings, based on 40 day intervals. 

E. combination of the alive and dead classes to create the disease intensity index. 

many class intervals in the dead seedlings (C) for the analysis scale. Class intervals were 
condensed to deaths in 40 day periods in Figure 23(D). The disease scale, 1 to 8, is a 
combination of the alive (B) and dead (D) seedling scales (Figure 23 E). Variances of 
family means using this scale were found to be homogeneous by Bartlett's test (Sokal and 
Rohlf, 1981). Table 25 lists the results of the analysis of variance for the disease scale. 
Consistently large significant differences (P < 0.001) were calculated, within and 
between populations. The South African seedlings had significantly less disease 
(P < 0.001), while disease levels in the South Australian, New Zealand and WA standards 
were similar. Family variation in disease intensity is graphed in Figure 24. 

The disease scale for the single-family pots in DPl could not be constructed from the 
assessment of root systems because of the potential error introduced through assessor 
bias. The alternative scale, based on seedling height increment after inoculation with 
P. cinnamomi was used. Analysis of initial height (Table 20) indicated that there was 
considerable variation between families. Family variances were homoscedastic and 
disease classes were based on these variance intervals. Because the South African 
population had the least disease in the multi-family pot analysis, this population was used 
as the benchmark of the scale. Seedling disease was assessed using the following height 
increment classes: 

Disease intensity scale (height): 

Code 1 Alive at 180 days 

Code 2 Alive at 180 days 

Code 3 Alive at 180 days 

Code 4 Alive at 180 days 

mean + 1 std. dev. 

mean to + 1 std. dev. 

mean to -1 std. dev. 

mean-1 std. dev. 

> 295 mm 

200 to 290 mm 

105 to 195 mm 

< 100 mm 

The remainder of the disease scale (5 to 8) was allocated as for the dead seedlings in the 
multi-family pots. Variance analysis of this height-disease scale in test DP1(b) is shown 
in Table 25. Differences between and within populations were large. Blocks in 
replication, or seedling positions in pot, were also significant ( P < 0.001 ), with more 
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TABLE 25 
Hierarchal and split-plot analysis of variance, heritability and domestic population 
summary for disease codes of Pinus radiata seedlings, 180 days after inoculation with 
Phytophthora cinnamomi in test DPl. 

DPla DPlb 

(root code) (height code) 

Source d.f. variance s1g. d.f. vanance 

within population 
South Africa 21 24.9 *** 21 36.2 

South Australia 17 19.7 *** 17 15 .3 

New Zealand 4 28.7 *** 4 6.7 

W.A. standards 3 81.3 *** 3 117.3 

between populations 3 246.9 *** 3 285.7 
--

main plots 
within species 48 40.8 *** 48 47.0 

replication 31 7.8 ** 3 17.3 

error 1488 4.0 144 6.8 

sub-plots 
seedlings in pots - - 6 14.1 

error - - 1170 2.9 
-- - -- -

Total 1567 5.1 1371 4.9 

Summary 

DPla DPlb 
disease 

.. 
disease 

Population code h21 h2F 
~ 

code h-1 

South Africa 3.4 0.58 + 0.18 0.85 4.1 0.99 + 0.26 ... . .. 
New Zealand 4.6 a 5.1 b 

W .A. standards 4.8 a 5.4 b 

South Australia 4.8 a 0.39 + 0.16 0.78 5.8 0.33 + 0.12 

* significant difference at 95% probability level, ** P < 0.01, *** P < 0.001. 

values followed by the same letter are not significantly different. 
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FIGURE 25 (cont) 

Frequency distribution and development of the disease intensity index for test DP2. 

A. distribution of alive and dead seedlings. 

B. root assessment classes of the alive seedlings. 

C. frequency distribution of dead seedlings. 

D. disease codes for dead seedlings, based on 20 - 40 day intervals. 

E. combination of the alive and dead classes to create the disease intensity index. 

F. modified disease scale was formed by combining disease codes 4, 5, 6 in (E) 
to make the new code 4; this scale has a normal distribution. 

disease in seedling positions adjacent to the bait seedling. Variation within the South 
African population was increased as there was greater separation between the tolerant 
and susceptible families. Conversely, the variation within the South Australian 
population was diminished because of the greater susceptibility of these families. 
Ranking of the families was essentially the same using either disease code; Spearman's 
rank correlation coefficient was calculated as 0.99 for the 49 families. 

There were more dead seedlings (55%) than alive seedlings in the DP2 tests. Frequency 
distributions are shown for the root assessment (Table 23) of surviving seedlings and for 
the seedling death assessment, in Figure 25. Data for dead seedlings (C) were 
compressed into 5 classes, forming a normal distribution (Figure 25 D); the additional 
class was included for the dead seedling scale because of the greater incidence of disease 
in this trial. The composite disease scale from 1 to 9 is shown in Figure 25(E); this was 
formed by combining (B) and (D). 

Variance analysis for the disease intensity scale is shown in Table 26 for both experiments 
forming the DP2 test. Genetic variances were very large . In both experiments, the South 
African population had significantly less disease than the New Zealand population 
(P < 0.001), which in turn was significantly less diseased than the South Australian 
population (P < 0.001). The family variation in disease within each population was 
considerable (P < 0.001). This is illustrated in Figure 26. 

The disease scale (Figure 25 E) was modified to create a scale with a normal distribution 
of disease (Figure 25 F). Disease code 4, the most diseased class of the surviving seedling 
scale (B), and codes 5 and 6, seedlings that died near the end of the test (D), were 
combined to form the single code 4 in the modified disease scale shown as Figure 25(F). 
Analysis of variance for this scale gave the same results as for the analysis of the seedling 
disease scale (Figure 25 E). Genetic variances were both 31 o/c of the total variance and 
differences between and within populations were all highly significant (P < 0.001). 
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TABLE 26 
Hierarchal analysis of variance, heritability and domestic population summary for 
~ of Pinus radiata seedlings, 180 days after inoculation with Phytophthora 
cinnamomi in test DP2. 

DP2a DP2b 

Source d.f. variance sig. d.f. variance 

within population 
Sou th Africa 11 15.8 *** 9 23.0 

South Australia 11 14.6 *** 5 21.1 

New Zealand 19 25.9 *** 14 27.5 

W.A. standards 4 49.5 *** 3 128.9 

between populations 3 193.7 *** 3 203.9 

within species 48 33.4 *** 34 49.9 

replication 15 7.0 *** 23 12.3 

residual 720 4.3 782 3.6 
-- - -
Total 783 6.1 839 5.7 

Summary 

DP2a DP2b 

disease disease 

Population code h2
1 h2

F code h2
1 

South Africa 3.3 0.75 + 0.33 0.79 4.0 0.82 + 0.36 ... . .. 
New Zealand 4.5 0.92 + 0.29 0.83 5.3 0.75 + 0.28 ... 
W.A. standards 5.3 a 5.8 .. 
South Australia 5.6 a 0.43 + 0.25 0.66 6.5 0.69 + 0.44 

* significant difference at 95% probability level, ** P < 0.01, ** * P < 0.001. 

values followed by the same letter are not significantly different. 

120 

s1g. 

*** 

*** 

*** 

*** 

*** 

*** 

*** 

h2
F 

0.85. 

0.85 

0.83 



IZI 

·z:da 1s;;)] u_1 _,woumuuJJ VJOl-(Jl-(do1ll-(J 4l!M UO!lB{n:>OU! 1g1Jr. sAr.p 081 'vmJpv1 
.rnu!d JO suO!lP.!ndod J!}S;,)wop rnfuw g41 U! sgmweJ JOJ Al!sug1u! gsr,gs!P 'auqpggS 

pu·e1·eaz MaN 

___,,1n-,....,_,..i.,.,....,...,,.-.:.'-,;:~~v,r;:'v',r:v-~--.i,;,rt"<:rr1i:rrtr.:-'r:r►.tr-►.,q~~rr,:r-r' 0 . l 

' ', 
' ~~ 
·, 

. ' 
:·~ ·. t--:·~ /~ i...:.J i...:.J '-'--' 

s·z 

I 
L~•<o 
IL 7 
I 
I 
[..0 ·3 

0
•Q 

\..J' 

c:' _,. 
T .. 
p 

a 
s 
·e 
a 
s 
I 
p 

a 
s 
·e 
a 
s 
1 
p 

J 



The South African population has provided significantly more "tolerant" trees than the 
others to dev.elop a breed of radiata pine that has resistance to the P. cinnamomi disease 
(Table 27). Priority should be given to screening of the South African population to ,, 
rapidly increase the number of tolerant selections for the new breed. 

TABLE 27 
Chi-square test for the number of Pinus radiata families in Phytophthora cinnamomi 
disease response classes, for the major domestic breeding populations. 

number of families 
Population DPl DP2 

tolerant average susceptible tolerant average susceptible 

South Africa 12 9 1 8 4 0 

South Australia 1 5 12 0 5 7 

New Zealand 1 2 2 7 6 8 

P. radiata spp. 14 16 15 15 15 15 

calculated Chi-square DPl = 20.0 DP2 = 14.8 

tabular Chi-square = 18.5 (d.f. 4, P < 0.001), 13.3 (P < 0.01). Fisher and Yates, 1963. 

The individual narrow sense heritabilities, calculated for seedling disease intensity, were 
very large and consistent. They were calculated as 0.58, 0.99, 0.75 and 0.82 for the South 
African population, 0.39, 0.33 and 0.43 for the South Australian population, and 0.92 
and 0.75 for the New Zealand population (Tables 25 and 26). These lar¥e an2 apparently 
anomalous values were due to the use of the half-sib covariance ( /4 6 A) in the 
numerator of the heritability equation. Obviously, from Figures 27 and 28, the expression 
of disease in the half-sib families was too predictable for seedling groups where only the 
mother tree was common. This was further supported (Chapter 3.5) by a small family 
sample of 6 seedlings giving the same result as a family sample of 40 seedlings. The 
pollinator appears to be of little consequence. 
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4.3.4 Discussion 

Results have shown that there is tremendous genetic variation in resistance to 
Phytophthora cinnamomi, in the principal world domesticated populations of Pinus radiata 
and that it is very highly heritable. Consistency of results for the glasshouse screening 
method has been demonstrated by the similar performance of the genetic standards, in 
these and in all other tests. 

Seedlings from the South African population have consistently shown a greater degree 
of resistance to Phytophthora cinnamomi, than have seedlings from New Zealand and 
South Australia. Variation within the South African population, and indeed for the 
others, was also very large. The South Australian population had double the number of 
dead seedlings compared with the South African population. This result was repeated in 
the second test using a completely different set of families to constitute the populations. 
Again, variation within the populations was very large. 

The resistant response versus the susceptible response of these two populations could be 
indicative of a population change brought about by selection for the character. However, 
in neither case was selection of plus trees made in diseased forest areas. Phytophthora 
cinnamomi is not considered to be a problem in plantations in either country. From South 
Africa, Van der Sijde (personal communication, 1983) has said " ... although P. cinnamomi 
is present in most of our forest areas, it seldom causes problems in our plantations albeit 
severe damage does occasionally occur in poorly managed tree nurseries". There may 
have been indirect selection for this character as plus trees had to be healthy crowned and 
vigorous. Von Broembsen (1984 a and b; 1987) has shown that P. cinnanwmi is 
indigenous to the southwestern Cape Province in South Africa and is in Pinus radiata 
plantations where plus trees were selected. 

Contrary to this, Davison and Bumbieris ( 1973) were confident that Phytophthora 
cinnamomi was not present in the Southeast plantations of South Australia, the source of 
the South Australian plus trees in this study. The difference in response to P. cinnamomi. 
by South African and South Australian seedlings could reflect an indirect selection for 
this disease character. The large variation within the South African population suggests 
that this indirect selection was not complete. 

Another explanation for these observed population differences could be the selection of 
plus trees for health and vigour on marginal sites. The South Australian plus tree 
selection was extensive, and was concentrated on the highest site quality stands developed 
on deep yellow sands. Selection intensity was 1 in 1000, or the best tree per hectare 
(Boomsma et al., 1983). A more intensive selection was practised in South Africa and a 
tree had to be outstanding in vigour and tree form in comparison to its neighbours to be 
included in the programme; there was also interest in trees which were adapted to 
marginal sites (Lange, 1979). This supposition is supported by Western Australian data, 
where a higher frequency of plus trees selected on marginal plantation sites at Grimwade 
were rated as tolerant toP. cinnamomi in glasshouse tests, compared with selections from 
more fertile sites. In addition, many more families from the intensive New Zealand "850" 
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selections were classed as tolerant, compared with the low intensity 1126811 selections 
conducted in the fertile volcanic soils of the Kaingaroa forest. 

A final explanation infers the origin of Pinus radiata for the domesticated populations. 
Data from the natural population tests have shown large variations between the major 
provenances in their response to Phytophthora cinnamomi inoculation. The Cambrian 
provenance was the most tolerant and also the least variable. The Monterey provenance 
had a similar tolerance, but there was also considerable variation between the individual 
families within the population. The Ano Nuevo provenance was susceptible, with more 
than double the number of dead seedlings compared with the Monterey and Cambrian 
provenances. Variation within the susceptible Ano Nuevo population was very large. 
Because of their isolation, the Islands can be ignored as a gene source of the domestic 
populations. The origin of Pinus radiata in South Africa is uncertain, but Poynton ( 1977) 
reasoned that the Monterey provenance predominated. Moran and Bell (1987), using 
isozyme techniques to identify the source of Australian P. radiata, concluded that the 
Monterey and Ano Nuevo populations were probably the major source of the original 
introductions. There is no evidence that the Cambrian population formed any part of the 
original introductions to Australia, New Zealand or South Africa. 

Greatest rewards were achieved from the South African population. Sixty percent of the 
selections tested were found to have an acceptable degree of resistance to Phytophthora 
cinnamomi. This compared with 30% for the New Zealand population, and only 3% for 
the South Australian "Super 80" series population. The most resistant family (268/323) 
was found in the generally susceptible New Zealand "268" series population. This suggests 
that no population should be ignored in the search for genotypes to develop a wide genetic 
base population that has resistance to P. cinnamomi as a major trait. 

Genetic variation in resistance to P. cinnamomi was independent of the vigour of the 
seedling. Spearman's tests have shown that there was no correlation between the ranking 
of families on their height before inoculation, and disease response. Family heights of 
seedlings in the glasshouse have been correlated with.the four to five-year growth of young 
trees on disease-free sites. In the absence of any genetic correlation between disease 
resistance and vigour, the implication is that breeding for disease resistance will have no 
effect on the vigour of the population used on disease-free sites . 

Cotterill and Zed (1980) have shown that height and diameter were strongly and 
positively correlated, and both were similarly correlated with stem straightness. Breeding 
for disease resistance should have no deleterious effects on the stem straightness of the 
population. On a diseased site, there is a strong positive correlation between disease 
resistance and height and diameter growth. A positive correlation with stem straightness 
is also expected as trees will be more stable associated with a less rotted root system; trees 
with a rotted root system are unstable and are subject to butt and stem sweep. 

Root regeneration capacity has been suggested earlier in this manuscript as a possible 
mechanism for disease resistance. Studies by Nambiar et al. (1982) have shown that Pinus 
radiata rooting characters were highly heritable. They have found that family 50048, 
which is one of the fastest growing first generation selections in Australian breeding 
programmes, was able to initiate more new roots than other families in their study, which 
included families 80055, 12038 and 10956. Families 50048 and 80055 have been classified 
as moderately susceptible to Phytophthora cinnamomi, and 12038 and 10956 were 
classified as tolerant (Butcher and Stukely, 1986). At a soil temperature of 14°C, root 
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initiation was similar for families 50048 and 12038 (Nambiar et al., 1982) and was 
significantly higher than for families 80055 and 10956. The ability to produce more roots 
is not a simple explanation for differential disease resistance. 

The moderate soil moisture/ temperature regime for the glasshouse environment gave 
maximum expression of the disease and variability of response for the different Pinus 
radiata families. Disease development in this environment was significantly greater than 
in an environment inducing stress. Vigorous healthy growth of the pine seedlings, and 
soil moisture and temperature conditions optimum for the growth of Phytophthora 
cinnamomi, have been defined as the ideal conditions for the glasshouse screening test. 

Phytophthora cinnamomi disease. expressed as the number of dead seedlings per family, 
was perfectly correlated with the disease intensity scores of indi\·idual seedlings. Family 
heritabilities for seedling mortality were 0.87 and 0.82 for South Africa, 0.58 and 0.68 
for South Australia, and 0.84 for New Zealand, calculated from plot means. Family 
heritabilities for disease intensity, calculated from individual seedling scores, were 0.85, 
0.87, 0.79 and 0.85 for South Africa, 0.78 and 0.55 for South Australia, and 0.83 and 
0.85 for New Zealand. 

The individual narrow sense heritabilities for seedling disease intensity \Vere calculated 
as 0.58, 0.99, 0.75 and 0.82 for the South African population. 0.39, 0.33 and 0.43 for 
the South Australian trees, and 0.92 and 0.75 for the New Zealand population, in these 
studies. The values are extraordinarily high and consistent for different family sets and 
environmental test conditions. The very high and very consistent individual and family 
heritabilities of these open-pollinated families, in which the male pollen parent was not 
controlled, has led to the supposition that the female cone parent contribution may be 
more important than that of the male. They were estimated for each intermating 
population on the assumption that progeny raised from open-pollinated seed orchard 
parents and pl,nration ortets were true half-sibs and therefore have a coefficient of 
relationship of /4 (Falconer, 1960). This assumption is correct for the plantation ortets 
and is realistic for the seed orchard parents (Moran et al .. 1980). Apparently the 
mitochondrial and chloroplast DNA has a greater proportional effect than nuclear DNA 
on the P. cinnamomi disease resistance of Pinus radiata. 

Cytoplasmic inheritance of this disease resistance can be confirmed by progeny testing 
reciprocal crosses of parents that are tolerant and susceptible for this trait. None of the 
tests reported in this manuscript were of this nature. Our first cytoplasmic inheritance 
study was inoculated with Phytophthora cinnamomi in December 1987. Control 
pollinations for a six parent complete diallel were commenced in July 1986 for a major 
cytoplasmic inheritance study. 

Data obtained by Langner ( 1952) indicated the occurrence of a cytoplasmic background 
of susceptibility to needlecaste in hybrid crossings of Larir decidua and L. leptolepis. 
Cytoplasmically inherited characteristics have not been utilised in tree breeding but are 
commonly used in hybrid corn breeding (Manion, 1981). 
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4.4 GENOTYPIC VARIATION OF PINUS RADIATA 
IN THE FIELD 

YOUNG TREE RESPONSE TO PHYTOPHTHOR4 CINNAMOMJ. 

4.4.1 INTRODUCTION 

Glasshouse inoculation tests with Phytophthora cinnamomi ha\·e been very effective in 
identifying families of Pinus radiata with high tolerance to this disease. The advantage of 
the glasshouse test is the control that can be exerted on the em·ironment, the pathogen, 
the seedling and any other factor that can cause variation in response. However, where 
possible, screening for resistance to fungal diseases should be carried out in the field. 
Russell (1978) lists two main advantages of field tests over glasshouse tests; much larger 
populations can be dealt with in the field, and plants are tested for resistance under 
natural conditions. 

The field test is important in the study of the host pathogen interaction in the natural 
environment, and its development with time and age of the tree. Intensive management 
practices, such as inter-row cultivation, clover pasture, fertilisation, pruning and thinning 
can all interact with the disease to affect the susceptibility of the host; these require field 
study. 

The two-year results of the first field test, reported in Butcher et al. ( 1984 ), showed a very 
high correlation of the field test family seedling mortalities with the glasshouse test. An 
additional field test, with a greater number of families and a control site, was established 
to provide the essential backup to the glasshouse test. This section reports on the six-year 
results of the two field tests. 

4.4.2 Materials and Methods 

Areas showing severe jarrah dieback symptoms in the native forest were chosen in the 
Donnybrook Sunkland for the field inoculated trial sites. Soils were described by 
McCutcheon (1978) as grey coloured, sandy at the surface, often becoming heavier in 
texture at depth, poorly drained and waterlogged for much of the year. One replicate of 
the FPl test was on a brownish-yellow, silty-clay loam soil of the valley floor. Chevis 
( 1984) reported that deaths amongst jarrah and Pinus radiata were highest on these soils. 
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The control site for the FP2 test was chosen on a yellow sand snil , high in the landscape. 
Its vegetation consisted of a healthy Banbiu grwulis and E11cuhprus mu,gi11uw m'erstory', 
and a healthy unJerstory containing Dwypogon hromeliw'.f<Jli11s and Pu//enaea rC'£iculuru. 

Test sites were windrow cleared, burnt and mound ploughed pritir to pegging of the field 
design . Plots were located within the windrow hays. 

Stratified seed of open-pol I inated families of Pi nus rwiiuw "as sown in open nursery beds 
at Wanneroo in September. Seedlings were labelled and lifted for transplanting to the 
field site in May/June. 

PLATE <> 

Field test site FPI in the Donnybrook Sunkl:111d. ten \\'eek ~ :1l t;:r pl:rntin~. 
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Field Population Test (FPl) : 

Experimental design 
Split-plot, (I = 2, F = 26, R = 21). 

2 Phytophthora cinnamomi inoculum levels (natural inoculum, natural plus applied 
inoculum). 

26 Pinus radiata families (6 tolerant, 6 mod-tolerant, 4 average, 6 mod-susceptible, 
4 susceptible) . 

21 single-tree-plot replications. 

Seedlings completely randomised in the principal factor blocks. 

Hand planted in May 1980, at the normal plantation spacing of 3.5 m x 2.5 m. After 
planting, each seedling received 100 g of an N-P fertiliser, and was later treated with 
a foliar spray containing Zn, Cu and Mn trace elements. 

Phytophthora cinnamomi A2 isolate (318) was applied in September 1980, 17 weeks 
after the seedlings were transplanted, by burying 4 inoculum plugs adjacent to the 
treatment seedling (Plate 7) 

In the FPl test, treatment numbers were increased by the inclusion of seedlings 
from Pinus radiata, P. pinaster and P. taeda orchard sources. Pinus radiata from the 
Manjimup seed orchard is the routine seed source for planting, and the resistant 
P. pinaster and P. taeda, are the principal alternative species. 

Field Population Test (FP2) : 

Experimental design 
Split-plot, (I = 3, F = 36, R = 25). 

3 Phytophthora cinnamomi inoculum levels (natural inoculum, natural plus 
applied inoculum, andP. cinnamomi disease-free site) . 

36 Pinus radiata families (5 tolerant, 8 mod-tolerant, 11 average, 7 mod-susceptible 
and 5 susceptible, including the hybrid P. attenuradiata). 

5 single-tree-plot replications. 

Seedlings completely randomised in the principal factor blocks. 

Hand planted in June 1981, at spacing of 3m x 3m. After planting, each seedling 
received 100 g of an N-P fertiliser, and was foliar sprayed with Zn, Cu and Mn trace 
elements in October 1981. 

Phytophthora cinnamomi A2 isolates (318) and (1) were applied by burying two 
inoculum plugs of each isolate adjacent to the treatment seedlings, in September 
1981, 9 weeks after the transplanting. 
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Complete rows of single families were pl.rnted adjacent 10 the FP.2 test, for 
demonstration of the disease response (Plate 10). 

Seedling health was assessed immediately prior to the inoculatiun in September. Death 
checks were made throughout the first summer, at two nwnthl~ intervals, commencing 
in November. After this, assessments were made in early January. and in late May of each 
year, and have continued through to the present. At every asse~sment, dying or dead trees 
have had their roots and lower stem collars sampled. Adjacent :-oil and inoculum plugs 
(if any) were also collected and were later plated for detection ot Phytophthora species . 

Tree heights were measured at the age of four years in the FP 1 test, and fi\'e years in I he 
FP2 test. 

PLATE 7 

Inoculation of the FP 1 field test seedlings with four hr:!111.'h-plugs. inornlt1111 nl 
Phytophthora ci1111a1110111i. (branch-plug-. in po-,ition before hur:, i11g) 
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4.4.J RES LILTS 

In FPl, the seedlings were inspected in August 1980, ahout ten \\ccks after transplanting, 
and all appeared healthy (Plate 6). When the inoculum v.:as applied seven weeks later, 
most of the seedlings were healthy and growing vigorously ( Pia re 7), alrhough some of 
the Pinus pinaster and P. taeda seedlings were still small. No post-planting losses were 
observed. 

The first seedling deaths in the FPI 1es1 were in late Nn,·emher, ahour Ml days afrer 
inoculation. By 1he end of January, 75 seedlings in the rest haJ died and Phywphtlwra 
cinnamomi was recovered from the roors and/or collar segments of 70 seedlings, while 
P. cirricola was recovered from the roots of 1wo dead Pinu.\· rwiitUtl seedlings on rhe natural 
inoculum site . There was a high recovery of Phytophthora ci1111u1110111i from the infected 
seedlings and also from the buried inoculum plugs, indicating survival within plugs in the 
summer soil conditions. Results of the first year sampling of all dead seedlings, and the 
recovery of Phytophthoraspecieswere tabled in Butcher era/. ( 1484). 

PLATE 8 

Seedling dearh causeJ hy Ph1·ro11hrlwm ci1111u11w111i, i11 J:1m1:1n ll/1-11. l1ltc:c11 \\cd::-­
after inoculation, in Pi11111· ,w/iuru susceptible family ()()() 1-:. 
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FIGURE 29 
Percentage of seedlings killed by Phytophthora cinnamomi, for Pinus radiata families 
planted in the field tests. 

The majority of seedlings that died were initially vigorous and healthy (Plate 8). If 
Phytophthora was isolated from the sampled roots and collar, then it was considered to be 
the causal agent of the seedling death. Figure 29 shows the percentage of 
Phytophthora-killed seedlings and young trees, for families of Pinus radiata planted on 
each site in both field tests . 

Tree mortality after two years was calculated for noncontiguous family plots of seven trees 
for the analysis of variance (Table 28). The variation between families in their response 
to Phytoplzthora cinnamomi was very large and consistent. Differences in mortality 
ranged from 0% in tolerant families 12038, 60022, 60027, 60038 and 80007, through to 
maximum values of 42% and 48% for susceptible families 60024 and 60017. Between 
family variance accounted for 55% of the total test variance. Heritability of the family 
means was calculated as 0.87. 
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TABLE 28 
Hierarchal and split-plot analysis of variance, and heritability for the two-year percent 
mortality (transformed into arcsin square root) of Pinus radiata seedlings killed by 
Phytophthora cinnamomi, in field tests FPl and FP2. 

FPL FP2. 

Source d.f. variance s1g. d.f. variance s1g. 

within disease groups 
tolerant 5 22 4 307 
mod-tolerant 5 86 7 148 
average 3 7 10 451 * 
mod-susceptible 5 105 6 167 
susceptible 3 583 * 4 714 * 

between disease groups 4 4851 *** 4 1207 *** 

main plots 
inoculum (I) 1 28 2 2631 ** 
replication (R) 2 275 4 1311 * 
error 2 21 8 772 
sub-plots 
family (F) 25 890 *** 35 1207 *** 

F*I 25 113 70' 282 
F*R 50 115 140 217 
error 50 109 280 218 
-- - - - -
Total 155 238 539 316 

* significant difference at 95% probability level, ** P < 0.01. *** P < 0.001. 

Heritability (family) h2
:F FPl = 0.87 FP2 = 0.82 

Inoculation of the FPl sites with the test isolate of P. cinnamomi did not increase 
mortality. The same culture of this isolate (318) was very aggressive in the second 
glasshouse study of Butcher et al. (1984). There was an interesting effect of block or site. 
Similar numbers of dead seedlings were observed in the two blocks on type 4c soil 
(McCutcheon, 1978) and these were significantly higher than on the type 7 soil 
(P < 0.05). The whole area was severely affected by jarrah die back disease, and a uniform 
distribution of the pathogen was expected over the sites. The heavier textured type 7 soil 
generally has a better soil moisture status and perhaps these trees were less stressed. 
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Progressive mortality of young trees of Pinus radiata up to five years after inoculation 
with Phytophthora cinnamomi, illustrated for the disease response classes. 
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In the second field test, FP2, 32 seedlings ( 4%) on the control site were recorded as being 
severely affected by cutworm (Noctuidae, Agrotis spp.) at the time of the inoculation, and 
they subsequently died. One percent of the seedlings on the inoculated site also died. 
These seedling deaths were excluded from any of the subsequent analyses. 

Most of the seedlings highly vulnerable to P. cinnamomi died during the first summer, 
and these were mainly in families classified as susceptible to the pathogen (Figure 30). 
Each dead seedling was sampled and plated for P. cinnamomi detection, and only dead 
seedlings associated with the recovery of P. cinnamomi, were used in the analysis. 
Phytophthora cinnamomi was recovered from 343 of the 411 dead seedlings sampled. 
Family mortalities for the analysis of variance were calculated from noncontiguous plots 
of five trees, for data two years after the inoculation (Table 28). 

Variation between families in test FP2, for P. cinnamomi death of seedlings, was very 
large and consistent between the sites (Table 28, P < 0.001 ). ranging from no death in 
tolerant families 30026, 30028 and 80007, to 40% death in susceptible family 60017. 
Heritability of the family means was calculated as 0.82. Family mortality at each site is 
illustrated in Figure 29. 

The difference in seedling mortality between inoculated sites was highly significant 
(P < 0.01). Most deaths were associated with the applied inoculum site ( 18%) and these 
were significantly more than the natural inoculum site ( BC:C ). The control site, which 
was supposedly free of P. cinnamomi, had 11 % of the planted seedlings killed by 
P. cinnamomi. Clearing of the healthy Banksia vegetation and site preparation has 
obviously spread Phytophthora to this "clean" site. 

The abnormal summer rainfall in January 1982 (47 mm compared with the average 
10 mm) was highly conducive to Phytophthora disease development. Soil moisture and 
temperatures were ideal for the colonisation of pine seedling roots from point infections 
of the pathogen. This may explain th,e different results at the natural inoculum site; 
inoculum plugs as the point infections increased the disease. At the control site, disease 
spots were the infection point. 

The incidence of disease in families of Pinus radiata was verv highlv correlated between 
the glasshouse and the field tests. Spearman's correlation of the ~anks of families was 
0.80 for the test FPl, and 0.87 for the test FP2. Both were highly significant (P < 0.001), 
which indicates the same ordinal scale for mortality in the glasshouse and the field tests. 
This correlation is illustrated in Figure 31, using rank scores ( Cotterill et al., 1983 ). 

In the glasshouse tests, disease intensity of individual seedlings was expressed on an 
ordinal scale, ranging from rapid death through to a minimal effect on root mass or height 
growth. A similar scale can be developed for the field inoculated seedlings. Figure 30 
shows that most of the susceptible seedlings die during the first summer in the field. 
Death of the young trees continues at a reduced rate and is usually in "susceptible" 
families. Plate 9.1 shows the Phytophthora cinnamomi-caused death of a two-year-old tree 
of susceptible family 60017, and Plate 9.2, a recent death of a six-year-old tree of 
susceptible family 20083. 
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FIGURE 31 

Comparison on ranking of seedling and young tree mortality, associated with 
Phytophthora cinnamomi, for Pinus radiata families common to the field and 
glasshouse tests. 

The sub-lethal effects of P. cinnamomi on Pinus radiata may not be as obvious but are of 
equal significance (Tables 29 and 30). Tree heights were measured at the age of four years 
in test FPl, and five years in test FP2. The analysis of variance of the noncontiguous plot 
means is shown in Table 29 for both tests. Variation between families in height growth 
was highly significant (P < 0.001). Standard progeny tests of the P. radiuta breeding 
population on Phytophthora cinnamomi disease-free sites, have indicated that individual 
heritabilities for tree height were low. Cotterill and Zed ( 1980) reported intermediate 
heritabilityvalues for height. The high family heritabilities calculated in FPl (h2 = 0.82) 
and FP2 (h2 = 0.83) point to other factors having a strong effect on height growth, on 
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PLATE 9 

Death of two-year-old Pinus rwliuw tree of susceptible L1mily (l(){) 17, and six-year-old 
tree of susceptible family 20083 in the FP2 test. Both rrees haJ extensive collar and 
root infections of PhytopJI1Jwra cin11cu110111i. 
I. two-year-old 60017. 2.six-year-old 20()~_, _ 

IJ8 



( 

P. cinnamomi infested sites. These factors were reve~led in the hierarchal analysis of 
families placed in the disease groups of Butcher and Stukely ( 1986). Family variance in 
height growth was conditioned by their disease classification (Table 29); most of the 
variation was between these groups. Height growth has been significantly reduced by 
P. cinnamomi infection. Phytophthora cinnamomi effects on the incidence and intensity 
of disease, for the Pinus radiata disease response groups, are highlighted in Table 30. 

TABLE 29 
Hierarchal and split-plot analysis of variance, and heritability for the height of 
four-year-old Pinus radiata trees in field test FPl, and five-year-old trees in test FP2. 

FPL FP2. 

Source d.f. vanance sig. d.f. vanance s1g. 

within disease groups 
tolerant 5 0.46 * 4 0.4 

mod-tolerant 5 0.55 * 7 1.3 * 

average 3 0.24 10 0.7 

mod-susceptible 5 0.94 ** 6 0.9 

susceptible 3 0.90 ** 4 3.6 *** 
between disease groups 4 2.55 *** 4 7.0 *** 

main plots 
inoculum (I) 1 0.01 1 7.6 

replication (R) 2 1.09 4 39.2 *** 

error 2 0.09 4 1.4 

sub-plots 
family (F) 25 0.94 *** 35 2.0 *** 

F*I 25 0.14 35 0.5 

F*R 50 0.18 140 0.6 

error 50 0.17 140 0.4 
-- - - - -
Total 155 0.30 359 1.0 

* significant difference at 95% probability level, ** P < 0.01. *** P < 0.001. 

Heritability (individual) h2
1 FPl = 0.47 + 0.14 

Heritabilit)' (family) h2
F FPl = 0.82 FP2 = 0.83 

139 



( ) 

TABLE 30 
Summary of Pinus radiata I Phytophthora cinnamomi disease response classes for two 
year mortality, and height growth of four-year-old and five-year-old trees in field tests 
FPl and FP2. 

FPl FP2. 

tree 

family response n mortality height n mortality 

(arcsin%) m (arcsin%) 

tolerant 6 1 a 4.0 b 5 3 

** 
mod-tolerant 6 5 a 4.3 b 8 9 

* * 

average 4 12 4.0 b 11 13 
** * ** 

mod-susceptible 6 20 3.5 C 7 19 
*** *** 

susceptible 4 34 3.7 C 5 29 

modified class 
tolerant 12 3 4.1 b 13 7 

** *** 

average 4 12 4.0 b 11 13 
*** *** *** 

susceptible 10 26 3.6 12 23 

* significant difference at 95% probability level, ** P < 0.01. *** P < 0.001. 

values followed by the same letter are not significantly different. 

tree 

height 

m 

7.8 
** 

7.3 d 

7.1 d 

7.2 d 
** 

6.6 

7.5 
** * 

7.1 d 

6.9 d 

Contamination of the FP2 control site prevented the direct comparison of families 
growing in the presence/absence of Phytophthora cinnamomi. and the quantification of 
the sub-lethal infection effect. This was examined by comparing the 3.5 year height 
growth of sixteen families in a standard progeny test at Collie on a P. cinnamomi 
disease-free site, with families common to the FP2 test. Variance analysis and summary 
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TABLE 31 
Hierarchal analysis of variance and summary of Pinus radicua height growth, for 
families common to the Phytophthora cinnamomi inoculated fie Id test FP2 and to the 
disease-free progeny test at Collie. 

FP2 Collie 

Source d.f. variance s1g. d.f. variance 

within disease classes 
tolerant families 5 1.91 ** 5 0.35 

average families 5 1.07 * 5 0.22 

susceptible families 3 3.62 *** 3 0.74 

between disease classes 2 2.62 ** 2 0.05 

within species 15 2.07 *** 15 0.34 

replication 7 5.72 *** 5 14.91 

residual 105 0.45 75 0.20 
-- - - - --
Total 127 0.94 95 1.00 

Summary 
-

P. c. disease / FP2 Collie 

response (P. c. site) (control site) 

class n height at 5 yr. n height at 3.5 yr. 

tolerant families (272) 7.4m (263) 4.8m b 
** 

average families (265) 7.0 a (265) 4.8 b 

susceptible families (162) 6.9 a ( 18-1-) 4.9 b 

n (272) number of living trees measured. 

* significant difference at 95 % probability level, * * P < 0.U 1, * * * P < U.001. 

values followed by the same letter are not significantly different. 
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are given in Table 31. At the disease-free site, seedling death and height growth were 
similar for each disease group classification. Conversely, the differences between the 
same family groups on the P. cinnamomi inoculated site were highly significant 
(P < 0.001) for height growth and mortality. Tolerant family trees were 0.5 m taller than 
susceptible family trees. 
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FIGURE 32 

disease Free1 Nannup 
disease Free1 Collie 
inoculated test [FP2J 
inoculated test [FP1J 

Comparison of height growth for four to five-year-old Pinus radiata, tolerant and 
susceptible families, growing on sites inoculated with Phytophthora cinnamomi, and 
on disease-free sites. 

Individual family comparisons for four to five-year height growth are illustrated in 
Figure 32, for tolerant families 80007, 60022, 60002 and 120.38, relative to the height 
growth of susceptible family 60017, and for susceptihle families 12236, 80055, 60005 and 
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60021, relative to the height growth of tolerant family 80007. The datum line or the zero 
x-axis line is the height of the susceptible family 60017, or tolerant family 80007 in these 
two graphs. The trees were grown in the FP1 and FP2 tests, and in disease-free progeny 
tests at Collie and Nannup. Interpretation of this figure is illustrated for the growth of 
tolerant family 80007 relative to the susceptible family 60017. Tolerant family 80007 
height on the disease-free site at Nannup was 5.5 m, which was 1.1 m (-17o/c) smaller than 
the height of susceptible family 60017. Similarly, on the disease-free site at Collie, height 
of tolerant family trees were 4.5 m, which was 0.5 m (-10C.:-c) smaller than trees of the 
susceptible family 60017. Conversely, on the P. cinnamomi inoculated test sites, tolerant 
family 80007 trees were 4.3 m tall, or 0.8 m taller ( + 23%) than trees of susceptible family 
60017 in test FPl, and were 7.5 m tall, or 1.5 m taller ( + 25fc) in test FP2. 

The ultimate demonstration of the potential impact of P. cinnamomi on productivity of 
Pinus radiata plantations is depicted in Plate 10. In the glasshouse, there were no 
seedling deaths of tolerant family 80007, and seedling heights were depressed by 5% due 
to Phytophthora cinnamomi infections, while 91 % of the seedlings of susceptible family 
60017 died and height growth of survivors was depressed by 33 c--c (Plate 10.1). Plate 10.2 
shows the paired rows of 40 trees of 80007 and 60017 families , planted alongside the FP2 
test for demonstration purposes. No trees in the tolerant family 80007 row had died, 
compared with the death of 24 (60%) seedling/trees in the susceptible family 60017 row. 
The large difference between the height growth of the surviving three-year-old trees is 
obvious. Finally, Plate 11 shows these same families as fourteen-year-old trees on 
disease-free sites at Nannup and Grimwade. 

4.4.4 Discussion 

The incidence of disease in Pinus radiata families was very highly correlated between the 
field and the glasshouse. These results are confirmation of the glasshouse test as a reliable 
selection method for resistance to disease. 

Susceptible seedlings died within the first year of planting. Seedling mortality ranged 
from 30% for susceptible families to about 3% for tolerant families. Young tree mortality 
declined significantly after two years, although trees are continuing to die, mainly in 
susceptible families. Newhook ( 1959) also reported that Monterey pine was highly 
susceptible as seedlings and in the juvenile stage to four to five years. 

The clearing and site preparation of the disease-free control site in test FP2 resulted in 
its infestation with Phytophthora cinnamomi. Unless very rigid hygiene practices are 
enforced and strictly controlled, there is the potential to infest any area that is being 
prepared for the planting of Pinus radiata. If the site conditions are conducive to 
Phytophthora cinnamomi, then disease will develop and the plantation productivity will 
be lessened. 
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The abnormal summer rainfall in January 1982 provided the optimum soil moisture and 
temperature conditions for an epidemic reaction by P. cinnamomi on susceptible hosts. 
This coincided with the first summer of the FP2 test and the second summer of the FPl 
test. The moist soil and relatively high soil temperature conditions were responsible for 
the significantly higher seedling deaths on the artificially inoculated site, and for the 
proliferation of the disease at the control site. Intensification of the disease by these 
optimal conditions was mainly in the susceptible families of radiata pine. There was no 
evidence of any breakdown of the host/pathogen system. given these epidemic 
environmental conditions. In the second test, the pattern of disease was unchanged. 
Sunkland progeny tests of Pinus radiata, ranging in age from nvo years to eight years, were 
also seemingly unaffected by this high summer rainfall event. 

Families were ranked similarly for survival and height growth on the natural inoculum 
site and the artificially applied Phytophthora cinnamomi site. for both tests. This shows 
that resistance is effective against a broad spectrum of the natural population of the 
pathogen. In addition, although P. cinnamomi was the most commonly isolated 
Phytophthora spp. from the tests, P. citricola was recovered from the roots and collar of a 
dead seedling of susceptible family 60004 and from an orchard stock seedling in the FPl 
test, and an as yet unidentified Phytophthora spp. was isolated from a dead seedling of the 
susceptible family 60017 in the FP2 test. The development of a durable disease resistant 
population must have field resistance to other pathogens, as we II as general resistance to 
different isolates of the principal pathogen. These early results are promising. 

The most obvious effect of P. cinnamomi infection was seedlimr death in the first vear. 
This averaged 10% for all of the families in test FPl, the same as the Manjimup ··seed 
orchard lot, and 13% in the test FP2. The simple and often stared solution, to then plant 
10% more seedlings is similarly unintelligible. Tree death has continued in these tests 
(age six years), and in Agro-forestry trial plots after ten years (Moore, personal 
communication). There has also been a resurgence of tree deaths following si1vicu1tural 
pruning or thinning operations, associated with the improved soil moisture and 
temperature status of these sites. 

The insidious sub-lethal infections of P. cinnamomi on Pinus radiata root systems have 
been shown to be severely limiting the potential growth of susceptible family trees. The 
example was given showing a 40% reduction in the five-year height growth of susceptible 
family 60017 trees, and a 20% reduction in the height growth of moderately-susceptible 
family 80055 trees. Using all of the height data from the two field tests, FPl and FP2, the 
average height of the tolerant/ moderately-tolerant disease response group (twenty five 
families, 1150 trees) was 6.0 m, while the average height of the susceptible / 
moderately-susceptible group (twenty two families, 900 trees) was 5.5 m. This difference 
of 0.5 m, or 9% was attributed to the greater disease in the susceptible family trees. When 
the same analysis was applied to these disease response groups for height growth on a 
disease-free site, the heights of the trees between the disease response groups were found 
to be similar. 
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CHAPTERS 

PINUS RADIATA 
PHYTOPHTHORA CINNAMOMI 

HOST x PATHOGEN INTERACTION 

5.1 Introduction 

Just as there is genetic variation in the Pinus radiata host population, there is genetic 
variation in the Phytophthora cinnamomi pathogen population. Whether they act 
independently or in concert affects the planning of the disease control strategy. To be 
effective, disease resistance must act against all potential strains of the pathogen 
population. If resistance is race-specific, then there is the potential for selection pressure 
by the genotypes of the host, on the constitution of the races in the population of the 
pathogen (Scott et al., 1978), and stability is bound to decline in long rotations of 
plantation trees . Genetic systems concerned in non-specific resistance can be relied upon 
against all of the tested races of the pathogen, and have been proposed as those most likely 
to result in permanent resistance (Watson, 1970). 

, Durable resistance to a disease is resistance that remains effective during its prolonged 
and widespread use in an environment favourable to the disease (Johnson, 1984). Thus, 
environment is a factor of disease, and is interactive with the host and pathogen, forming 
the "disease-triangle". To these can be added a fourth facior, time or tree age, forming 
the "disease-pyramid" (Browning et al., 1977). Resolution of these factors is desirable for 
a better understanding of the epidemiology of the Pinus radiara i Phytophthora cinnamomi 
plant pathosystem. 

The major components of the disease pyramid, host and pathogen, were studied in two 
glasshouse experiments using one-year-old seedlings. Inferences on the other factors, 
firstly, the environment, were drawn from tests conducted in different glasshouse 
environment regimes, and secondly, tree age, from the development of the disease from 
seedlings to young trees in two field tests. 
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5.2 Materials and Methods 

Pinus radiata families used in these experiments had been previously tested for response 
to Phytophthora cinnamomi and were classified in Butcher and Stukely (1986). Families 
were chosen to represent the extremes in response, from susceptible to tolerant. Families 
were open-pollinated seedlots collected from mother trees in the Manjimup seed orchard. 

The two glasshouse studies reported in Butcher et al. ( 1984) used a single isolate of 
P. cinnamomi (mating type A2), originally isolated from the roots of a dead Pinus radiata 
tree in the Donnybrook Sunkland. This isolate, P. cinnamomi A..1 (318), was included in 
both field tests, FPl and FP2, and also in the third and fourth glasshouse tests with the 
isolate P. cinnamomi A2 ( 1) . The isolate, P. cinnamomi A2 ( 1 ), had the greater virulence 
(Table 6) and was included in the host/ pathogen studies. Other isolates were chosen to 
sample a broad spectrum of the pathogen from the types immediately available. 
Phytophthora cinnamomi was extracted from pine trees of tolerant and susceptible 
families that had died at Baudin in the Donnybrook Sunkland. and from jarrah trees, 
banksias and sheoaks, ranging from Wanneroo in the North, to Augusta in the South 
(Table 32). An isolate of the Al mating type, from South Australia, was included in the 
second test. 

The same procedures, reported in Chapter 3(5), were used for the germination, growing 
and preparation of experimental pots. Each experimental pot in the HPl test contained 
a single seedling of the five treatment families, and the HP2 test contained single 
seedlings of the eight treatment families, arranged as shown in Figure 5. Inoculum for 
each of the P. cinnamomi isolates was prepared as described in Chapter 3(5). Inoculum 
for the control plugs was killed by autoclaving. 

Host Pathogen Test (H Pl) 

Experimental design 

Split-plot (I = 8, F = 5, R = 10). 

8 Phytophthora cinnamomi isolates (Table 32, isolates 1, 2, 3, 4, 5, 6, 7 and 8). 

5 Pinus radiata families (tolerant 80007 and 60027; average 50015; 
susceptible 20011 and 60001). 

10 replications. 

Multi-family pots of five seedlings, and four inoculum plugs of the same isolate 
buried in each pot. 

Inoculation date, 1st November 1982. 
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TABLE 32 
Description of the Phytophthora cinnamomi isolates used in the experiments. 

Isolate 

Test HPl 

P. c. A2 (1) 

P. c. A2 (2) 

P. c. A2 (3) 

P. c. A2 (4) 

P. c. A2 (5) 

P. c. A2 (6) 

P. c. A2 (7) 

P. c. A2 (8) 

Test HP2 

P. c. A2 (1) 

P. c. A2 (2) 

P. c. A2 (4) 

P. c. A2 (6) 

P. c.A2 (7) 

P. c. A2 (9) 

P. c. A2 (10) 

P. c. A2 (11) 

P. c. Al (12) 

control (c) 

Phytophthora cinnamomi original host 

Pinus radiata, 5-year-old tree, Jarrahwood 

Pinus radiata, 1-year-old susceptible 60017, Bau(' ;n 

Pinus radiata, 1-year-old susceptible 60021, Baudin 

Bank.sia attenuata, gas pipeline, Wanneroo 

Eucalyptus marginata, CSIRO SC-90, Kirup 

Pinus radiata, 1-year-old tolerant 12038, Baudin 

Casuarinafraseriana, CSIRO SC-381, Jarrahdale 

Pinus radiata, 1-year-old tolerant 60002, Baudin 

Pinus radiata, 5-year-old tree, Jarrahwood 

Pinus radiata, 1-year-old susceptible 60017, Baudin 

Bank.sia attenuata, gas pipeline, Wanneroo 

Pinus radiata, 1-year-old tolerant 12038, Baudin 

Casuarinafraseriana, CSIRO SC-381, Jarrahdale 

Bank.sia species, Molloy Island , Augusta 

Eucalyptus marginata, Churchman block, Jarrahdale 

Eucalyptus marginata, Gordon block, Jarrahdale 

Al mating type, DCE-21, Waite, South Australia 

autoclaved P. c. branch-plugs 

Host Pathogen Test (HP2) : 

Experimental design 
Split-plot (I = 10, F = 8, R = 8) . 

10 Phytophthora cinnamomi isolates (Table 32, isolates 1, 2, 4, 6, 7, 9, 10, 11, 12 
and control). 

8 Pinus radiata families (tolerant 20058, 30043 and b0022; 
susceptible 12112, 20011, 50048, 60000 and 60001 ). 
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8 replications. 

Multi-family pots of eight seedlings, and six inoculum plugs of the same isolate 
buried in each pot. 

Inoculation date, 7th November 1983. 

Experimental pots were flooded for two days prior to the inoculation and this level was 
maintained for seven days before the pots were drained. Inoculum plugs in HPl test were 
buried in four holes, 8 cm deep, and equally spaced about 3 cm in from the pot edge. In 
the HP2 test the six inoculum plugs were buried in 8 cm deep holes, positioned at the 
centre of the triangles formed by the seedlings. 

The glasshouse environment for the HPl test was described as the low moisture/ high 
temperature regime in Chapter 3( 4 ). Evaporative coolers in the glasshouse were only 
turned on when temperatures exceeded 35°C in the glasshouse. Pots were watered twice 
weekly, with about 500 ml, although this was not controlled. In some instances plants 
were wilting when water was re-applied. 

A similar glasshouse environment regime was prescribed for the second HP2 test, 
although watering was increased to about 1000 ml at each application. Glasshouse 
evaporative coolers were set for automatic operation at a temperature of about 30°C on 
weekends only. Otherwise, they were operated manually when glasshouse temperatures 
reached 35°C. The HP2 test was conducted adjacent to the NPl and NP2 tests, in the 
same glasshouse. 

Seedling heights were measured at inoculation and then at 20 day intervals, through to 
the end of the experiments,280 and200 dayslateL Seedlingdeathswere recorded at each 
assessment. Dead seedlings were periodically sampled and plated for detection of 
Phytophthora cinnamomi. Inoculum plugs were sampled at the end of the experiments 
and plated for all inoculated pots containing no dead seedlings. 

5.3 Results 

Mortality in test HPl was only 13% of the 400 seedlings inoculated. This ranged from 
25% for the susceptible families 20011 and 60001, 14% for the average family 50015, and 
2% for the tolerant families 80007 and 60027. Very similar values were recorded in these 
families in an adjacent screening test using P. cinnamomi isolates (1) and (2). There was 
also considerable variation in the numbers of dead seedlings in susceptible families, 
depending on the isolate of P. cinnamomi applied to the pot. For example, in susceptible 
family 20011, 50% of seedlings died with isolate (1), 40% with isolates (2) and (6), 20% 
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with isolates (7) and (8), and no seedlings died with isolates (4) and (5). In fact, there 
were no dead seedlings in any of the plant pots inoculated with P. cinnamomi isolates ( 4) 
and (5) in the HPl test. 

TABLE 33 
Sampling of collars and roots of dead Pinus radiata seedlings in test HP2 and recovery 
of Phytophthora cinnamomi. 

Phytophthora cinnamomi seedling collar roots 
isolate sample n P.c. % P.c. recovery 

P. c. A2 (1) 197 131 66% 65 % 

P. c. A2 (2) 123 79 64 91 

P. C. A2 (4) 88 52 59 44 

P. c. A2 (6) 83 # 1 1 1 

P. c. A2 (7) 123 56 46 54 

P. c. A2 (9) 281 197 70 72 

P. c. A2 (10) 188 148 79 46 

P. c. A2 (11) 193 92 49 54 

P. c. Al (12) 290 213 73 72 

# sample from healthy seedlings in the same pot (2 susceptible and 2 tolerant families), 
280 days after inoculation. 

In the second, HP2 test, 37% of the 576 inoculated seedlings died. The number of deaths 
was increased over the HPl test because there were more susceptible families (5/8 
compared with 2/5) and the glasshouse environment was not as severe. Maximum 
mortality was recorded in the susceptible standard family 20011 ( 61 % ), and was also high 
in the other susceptible families 12112 (47%), 60001 (42%), 50048 (40%) and 60000 
(39% ). Mortality in the tolerant families was significantly less; -20058 ( 19% ), 30043 
(20%) and 60022 (26%). Variability within the pathogen population was greater than 
the variation within the host, in terms of the number of seedlings killed. The variability 
between the P. cinnamomi isolates ranged from the maximum with Al isolate (12) 59% 
and A2 isolate (10) 50%, down to 2% for the A2 isolate (6). By contrast, the A2 isolate 
(6) in test HPl killed 26% of the seedlings inoculated (Figure 33) in an environment not 
as favourable to the development of the pathogen. This isolate was recovered from less 

151 



( 

-, 
' 

than 1 % of the seedling roots and collars sampled in healthy seedlings of susceptible and 
tolerant families (Table 33). This was significantly less than the recoveries reported in 
Table 12. The apparent loss of virulence will be discussed later in this chapter. There 
were no seedling deaths in the control uninoculated pots. 

There was no assessment of seedling root systems at the end of the study, in either test. 
An empirical disease scale was developed based on the number of days to death and the 
height increment of surviving seedlings. Because the analysis of the host x pathogen 
interaction is dependent on this arbitrary scale, a complete description to its development 
is given. 

The first step in the development of the surviving seedling disease scale was to establish 
family population parameters, before P. cinnamomi was applied. As there was no control 
uninoculated treatment in the HPl test, the P. cinnamomi A2 isolates ( 4) and (5) were 
selected, because they caused no seedling death, to form the index for the comparison of 
the other inoculate effects. The initial heights of the isolate (4) and (5) allocated 
seedlings, were similar to the heights of other seedlings in each family. Their height 
increments for the 280 day period following inoculation are given in Table 34. Standard 
deviations were calculated for each family using the coefficients of variation measured 
for the initial height of all family seedlings, and this was used for the disease class intervals 
(Table 34). 

Seedling disease scale (HPl) 

Code 1 (23%) Alive at 280 days, Ht. inc. > mean + 1 std. dev. 

Code 2 (20%) Alive at 280 days, Ht. inc. mean to + 1 std. dev. 

Code 3 (22%) Alive at 280 days, Ht. inc. mean to -1 std. dev. 

Code 4 (23%) Alive at280 days, Ht. inc. < mean -1 std. dev. 

Code 5 (1 %) Dead at 280 days 

Code 6 (4%) Dead at 200 days 

Code 7 (6%) Dead at 140 days 

Code 8 (2%) Dead at 70 days 

The distribution of the seedling disease codes is shown above, and is shown for the families 
in Figure 33. Although the data distribution was not normal, the other requirements of 
the analysis of variance were met. Sampling was at random as there were no differences 
for allocated inoculate treatments within families, for the initial height measurement and 
code variances were similar. The analysis of variance was performed on the 
non-transformed disease codes .(Table _ 35) . .. This analysis of variance table is a 
combination of two separate analyses, the split-plot analysis to partition variance into the 
major effects of P. cinnamomi isolates and Pinus radiata families, and the interactive 
effects. Data was then nested for family groups in the other part of the Table 35, to show 
the variation within a P. radiata family in response to the different Phytophthora 
cinnamomi isolates. 
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TABLE 34 
Development of disease codes for the analysis of test HPl. 

HPI Pinus radiata family 

80007 60027 50015 60001 20011 

population parameters, seedling height before inoculation. 
mean (n =80) 241 mm 258 252 213 215 

Std. Dev. (SD.) 47mm 43 44 33 35 

Coeff. Var. 20% 17 18 15 16 

Height increment, 280 days after inoculation, for P. c. A2 isolates (4) and (5). 
mean (n = 20) 335 318 364 297 284 

calculated SD. 67 54 66 45 45 

Disease scale for alive seedlings. 
1. > mean+ 1 SD. > 402 > 372 > 430 > 342 > 329 

2. mean to + 1 SD. 402-335 372-318 430-364 342-297 329-284 

3. mean to -1 SD. 334-268 317-264 363-298 266-252 283-239 

4. < mean-lSD. < 268 < 264 < 298 < 252 < 239 

In test HPl, there were significant differences between families (P < 0.001), isolates 
(P < 0.01) and the interaction (P < 0.05). As expected, tolerant families 80007 and 
60027 were similar and had significantly less disease than the average family 50015, which 
had less disease than susceptible families 20011 and 60001 (Table 36). The most virulent 
P. cinnamomi were isolates from tolerant Pinus radiata families in the Donnybrook 
Sunkland, ranging to low pathogenic isolates from jarrah and banksia trees (Table 32). 
Although the variance analysis showed a significant effect of the host x pathogen 
interaction (Table 35), the hierarchal analysis showed this to be false. There were 
significant differences within the susceptible and average family groups for the various 
P. cinnamomi isolates, but there were no differences in disease expression within either 
of the tolerant families. The ratio of the interactive variance to the family variance was 
0.10, which is insignificant. Variation between families and inoculates acted 
independently. 
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The amount of disease in Pinus radiata families for eight different isolates of 
Phytophthora cinnamomi, in test HPl. 
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TABLE35 
Heritability and components of disease variance for the host Pinus radiata, pathogen 
Phytophthora cinnamomi and their interaction in test HP1. 

Source d.f. Variance Significance 

within Pinus radiata family for 8 isolates of Phytophthora cinnamomi. 

80007 (tolerant) 7 1. 7 

60027 (tolerant) 7 1.9 

50015 (average) 7 6.7 * 

60001 (susceptible) 7 8.1 ** 
20011 (susceptible) 7 8.1 ** 

between families 4 41.3 *** 

Main plots 

Inoculum (I) 7 8.4 ** 

Replication (R) 9 2.1 

error 63 2.7 
Sub plots 

Family (F) 4 41.3 *** 
F*I 28 4.3 * 
F*R 36 1.4 

error 252 2.7 
-- - -
Total 399 3.2 

* significant at P < 0.05 , * * significant at P < 0.01 , * * * significant at P < 0.001. 

Heritability (individual) h2I = 0.58 + 0.39 

(family) h2F = 0.90 
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TABLE 36 
Virulence of Phytophthora cinnamomi isolates and Pinus radiara family response, 
280 days aftei: inoculation in test HP1. 

Pinus radiata family 80007 60027 50015 
(tolerant) (tolerant) (average) 

Phytophthora cinnamomi 
isolate disease P. c. disease P. c. disease P. c. disease 

P. c. A2 (4) 2.4 a (2) 2.0 a (1) 1.7 a (4) 1.9 a 

P. c. A2 (5) 2.6 ab (6) 2.1 a (2) 1.9 a (2) 2.6 ab 

P. c. A2 (2) 2.9 abc (7) 2.1 a (7) 2.2 a (1) 3.1 ab 

P. c. A2 (7) 3.1 bed (3) 2.2 a (4) ? ,., __ .) a (5) ,., ? 
.),_ ab 

P. c. A2 (1) 3.2 bed (5) 2.3 a (6) ') .... ___ , a (3) 3.3 ab 

P. c. A2 (3) 3.4 cd (8) 2.5 a (3) ') -__ .) a (7) 3.4 b 

P. c. A2 (8) 3.4 cd (4) 2.6 a (5) 2.6 a (8) 3.4 b 

P. c. A2 (6) 3.6 d (1) 2.7 a (8) 3.1 a (6) 4.8 

Pinus radiata family 2.3 e 
.., ., 
.:.. . .) e 3.2 f 

Table 36 (cont) 

Pinus radiata family 60001 20011 
(susceptible) (susceptible) 

Phytophthora cinnamomi . 
isolate disease P. c. disease P. c. disease 

P. c. A2 (4) 2.4 a (5) 2.4 a (4) .., -
.:..,) a 

P. c. A2 (5) 2.6 ab (4) 2.7 ab (5) .., -
.:..,) a 

P. c. A2 (2) 2.9 abc (1) 3.3 abc (7) 3.3 ab 

P. c. A2 (7) 3.1 bed (8) 4.0 bed (2) 3.7 abc 

P. c. A2 (1) 3.2 bed (6) 4.2 cd (3) 3.9 abc 

P. C. A2 (3) 3.4 cd (7) 4.4 cd (8) 4.0 be 

P. c. A2 (8) 3.4 cd (2) 4.5 cd (6) 4.6 be 

P. c. A2 (6) 3.6 d (3) 4.9 d (1) _ 5.0 C 

Pinus radiata family 3.8 g 3.7 0 
0 

C 

Disease scores with different letters are significantly different at the 95% probability level 
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The disease scale for the second test HP2 was also based on height increment after 
inoculation, but in this test the standard for comparison were uninoculated seedlings of 
the same family. The population parameters for each family were established from their 
initial heights (Table 37). This indicated that adjustments were necessary only for the 
12112 and 60000 family controls, to be representative of the family populations. Disease 
class intervals were based on the height increment of uninoculated seedlings ( control 
mean), 200 days after the inoculation treatment and the calculated population standard 
deviation (Table 37). 

Seedling disease scale (HP2) 

Code 1 (22%) Alive at 200 days, Ht. inc. > control mean + 1 std. dev. 

Code 2 (12%) Alive at 200 days, Ht. inc. control mean to + 1 std. dev. 

Code 3 (15%) Alive at 200 days, Ht. inc. control mean to -1 std. dev. 

Code 4 (17%) Alive at 200 days, Ht. inc. < control mean -1 std. dev. 

Code 5 (5%) Dead at 200 days 

Code 6 (16%) Dead at 120 days 

Code 7 (10%) Dead at 60 days 

Code 8 (2%) Dead at 40 days 

Distribution of seedling disease classes by family are shown in Figure 34, grouped for 
healthy (codes 1, 2), diseased (codes 3, 4) and dead seedlings (codes 5, 6, 7, 8). The data 
was not normally distributed but disease scale variances were homoscedastic. There were 
no significant differences within families in seedling heights before inoculum was added. 

Table 38 is a composite variance analysis table detailing the split-plot analysis and the 
separate hierarchal analysis of the HP2 test. The uninoculated treatment was excluded 
from the split-plot analysis as these variances were used to calculate heritability. 
Differences between the Pinus radiata families and the Phytopluhora cinnamomi isolates 
in disease intensity were highly significant (P < 0.001). The tolerant families were 
similar and had significantly less disease than the susceptible families (Table 39). Most 
disease, as in the HPl test, was in the susceptible family 20011. The variation between 
the P. cinnamomi isolates was as large as the family variation. The single Al isolate from 
South Australia was highly virulent as were the three A2 isolates from banksia, pine and 
jarrah trees (Table 39). Phytophthora cinnamonii isolates (1) - high, and ( 4) - low 
virulence, had similar pathogenicity in both tests for a different set of families. However, 
the response of the number (6) isolate was different in both tests, giving maximum disease 
expression in the HPl test and the minimum in the HP2 test. 

The interactive host x pathogen effect was also shown to be significant (P < 0.05) in the 
HP2 test (Table 38), although its ratio with the family variance, computed as 0.12, was 
very low. The hierarchal analysis in Table 38 shows highly significant (P < 0.001) 
variation in the pathogenicity of the nine isolates within each of the susceptible families. 
Within the tolerant families, there were no differences in disease expression among the 
isolates and disease was similar to the uninoculated seedlings. 
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TABLE 37 
Development of disease codes for the analysis of test HP2. 

HP2 Pinus radiata family 

20058 30043 

population parameters, seedling height before inoculation. 
mean (n = 80) 172 mm 184 

Std. Dev. (SD.) 37 mm 35 

control mean (n= 10) 174 mm 181 

60022 

187 

57 

187 

60000 

212 

57 

234 

Height increment, 200 days after inoculation, for uninoculated control pots. 
mean (n = 10) 213 193 228 

popn. mean adjusted 213 193 228 

calculated SD. 47 37 68 

Disease scale for alive seedlings. 

1. > mean + 1 SD. 

2. mean to + 1 SD. 

3. mean to -1 SD. 

4. < mean-lSD. 

TABLE 37 (cont) 

HP2 

> 260 

260- 213 

213 - 166 

< 166 

60001 

> 230 

230 - 193 

193 - 156 

< 156 

> 296 

296 - 228 

228 - 160 

< 160 

Pinus radiata family 

50048 12112 

population parameters, seedling height before inoculation. 
mean (n =80) 242mm 149 169 

Std. Dev. (SD.) 54mm 40 ·. 41 

control mean (n = 10) 243mm 143 194 

211 

190 

51 

> 241 

241 - 190 

190- 139 

< 139 

20011 

206 

49 

202 

Height increment, 200 days after inoculation, for uninoculated control pots. 
mean (n = 10) 282 214 146 184 

popn. mean adjusted 282 214 128 184 

calculated SD. 62 58 31 44 

Disease scale for alive seedlings. 
1. > mean + 1 SD. > 344 > 272 > 159 > 228 

2. mean to + 1 SD. 344 - 282 272-214 159-128 228 - 184 

3. mean to -1 SD. 282 - 220 214 - 156 128 - 97 184 - 140 

4. < mean - 1 SD. < 220 < 156 < 97 < 140 
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FIGURE 34 
The amount of disease in resistant and susceptible response families of Pinus radiata, 
for nine different isolates of Phytophthora cinnamomi, in test HP2. 
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FIGURE 34 (cont) 
The amount of disease in resistant and susceptible response families of Pinus radiata, 
for nine different isolates of Phytophthora cinnamomi, in test HP2. 
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FIGURE 34 (cont) 
The amount of disease in resistant and susceptible response families of Pinus radiata, 
for nine different isolates of Phytophthora cinnamomi, in test HP2. 
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TABLE 38 
Heritability and components of disease variance for the host Pinus radiata, 
pathogen Phytophthora cinnamomi and their interaction in glasshouse test HP2. 

Source d.f. Variance Significance 

within Pinus radiata family for nine isolates of P. cinnamomi and control. 

20058 (tolerant) 9 3.01 

30043 (tolerant) 9 4.91 

60022 (tolerant) 9 4.17 

60000 (susceptible) 9 11.4 7 *** 

60001 (susceptible) 9 9.68 *** 

50048 (susceptible) 9 11.17 *** 

12112 (susceptible) 9 14.14 *** 

20011 (susceptible) 9 18.12 *** 
between families 7 38.31 *** 

Main plots 

Inoculum (I) 8 40.75 *** 
Replication (R) 7 6.68 

error 56 5.65 

Sub plots 
Family (F) 7 44.40 *** 

F*I 56 5.34 * 
F*R· -- - · ·· ·-- 49 ., - ., _., ,.:-,_-, 

error 392 3.02 
-- - -
Total 575 4.62 

* significant at P < 0.05 , * * * significant at P < 0.001. 

Heritability (individual) h2
1 = 0.58 + 0.31 

(family) 2 h F = 0.89 
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TABLE 39 
Virulence of Phytophthora cinnamomi isolates and Pinus radiata family response, 
200 days after inoculation in test HP2. 

Pinus radiata family 20058 30043 60022 60000 
(tolerant) (tolerant) (tolerant) (susceptible) 

Phytophthora cinnamomi 
isolate disease P. c. disease P. c. disease P. c. disease P. c. disease 

control (c) 2.4 a (4) 1.8 a (7) 1.9 a (6) 2.3 a (c) 2.0 a 

P. c.A2 (6) 2.5 a (10) 2.0 a (4) 2.0 a (7) 2.5 ab (6) 2.0 a 

P. c. A2 (4) 2.8 ab (11) 2.3 a (11) 2.0 a (c) 2.6 ab (2) 3.3 ab 

P.c. A2 (11) 3.5 be (c) 2.6 a (c) 2.5 ab (2) 2.8 ab (4) 3.5 ab 

P.c. A2 (7) 3.7 cd (9) 2.6 a (1) 3.0 ab (4) 3.0 ab (7) 3.5 ab 

P. c. A2 (2) 3.8 cd (1) 3.1 a (6) 3.1 ab (12) 3.4 ab (11) 3.8 be 

P. c. A2 (10) 4.5 de (2) 3.1 a (2) 3.4 ab (9) 3.8 ab (9) 4.1 bed 

P. c. A2 (1) 4.5 de (6) 3.1 a (10) 3.4 ab (10) 3.9 ab (12) 4.6 bed 

P. c. A2 (9) 4.5 de (7) 3.5 a (12) 3.5 ab (1) 4.1 ab (10) 5.4 cd 

P. c. Al (12) 4.7 e (12) 3.5 a (9) 4.3 b (11) 4.3 b (1) 5.8 d 

Pinus radiata family 2.8 f 2.9 f 3.3 f 4.0 g 

Pinus radiata family 60001 50048 12112 20011 
(susceptible) (susceptible) (susceptible) (susceptible) 

Phytophthora cinnamomi 
isolate disease P. c. disease P. c. disease P. c. disease P. c. disease 

control (c) 2.4 a (c) 2.3 a (c) 2.5 a (6) 2.0 a (6) 2.0 a 

P. c. A2 (6) 2.5 a (6) 2.6 ab (6) 2.9 a (c) 2.1 a (c) 2.3 a 

P. c. A2 (4) 2.8 ab (4) 3.6 abc (11) 3.0 a (4) 2.8 ab (4) 2.8 ab 

P. c. A2 (11) 3.5 be (2) 3.8 abed (7) 3.3 ab (11) 3.3 abc (11) 4.4 abc 

P. c. A2 (7) 3.7 cd (10) 4.3 bcde (4) 3.4 abc (9) 4.3 bed (2) 5.3 cd 

P. c. A2 (2) 3.8 cd (1) 4.4 cde (2) 3.6 abc (10) 4.6 cd (7) 5.8 cd 

P. c. A2 (10) 4.5 de (7) 4.4 cde (1) 4.8 bed (1) 4.9 cd (1) 6.3 d 

P.c. A2 (1) 4.5 de (9) 4.8 cde (12) 5.1 cd (2) 5.0 cd (12) 6.3 d 

P. c. A2 (9) 4.5 de (11) 5.4 de (10) 5.5 d (7) 5.0 cd (9) 6.5 d 

P. c. Al (12) 4.7 e (12) 5.8 e (9) 6.0 d (12) 5.8 d (10) 7.0 d 

Pinus radiata family 4.3 g 4.2 g 4.2 g 5.1 h 

Disease scores with different letters are significantly different at the 95% probability level. 
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Family ranking in disease intensity for this range of P. cinnamomi isolates was unchanged 
in either test. In another test, adjacent to the HPl test, of 35 families from the Victorian 
and New South Wales breeding populations, inoculated with P. cinna,nomi A2 isolates 
(1) and (2), the interactive variance was shown to be insignificant and the Spearman's test 
affirmed the family ranking for both isolates to be very highly correlated (P < 0.01). 
Further support was gained from an earlier screening test of 100 families from the 
Tasmanian, CSIRO and APM breeding populations using P. cinnamomi isolates (318) 
and (1). The interactive variance was insignificant, while the non-parametric rank test 
of Spearman was very highly significant (P < 0.001); ranking of Pinus radiata families was 
similar for either isolate of Phytophthora cinnamomi. 

5.4 Discussion 

Families chosen for these host/ pathogen studies were selected for their known response 
toP. cinnamomi inoculation. In both tests, the families responded to the range of applied 
isolates as per their formal classification. There were significant differences in the level 
of disease between these major classes. 

Narrow sense heritabilities calculated for the individual seedling disease scores in each 
test were both calculated as 0.58. These were large, compared with heritabilities 
reported for other Pinus radiata traits (Cotterill and Zed, 1980), but were considerably 
below the constant ultra-high values recorded in the DP tests for the South African and 
New Zealand populations. The standard error of the estimates were also considerably 
larger, 0.3 to 0.4, and provides a clue to the difference. A small number of families were 
sampled, and treatment pots in the DP tests each received a mixture of four Phytophthora 
cinnamomi A2 isolates; compared with single isolates in the HP tests. Variability between 
the isolates was large, -and ·disease scores were dependentupo-n populationparameters 
calculated for each family. Because of this, and the selection of parents on their disease 
response, caution should be exercised in the use of these estimates . 

The differences between P. cinnamomi A2 isolates in their pathogenicity to Pinus radiata 
family seedlings were quite large. The single Al mating type isolate was found to be the 
most aggressive pathogen in the second test. Shepherd et al. ( 1974) reported that both 
mating types were similarly highly pathogenic, killing 75% of their inoculated P. radiata 
seedlings within 15 days. No differences were reported in the pathogenicity of their 
twenty Al and eighteen A2 isolates, probably because they used 45 day-old germinants 
of P. radiata in their test. Both mating types were highly pathogenic to two-year-old 
plants of Nothofagus cunninghamii (Weste, 1975), and symptoms were more severe in 

. _ plants inoculated with the Al mating type of the Phytophthora cinnamomi compared with 
· the A2 type. Zentmyer and Guillemet (1981) found that an Al isolate from Camellia 

japonica caused a severe reaction on both avocado and camellia. whereas an A2 isolate of 
P. cinnamomi from avocado was highly pathogenic to avocado but not to camellia. This 
was significant as all but one isolation from avocados have been of the A2 mating type. 
There have been several reports indicating varying degrees of virulence of isolates on 
different hosts, but there is no evidence for physiologic races of P. cinnamomi (Erwin, 
1983). 
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The loss of virulence of the P. cinnamomi A2 isolate ( 6) in the HP2 test is apparently not 
an uncommon phenomenon. Caten (1971) reported that continued culturing can result 
in a loss of virulence of the pathogen and that this type of variation should be recognised 
by plant breeders. Genetic tests to investigate responses to pathogens should include a 
number of isolates to compensate for variations of this nature, and for different degrees 
of aggressiveness. 

Isolates of P. cinnamomi originating from tolerant families of Pinus radiata growing in 
the Baud in plantation were seen as the most aggressive pathogens in test HPl, compared 
with isolates from other species. This could indicate an increase in virulence associated 
with the resistant P. radiata and the potential for the frequency of virulent strains to 
increase when the pathogen encounters large numbers of resistant trees. However, the 
second test dispelled this theory. Isolates from jarrah and banksia trees, from widely 
dispersed locations, were just as virulent as isolates from pine trees. 

Stable, horizontal, uniform or race-non-specific resistance can be discerned from 
unstable, vertical, differential or race-specific resistance by a designed test in which a 
number of host genotypes are assessed for their reaction to a number of pathogen isolates 
(Van der Plank, 1968). Vertical resistance is characterised by a significant variance 
component for the interaction of the host and pathogen. Van der Plank ( 1978) later 
cautioned on the interpretation of the variance mode I in cases where fictitious 
interactions appear in the analysis of variance, when no differential interaction in reality 
existed. Horizontal resistance (stable) by definition implies that the variation in the host 
and pathogen are not correlated. 

Variability within the P. radiata host population and the Phytophthora cinnamomi 
pathogen population has been found to be considerable. In both designed tests, the 
variance was principally due to main effects, while the interactive variance was small ( 10% 
of family variance) and was just discernable from the error variance. The hierarchal 
analysis of variance has clearly shown the fallacy of a significant interaction. Variability 
in the virulence of the pathogen was only encountered in susceptible families and it was 
constant between susceptible families in a test. Levels of virulence were low and constant 
between tolerant families. In the second test, the inoculated see-dlings of tolerant families 
had a similar health condition to the uninoculated seedlings. In these tests there was no 
evidence to support a positive host x pathogen interaction . 

Resistance which functions against individual races of a pathogen is known as specific 
resistance, whereas resistance which functions more generally against all pathogenic 
races or biotypes is non-specific resistance (Williams, 1975). Specific resistance is 
recognised by hypersensitivity and a correspondence between fungal genes and host genes 
(Watson, 1970). The gene-for-gene relationship of Flor ( 1971) has matching genes 
conditioning resistance in the host with pathogenicity or non-pathogenicity of the 
pathogen. With breakdown of this match, parasitism occurs. Specific resistance is usually 
under monogenic or oligogenic control (Van der Plank, 1968). Non-specific resistance 

. is normally considered to be under polygenic control, and although it is expressed widely 
against all races of a pathogen, it may vary in the degree to which it functions in restricting 
the development of individual races (Nelson, 1972). Differences in the aggressiveness of 
various races of a pathogen may be a reflection of the varying genetic composition of 
non-specific resistance in the host plant (Williams, 1975). 
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In the majority of cases, specific resistance, while providing a high level of protection, is 
only effective against some races of the pathogen, which has led to "breakdown" with the 
emergence of new races able to attack the host. Increased pathogenicity in pathogens is 
probably the commonest cause for the failure of resistance (Johnson, 1984), although 
changes in the environment have undoubtedly played a role in reducing the effectiveness 
of the resistance. Where vertical resistance has been lost in important agricultural crops, 
the generation time has been short enough to counteract this by a flow of new resistant 
varieties. Breakdown is not the inevitable result of the use of ve nical resistance for crop 
protection, but the dangers are enough to justify its avoidance for forest crops (Russell, 
1978). The extent and uniformity of tree plantations and their lengthy rotations make 
them particularly vulnerable. 

More lasting protection has been found in horizontal or non-specific resistance. Rather 
than being expressed as a complete or hypersensitive form of resistance, non-specific 
resistance is shown as a reduction in numbers and the rate at which propagules of the 
pathogen are produced on the host. No great selection pressure is provoked on the 
pathogen. This rate-reducing resistance appears to be conditioned by several to many 
genes, each having small effects. The disease is not simply the qualitative expression of 
dead or alive but is a quantitative character continuously ranging from rapid seedling 
death through to minimal effects on seedling health. Such resistance is additively 
inherited and can be manipulated in the same way as other quantitative traits of 
importance, to achieve long term durability of resistance. 

Constant ranking of host genotypes exposed to different races of the pathogen is regarded 
by many researchers, including Person et al. ( 1982), as a distinguishing characteristic of 
polygenically-controlled resistance. Their theoretical analysis concluded that such 
systems will be relatively more stable than those that are based exclusively on major genes 
and specific gene-for-gene interaction. 

Not only were the family rankings constant in the Pinus radiaca .-' Phytophthora cinnamomi 
tests reported in this chapter, but the same families had common rankings in other 
glasshouse tests, carried out in different environment regimes, and in the field tests. In 
addition, screening tests using two different isolates of P. cinnamomi gave similar ranking 
of the 100 and 35 families in the tests for both isolates. 

Seedling death in the HP2 test was 37% of all seedlings inoculated, compared with 13% 
for the HPl test. Factors contributing to this disparity were the different Pinus radiata 
families, five susceptible out of eight compared with two out of five, different and more 
virulent isolates of Phytophthora cinnamomi including the virulent Al mating type, an 
eight seedling compared with a five seedling treatment pot, and a more moderate 
glasshouse test environment. Resistance is the expression of the interaction between the 
host, the pathogen and the environment. These tests have shown that the host reaction 
is stable. Russell (1978) has suggested testing for resistance using different sets . of 
environmental conditions to identify types of disease based on major genes. If a 
hypersensitive reaction is involved,-the same expression of disease will result-for different 
environments, whereas resistance based on many genes will be influenced in its 
expression by the environment. Standard test families have maintained their rankings in 
the glasshouse and field tests (Figure 8), although the levels of disease among tests has 
fluctuated considerably. This strategy suggests that resistance in Pinus radiata to 
Phytophthora cinnamomi is based on many genes. 
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CHAPTER6 

GENERAL DISCUSSION 

Phytophthora cinnamomi, although it is not considered to be indigenous, is widespread 
throughout the southwest and southern areas of Western Australia. It must be recognised 
that the intensive site preparation of land for pine plantations, their subsequent 
management and eventually the extraction and haulage of the timber produce, has the 
potential to infest any area developed for pine plantations. The extension and 
proliferation of the disease will then depend on the type of soil, particularly the soil 
texture and depth. As the majority of plantations will be sited on marginal land, it is 
reasonable to expect that these plantations will become infested with P. cinnamomi, and 
these infestations will reduce the productive potential of the Pin us radiata trees. 

Various cultural methods could be applied for the control of disease but they are not 
expected to have a significant effect. Sites having the greatest potential for disease 
development could be avoided, an alternative species such as the resistant Pinus pinaster 
could be used, strict hygiene could be implemented to minimise the spread of the 
pathogen, plantations could be managed to maintain a pine canopy closure, and thinning 
and timber extraction could be carried out in the summer months only. The solution to 
the problem lies in breeding a radiata tree that has resistance to ·the disease while 
maintaining all of the other improved characters of the tree . 

Libby et al. (1969) stated" ... In a forest plantation, a genetically poor tree will continue 
to produce below the potential of the land and climate resource for as long as it occupies 
the site ....... investment in genetically good trees will maintain above average growth on 
the land resource and will continue without further cost. ...... breeding for pest resistance 
is compatible both with more efficient management and with a higher harvest per hectare 
by avoiding loss to disease." Zobel and Talbert (1984) have stated " ... Although the 

. . development of resistant strains is expensive and takes special skills and much time, it has 
the advantage that, once obtained, resistance is relatively permanent, and more resistance 
can be added ...... one can breed for economic characteristics such as straightness and 
wood quality while at the same time one can breed for broad adaptability to pests and 
diverse environments." Again, a quote from Zobel (1982a) " ... breeding for disease 
resistance is economically profitable and a necessity for most tree improvement 
programmes." Umaerus (1982) concluded " ... Clearly disease resistant plants are the 
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number one defence against plant diseases and pests ...... the use of plant resistance 
presents little hazard to the environment and presents to the growers a built-in plant 
protection, which without risks and extra costs or efforts is provided with the seed." 

Breeding for resistance to Phytophthora cinnamomi has resulted in very large genetic 
gains which are potentially actual gains because of the very high heritability. The genetic 
gain of 60% in seedling survival has been calculated for using only genotypes that have a 
tolerant or moderately-tolerant response as compared with using a seed population that 
ignores this Phytophthora tolerance character. This estimate was derived from seven 
glasshouse tests and two field tests, and was consistent over this range of environments. 
Test average seedling mortality ranged from 10% to 5:2l'c and in each case the 
multiplication of the test average by the factor of 0.4 gave a close approximation to the 
mortality of the tolerant/ moderately-tolerant group. Seedling losses in the field were 
about one third to one quarter of the deaths in the glasshouse. This data indicates that a 
considerable number of diseased seedlings survive in the field. These trees cannot 
achieve their genetic potential for growth and are subject to tree death at any stage during 
the plantation rotation, if the host/ pathogen/ environment balance alters to favour the 
pathogen. 

The effect of sub-lethal infections of P. cinnamomi on the growth of plantation trees of 
Pinus radiata has been quantified. Examples were given showing a 20-40% reduction in 
potential height growth, of four to five-year-old surviving trees of susceptible families on 
a dieback site. The field tests, FPl and FP2, have indicated that height growth was 
reduced by 9% when compared with the growth of a population that included tolerance 
to Phytophthora cinnamomi as a major character. 

Tremendous variation exists within the Pinus radiata species in response to Phytoplztlzora 
cinnamomi infection. Variability was large for all of the population hierarchal levels. At 
the provenance or major population level, seedlings from Cambria showed the greatest 
degree of resistance, Monterey was similar, while seedlings from Ano Nuevo and the two 
island populations of Guadalupe and Cedros generally had a susceptible reaction. With 
the exception of the uniform response of the resistant Cambria population and the 
-susceptible, Cedros Island population, variation within the population groups was very 
large. Individual families within the Monterey, Ano Nuevo and Guadalupe Island 
populations were identified that have a high level of resistance to infection. 

The variation in disease response was equally as large between the world's major domestic 
populations as it was among the natural populations. Pinus radima from South Africa was 
consistently less affected by Phytophthora cinnamomi infection than was Pinus radiata 
from Australia and New Zealand. Double the number of seedlings from Australia and 
New Zealand died as a result of Phytophthora cinnamomi infection, compared with the 
South African population. Variability within the South African, Australian and New 
Zealand populations was also very large. Many more families from South Africa were 
classified as resistant compared with the others, although the family recognised as the 
most resistant was located within the generally susceptible New Zealand "268" population. 
All Pinus radiata resources should be searched to locate resistant individuals to add to the 
developingPhytophthora cinnamomi tolerant population. Priority should be given to the 
generally tolerant South African population and to other populations where the genetic 
information on tree growth and form are already known. 
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Diversity is the key to the development and use of genetic disease resistance in forest 
crops. A broad genetic base will be maintained and deployed to provide functional 
diversity for the control of other diseases and pests that could eventually be introduced 
into Western Australia; for example, Dothistroma pini, Endocronaniwn harknessii, Sire.t 
noctilio. Genetical resistance in Pinus radiata to Dothistroma pini is currently being 
investigated in East Africa (Ivory and Patterson, 1970), in New Zealand (Wilcox, 1982) 
and in New South Wales (Johnson, 1986), and resistance to Endocronanium harknessii is 
being researched in California (Old et al., 1986). 

The main P. radiata breeding population in Western Australia is being developed on the 
multiline concept (Browning and Frey, 1969). Special sublines have been created that 
have resistance to Phytophthora cinnamomi as a principal character, as well as being 
outstanding for vigour, stem and branch form (Butcher, 1986a). Crossings between the 
independent sublines will be effected in intensive management seed orchards (HAPSO) 
to ensure completely outbred offspring at any time in the future (Butcher, 1986b). 
Genetic material from other programmes can be introduced immediately, at any time, 
directly into the HAPSO as a pollen mix to provide resistance to any other introduced 
disease. 

Heritability of the response of seedlings and trees of Pinus radiata to Phytophthora 
cinnamomi root-rot was very high and consistent, both at the family and individual level. 
The individual heritability for disease intensity in the native Pinus radiata species was 
close to unity in the natural population tests, but its validity is questionable, as the 
estimates of variances for the parent trees are for trees sampled in different intermating 
populations. Heritability estimates for each intermating natural population varied 
considerably, due to the small sample size and the different response of the populations. 
The heritability was very high for the Guadalupe Island, Ano Nuevo and Monterey 
populations, where there was large intra-population variation, and was low for the 
consistent response Cambria and Cedros Island populations. 

Family heritability for incidence of disease in the domestic populations and field studies 
averaged 0.80 (range 0.58 to 0.87), and was 0.80 (range 0.55 to 0.87) for the intensity of 
disease. Narrow sense heritability for the intensity of disease of individuals was extremely 
high, averaging 0.79 (range 0.58 to 0.99) in the South African population, and 0.84 (range 
0.75 to 0.92) for the New Zealand trees. The heritability for the South Australian 
population was constant at 0.38 (range 0.33 to 0.43). For the domestic population and 
field studies, the intermating populations were either plantations or clonal seed orchards, 
so that mating can be assumed to be at random and to involve a large number of 
pollinators. These families fit the half-sib model quite well, making the results all the 
more impressive. Identical individual and family heritabilities suggests that the exactness 
of the half-sib relationship is immaterial. This conclusion is important to the natural 
population studies as trees in the very small Guadalupe Island population are highly 
related and more homozygous within themselves, than the larger heterozygous mainland 
populations. 

The additive genetic variance has accounted for most of the phenotypic variance for the 
disease resistance trait. These results are most unusual as the re was no control on the 
pollen parentage in any of the reported tests, the complete spectrum of the Pinus radiata 
species was tested, and the tests were conducted in different glasshouse environments, 
and in the field. The female contribution to the character is completely dominant and 
the male apparently has little effect. Therefore, cytoplasmic inheritance is most likely to 

170 



) 

be a major mode of resistance in the Pinus radiata I Phytophthora cinnamomi system. 
Confirmation of this is required, as it has a profound effect on the constitution and 
development of sublines within the Western Australian breeding population. 

Resistance to P. cinnamomi disease in Pinus radiata is under strong genetic control. This 
has been shown to be constant in a diverse range of environments and for a wide range 
of pathogen isolates. The level of disease expression has varied according to the 
conditions of the environment and the virulence of the Phytophrhora cinnamomi isolates 
used in the tests. However, ranking of families for their response to the pathogen has 
remained unchanged and particularly, the variation in disease expression in the host 
appears to be independent of the variation in the pathogen. Both of these forms of 
variability are rarely encountered with disease resistance that is controlled by major genes 
(Russell, 1978). Indications are that there are a number of genes in Pinus radiata, each 
having a small effect, acting additively to give general resistance to Phytophthora 
cinnamomi. General or non-specific resistance will be more difficult to define in genetic 
and biochemical terms than specific resistance (Williams, 1975) as complex interactions 
between numerous genes may be involved. In tree crops, data on the genetic base of 
resistance, comparable to agricultural crops, are not available, even for the much studied 
biotrophic leaf rusts of poplar (Heather and Chandrashekar, 1982) and white pine 
(Bingham, 1983 ). .Our use of open-pollinated families and heterogeneous sources of 
inoculum is unlikely to provide precise identification of resistance genes, but it will result 
in a diversity of resistance genes selected in a broad Pinus radiata population. This should 
guarantee durable resistance to Phytophthora cinnamomi over the long thirty-year 
plantation rotation. Dinus (1982) made the important statement" ... Knowing the how 
and why of resistance will facilitate continued progress but much work can be deferred 
until more important questions are answered. Hastening release of a first usable product, 
however preliminary, is more important." 

The two field tests have shown that family response to P. cinnamomi is similar in the 
glasshouse and in the field. Family rankings for the incidence of disease were very highly 
correlated in both test environments. Intensity of disease in the fie Id, as measured by the 
height growth of trees, also gave a similar ranking of families as for the glasshouse test. 
The glasshouse test can be used as a reliable and rapid method for determining the Pinus 
radiata family response to Phytophthora cinnamomi. 

Techniques for the glasshouse test have been defined, and refined to give the maximum 
expression of the P. cinnamomi disease for each family. The most important of these were 
the use of a multi-family treatment pot so that all families were subjected to similar 
inoculum levels of the pathogen, the use of multiple isolates of the pathogen in each pot 
so that resistance is tested against a broad spectrum of the pathogen, and experiments are 
conducted in a moderate moisture / moderate temperature regime in the glasshouse. 
Other improvements were the development of seedling disease intensity scales for the 
quantitative analysis of the disease. 

The development of the empirical scale to represent the continuous variation in response 
of Pinus radiata seedlings to infection with Phytophthora cinnwnomi, was paramount to 
the statistical model for the partitioning of experimental variances and their 
interpretation. The root assessment of the surviving seedlings and sorting into disease 
expression classes is obviously better than the height increment following inoculation 
sorting, even with standardisation of the increment classes. The height increment scale 
is dependent on a prescribed mean performance and the total population variance, before 
the pathogen was applied. How representative the standard for comparison is can have 
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an effect on this arbitrary scale. The root assessment is independent of any family mean 
and is a realistic sample of the surviving seedling population for the intensity of disease. 
Disease at the other end of the scale, dead seedlings, has been divided into classes subject 
to the length of time taken for seedlings to die. Again, the class limits are fairly arbitrary 
but they are based on the experience of a large number of Pinus radiata I Phytophthora 
cinnamomi screening tests. 
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