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ABSTRACT - The genetic variation in traits of growth and shape and their distribution among and within ten Australian
provenances of Araucaria cunninghamii was studied under the environmental conditions of Luiz Antonio, state of Sdo Paulo
(SP). The provenance test was implanted in 1985 with ten provenances in six replications and row plots of four plants each.
The Ftest of the analysis of variance showed significant differences at 1% probability among provenances for height and DBH
at 20 years old. Of the total variation in height, DBH and trunk shape, variation among provenances accounted for 14.59%,
23.01% and 2.04%, respectively, after 20 years. At the same tree age, provenance Langkelly Creek performed best for traits
DBH and height and Imbil Seed Orchard for trunk shape, while Bulburin performed worst for height and trunk shape and

Jimna for DBH.
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INTRODUCTION

Themaost important information evaluatedin thearea
of forest improvement is related to the origin of seeds
(Zobel and Talbert 1984). Forest geneticistsare well aware
of thefact that different geographic origins of seedsused
for reforestation can entail substantial differences in
growth, shapeand health of thereforested stands (Eldridge
et al. 1993). Thedifferenceamong populations of asingle
speciescan beso great that standswith aparticular origin
of seeds can produce highly successful results while such
from other originscan beacompletefailure. It istherefore
fundamental to know the origin of the seeds used for
planting (Eldridgeet al. 1993). Which origin of seedsisthe
best can only be determined after intensive tests of
provenances that evaluate most part of the species
rotation age (Zobel and Talbert 1984).
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Araucaria cunninghamii Aiton ex D. Don is a
wind-pollinated dioic conifer (Nikles 1996) of great
commercial value for tropical and subtropical regions.
The species naturally presents a broad geographic
distribution (Nikles and Newton 1983) which extends
discontinuoudly from lat 1° Sin thewest of Irian Jayain
Indonesia to lat 31 °S in New South Wales, Australia
(Niklesand Newton 1983, Nikles 1996). Thedistribution
is mainly concentrated in the subtropical areas of the
southeast of Queensland and northeast of New South
Wales, within an extension of about 400 km from 24° 30°
S to 28° 10" S, from 1.200 m altitude asl, in the
surroundingsor interior of rain forests. In Papua New
Guineait reaches2.500m altitude, which demonstrates
morphol ogical, adaptive and growth variations (Nikles
1996). The climatic variations in this great natural
distribution can include from sometimes severe dry
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seasons in Australia to high precipitations in Papua
New Guinea (over 1929 mm), occurrence of cyclones
and strong wind in the coastal areas, to which the once
well-established species is resistant, and frosts in
mountainous areas, to which it is moderately resistant
(Niklesand Newton 1983).

The importance of studying this species for the
state of Sao Paulo is associated to the possibility of
planting it in alarge part of the area, and motivated by
the similarity of the edaphic and climatic conditions of
great part of the state to the conditions of the occurrence
areain Australia. A. cunninghamii isemergent in the
tropical and subtropical Australian rain forests, grows
toaheight of 30 to 50 m, and can reach 60 m and a DBH
of 1.8 m (Hall etal. 1970, Kanowski et al. 1985, Nikles
1996). Well-developed standsin Queendand are 25.5m
high after 25 yearsand 36 to 37.5m at an age of 50 years.
A. cunninghamii isconsidered adequate for plantingin
subtropical areas with precipitation between 968
and 1936mm without frostsor only few light frosts (Hall
et al. 1970). Itstimber has ahigh commercial valueand
is indicated for wooden lining, construction of
barrels, broomsticks, match boxes, cases, boxes, etc
(Hall et al. 1970).

A. cunninghamii populations present great genetic
variability and adaptability to a wide range of sites and
climatic conditions (Kanowski et al. 1985). This is a
favorable aspect for the use of the species in genetic
improvement programsin Brazil and the state of Sdo Paulo.
A. cunninghamii is cultivated in many areas, despite its
subtropical/tropical origin (Nikles1996). Inastudy realized
in Itapetininga— SP, with six A. cunninghamii provenances
from Queendand, thefour-year-old treespresented amean
height of 2.06 m, DBH of 2.32 cm and grade of trunk
straightnessof 1.68. Theresultswere considered inferior
to those observed in Pinus and Eucalyptus stands in the
region (Pireset a. 1980).

The objectives of this study were to investigate the
silvicultural performance and quantify thegenetic variation
and its distribution among and within A. cunninghamii
provenances under the environmental conditionsof Luiz
Antonio-SP, aiming at the selection of a base population
toinitiatea geneticimprovement program with the species.
Specific objectiveswere: i) to study thegenetic variations
in A. cunninghamii progenies for the main silvicultural
traits in the region of Luiz Antonio - SP; ii) study the
correlations between growth traits and geographic and
climatic featuresin the species’ natural occurrencearea;

iii) classify provenances according to their silvicultura
performancee; iv) select superior trees.

Material and Methods

The seeds for this trial were collected from open
pollination of trees of ten A. cunninghamii provenances
in Australia by the Department of Forestry of Brisbane.
All provenances were originated from Queendand (Table
1). The provenances Benarkin, St. Agnes, Brooweena L.
A., S John, Jmna, Bulburin, Clifford and Langkelly Creek
werecollected from natural populations, Imbil Seed Orchard
in aseed orchard and Yarraman from acommercial stand.
The seedswere sent to the Ingtituto Florestal in 1984 and
in November 1985 the provenancetest wasinstalled at the
Experimental station of LuizAntonio(lat 21° 40’ S, long 47°
49 W and alt 550 m adl). Theannual precipitation mean at
thestationis1280 mm, thesoil isaLatosol and theclimate
of the Cwatype (Venturaet a., 1965-1966). Theexperiment
wassat up inthefield in an experimental design of complete
randomi zed bl ocks with ten treatments (provenances), six
replications and row plots of four plantsin a spacing of 3
x 2 m plustwo external border rows.

The evaluated traits were total tree height at five
(height5) and 20 years of age (height20), DBH after five
(DBH5) and 20 years (DBH20) and the trunk shape at 20
years of age (TRS20). Thetreetrunk shapewas eval uated
based on criteria of subjective grades (varying from one
to five, considering the trunk straightness, bifurcations,
lateral shootsand branches, where1 istheworst and 5the
best grade). For analysis of variance, the variabl e trunk
shape was transformed by ({/TRS20), in order to
approximatethe data distribution to normal distribution.

The analyses of variance for each trait and age
wereredlized a theindividual plant level, considering only
the general mean asfixed effect and using the following
statistical model Yy, =m+b; +t; +€; +d;,, where
Y« isthephenotypicvalueof thek™individual of thej®
block of thei™provenance; misthe general mean; b;isthe
effect of the jth block; t; is the effect of the i provenance;
€; is the effect of the interaction between the it
provenance and the j" block (error among); dijk is the
effect of theerror within the provenance; wherej =1....J,
J =6 (J isthe number of blocks); i = 1....I1, | =10 (l isthe
number of provenances); k= 1....K, K~4 (K isthe number
of trees per plot).

The F test of the analyses of variance was obtai ned
using the GIm procedure of the software SAS (SAS
Institute Inc. 1989). To estimate the components of
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Table 1. Number of trees from which seeds were collected, geographic coordinates, altitude and precipitation of the area of A.

cunninghamii seed collection in Australia

Provenances Nr. of mother Latitude Longitude Altitude Mean annual

trees S E (m) precipitation
(mm)
Benarkin 10 26° 55' 152° 09' 440 992
St. Agnes 42 250 20' 151° 50' 280 930
Brooweena L. A. 20 250 32 150° 13' 122 1056
St. John 20 27° 14 152° 40’ 400 1200
Jimna 20 26° 42 152° 20 600 817
Bulburin - 24° 25' 151° 30' 540 1447
Clifford 10-20 24° 40' 151° 00' 810 1200
Imbil Seed Orchard 20 26°0 27" 152° 40' 105 1200
Yarraman 20 26° 51 152° 10' 435 1000
Langkelly Creek 20 13° 54 143° 15' 500 1200

variance, we used the Reml method (Restricted Maximum  popul ation.

Likelihood) in combination with the Varcomp procedure
of SAS, sincethetrial was unbal anced due to the unequal
number of surviving trees per plot. The estimated
components of variance were: csﬁ: genetic variance
among provenances; ¢ 2 =environmental variance; va =
phenotypic variance within provenances. The genetic
divergence among popul ationswas etimated with anintra-
classcorreation by Qg =2 /(o2 +02+02).

The genetic correlations (r,) between traits of the
same and different ageswere estimated at the individual
plant level, using the equation r, =o,,,/ /oo , Where
ngpy isthec;ros@ed genetic product of thetraitsx andy;
O and G, are the genetic variances among
provenancesfor thetraitsx andy, respectively. The crossed
products were estimated by the analysis of covariance
using SAS.

Themulti-trait index was constructed to select the
best trees: |5 =X, a+X,d+X.f, wherex, , X, and
X aretheweightsof thetraitsheight (a), DBH (d) and
trunk shape (f) and x, + X, + X =1. Thehighest weight
was attributed to the trait trunk shape (0.5) in order to
improve the trunk shape of the population. Height and
DBH weregiven the sameweight, 0.25. Based on thisindex,
the phenotypic value of the trees was determined as well
as the trees to be selected to compose the recombination
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Theexpected responsewith mass selection for height
and DBH (R ) was estimated by R =i h?, wherei is
the selection intensity in standard deviation units, G is
the estimate of the standard deviation of the phenotypic
variance and hi2 is the estimate of the coefficient of
heritability at theleve of individual plants. Sincewe are
dealing with a provenance test, the coefficients of
heritability at thelevel of individual plants were inferred
from astudy of Eisemann et al. (1990) who estimated these
parametersat 0.19for height and 0.22 for DBH in aprogeny
test carried out near Imbil in the southeast of Queensland,
Australia. The gainswere estimated for mass sel ection at
27% (i=1.2022, Hallauer and Miranda Fo 1988) of the best
trees of the trial at the age of 20 years. The response to
selection in percentage [ R (%)] was calculated
by R(%) = (R/X).100, wherex isthetrait mean.

RESULTSAND DISCUSSION

Genetic variation

Survival rateswererelatively highin the experiment,
varying from 93.7%in fiveto 86.7% in 20-year-old trees
(Table2), indicating good adaptation of the plant material
and its potential for reforestation in the environmental
conditions of Luiz Antonio.
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Table 2. Estimates of mean squares, coefficient of experimental variation (CVexp) and components of variances for height (height5 and
height20), DBH (DBH5 and DBH20) and trunk shape (TRS20) of A. cunnunghannii

Sources of variation height5 height20 DBH5 DBH20 TRS20
(m) (m) (cm) (cm)
Block 4.0560 16.3625 7.7119 28.0026 0.0360
Provenance 4.9127 43.5600 ** 9.4918 221.4256 ** 0.0848
Error 2.9627 9.1138 6.0954 18.1636 0.0657
CVeg 12.4% 15.8% 16.8% 29.7% 29.2%
Mean 6.39 19.68 7.81 19.25 3.26
Survival 93.7% 86.7% - - -
'5| I 0.0976 1.6345 0.1584 8.7619 0.0016
rj:: 0.6288 - 1.1815 - -
fji 0.6239 9.5652 1.7234 29.3211 0.0749
QHI 0.0723 0.1459 0.0517 0.2301 0.0204
** P<0.01

1

nl' o : and » aretheestimates of thegenetic variance among provenances, environmental variance and phenotypic

variance within provenances, respectively, Qg = genetic divergence among provenances

The F test of the analysis of variance (Table 2)
showed significant differences at the level of 1%
probability among provenances for height and DBH at
the age of 20 years, suggesting that there are genetic
differences among provenances and, thus, potentia for
the selection of more productive provenances under the
environmental conditionsof Luiz Antonio.

Genetic divergence among provenances ( Qg )
varied from 2.04% (TRS20) to 23.01% (DBH20), indicating
that the greatest part of genetic variation is found within
provenances. Comparing the genetic divergence observed
for DBH and height at the age of five years (DBH:
Qgr =0.0517; height: Qsr =0.0723) with theoneobserved
after 20 years (DBH: Qg =0.2301; height:
Q4 =0.1459) one notes that there was an expressive
increasein divergenceamong provenanceswith increasing
tree age. The increase of genetic variation among
provenancesisthereflex of the natural selection pressure,
favoring the growth of the most adapted and disfavoring
the least adapted provenances.

In turn, the low genetic divergence detected among
provenances for trunk shape, associated to the absence

of significant differencesamong provenancesand thehigh
trait mean (3.26) indicatethat thetested material generally
has agood shape and that it is possible to select superior
treesfor trunk shapein all provenances. The low genetic
variation among provenances for trunk shapeis probably
areflex of previous mass selection during the process of
seed collection for theimplantation of the provenancetest.
Thiswould explain the good shape observed in the test.

The genetic divergence detected among A.
cunninghamii provenances is comparable to the one
observed in other studies with the species and with
other species of the genus Araucaria. Pireset a. (1980)
studied six Australian provenancesof A. cunninghamii
in ltapetininga-SP to up to four years of
experimentation and observed high levels of genetic
divergence in the provenances for the traits height
(Qsr = 42%), DBH (Qsr = 60%) and trunk shape
(Qsr = 72%); these values were much higher than those
found in the present study at all evaluated ages. This
suggests that the selection pressure was higher under the
conditionsof Itapetiningathan in Luiz Antonio, resulting
inaclearer differentiation among provenancein thefirst.
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On the other hand, comparing the genetic divergence
observed herewith theonerdated in studiesrealized with
Araucaria angustifolia, it is verified that the divergence
detectedin A. cunninghamii ismuch higher. Shimizu (1999)
detected genetic divergence among eighteen 23-year-old
A. angustifolia provenances grown in Ribeirdo Branco-
SP, inarangefrom 4.5% (commercia volumewithout bark)
t0 7.3% (height). Sebbenn et al. (2003) studied fifteen 21-
year-old A. angustifolia provenances in Itapeva and
observed amaximum genetic divergence of 6.2% among
provenances (height). A. cunninghamii therefore
apparently has a greater genetic variation among its
provenances for growth traits than A. angustifolia,
indicating ahigh potential for the achievement of genetic
gains by sdlection of the best provenances.

Provenance performance

Based on a comparison of the provenances mean
growthin height (19.68 m) and DBH (19.25¢cm) in 20 years
with the growth means observedin A. angustifolia (Sebbenn
et al. 2003) after 21 yearsin Itapeva(height=6.93m; DBH=
10.2 cm), weconcluded that A. cunninghamii hasaquicker
growth. Thereative superiority in growth for height is64.8%
and 47% for DBH. The growth of A. cunningamii also
outmatches the growth of 17-year-old Cariniana legalis
(Sebbenn et al. 2002) in Luiz Antonio (height = 12.26 m;
DBH =13.49 cm), demongtrating itssilvicultural potential
that exceedsnative Brazilian conifersand leafy species. On
theother hand, compared with DBH growth of 12-year-old
Pinus elliottii var. elliottii (Romanelli and Sebbenn 2004)
treesgrown in Angatuba (19.3 cm), Itapetininga (19.7 cm)
and Itapeva (18.2 cm) and P. caribaea var. bahamensis
(Romandli and Sebbenn 2004) treesof the same age, grown
inAngatuba (24.2 cm), Itapetininga (26.5 cm) and Itapeva
(24.3 cm), the conclusion may be drawn that A.
cunninghamii has dow growth and its yidd much lower
than that presented by these Pinacea.

Thegrowth of the provenancesvaried with thetime
of experimentation (Table 3). At the age of five years, the
best provenancefor growth in height and DBH was I mbil
Seed Orchard and theworst was Jimna. At the age of 20,
the performance changed. The best provenancefor height
and DBH was Langkelly Creek, followed by Brooweena
L.A. and theworst wasBulburin for height and Jimnafor
DBH. Taking the error of the mean estimates into
consideration, it can beverified that the growth in height
and DBH of provenance Langkelly Creek differsfrom the
growth of the second provenance after 20 years
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(BrooweenalL .A.), indicating provenance Langkelly Creek
as the best for the conditions of Luiz Antonio.

For trunk shape, provenance Imbil Seed Orchard had
the best performance, followed by Yarraman, while
provenance Bulburin had theworst trunk shape (Table 3).
These two provenances of best performance represent a
plant material with some degree of improvement.
Provenance Imbil Seed Orchard, asthe proper name says,
originates from a seed orchard and Yarraman from a
commercial plantation. Sincethetrait trunk shape presents
an intermediate heritability (0.3 to 0.5) its selection is
effective, so one or a few generations of mass selection
are enough to practically fix thetrait. Thiswould explain
the best performance of the trait trunk shape in the
provenances|mbil Seed Orchard and Yarraman.

For trunk shape, the provenances Langkelly Creek
and BrooweenaL.A., with best growth in height and DBH
at 20 years of age were classified in seventh and fourth
place, respectively (Table 3). The trunk shape of the
provenance Imbil Seed Orchard, according to thestandard
deviation, differs from that observed in the provenance
Langkelly Creek but not from provenance BrooweenaL .A.
Thisindicatesthe need of prioritizing thetrait trunk shape
in the individual selection within provenance Langkelly
Creek in order to obtain plant material with ahigh growth
rate and good trunk shape. Summing up, based on the
results of the means of tree growth in height and DBH,
provenance Langkelly Creek can beindicated as the most
adequatefor standsin theregion of Luiz Antonio, although
aprevious selection for trunk shape would be necessary.

Correlations

Thegenetic corrdationsfor height was 0.44 between
the ages of five and 20 years, and for DBH it was 0.54,
both low and statistically not significant. This indicates
that the young trees of greatest or least growth are not
necessarily the same trees as those of greatest or least
growth at the age of 20 years.

The estimate of the genetic correlation between
height and DBH at the age of five yearswas equally low
and not significant (f, = 0.30; P < 0.01). On the other
hand, the genetic correlation between height and DBH at
the ageof 20 yearswas high and significant (7, =1.04; P
< 0.01), demonstrating the possibility of capitalizing on
indirect genetic gainsin onetrait based on direct selection
for another trait. Evidently, in thiscasethe most indicated
trait for direct selection is DBH, owing to the greater
precision of itsmeasurement.
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Table 3. Estimates of means (+ standard error) for height (height5 and height20), DBH (DBH5 and DBH20) and trunk shape (TRS20)
in ten A. cunninghamii provenances planted at the experimental station of Luiz Antonio

Provenance height5 height20 DBH5 DBH20 TRS20
(m) (m) (cm) (cm)

Benarkin 6.73 £ 0.21 18.48 + 0.73 7.87 £ 0.30 16.79 + 0.88 2.95 + 0.16
St. Agnes 6.24 + 0.28 19.15 + 0.66 7.44 = 0.36 19.25 + 0.96 3.29 £ 0.19
Brooweena L.A. 6.30 £ 0.27 20.13 £ 0.48 7.56 £ 0.31 20.02 £ 0.99 3.43 £ 0.20
St. John 564 £ 0.31 19.56 + 0.75 7.09 £ 0.50 18.13 + 1.25 3.44 £ 0.18
Jimna 5.64 £ 0.35 18.64 £ 0.71 6.84 + 0.52 16.33 + 1.20 3.00 £ 0.21
Bulburin 6.18 + 0.24 17.94 + 0.86 7.48 £ 0.39 16.58 + 1.13 3.00 £ 0.26
Clifford 6.59 + 0.16 19.86 + 0.92 8.38 £ 0.33 18.88 + 1.44 3.24 £ 0.23
Imbil Seed Orchard 6.94 + 0.14 19.63 = 0.55 8.92 + 0.26 18.89 + 1.01 3.65 + 0.18
Yarraman 6.80 + 0.13 19.64 + 0.57 8.08 + 0.22 18.66 = 1.07 3.45 + 0.18
Langkelly Creek 6.60 + 0.15 23.25 + 0.61 8.26 + 0.30 2743 £ 1.72 3.05 £ 0.23

The correlation coefficient of Spearman for the
association between thetraits and geographic and climatic
features (latitude, longitude, altitude and mean annual
precipitation) of thelocal of origin of the provenancesis
presented in Table4. At the ageof 20 years, the corrd ations
with thelatitude and longitudeof origin of the provenances
were high, negative (> -0.8) and gtatistically significant
(P <0.01) for height (ALT20) and DBH (DBHZ20). These
resultssuggest that the growth of 20-year-old provenances
was affected by the geographic origin of the seeds.
According to the correlations, seeds originated from lower
latitudes and longitudes tend to perform better in height
and DBH growth under the environmental conditions of
Luiz Antonio and vice versa. Thisagrees with the results
observed for the growth mean of the provenances. At the
age of 20 years, the provenance of best growth was
Langkelly Creek, exactly the one of lowest |atitude (13°
54" and longitude (143°15").

Geneticgain

The expected gains with the mass sel ection of 59
of the 209 surviving trees (28%) were estimated (Table
5). The selection scheme involved trees of all
provenances in order to obtain a base population with
an effective size of at least 50. The selection of only

provenance Langkelly Creek trees would result in an
orchard formed by only 24 trees. Besides, this
provenance did not present the best trunk shape among
the tested provenances. We therefore decided to use
phenotypic selection based on the construction of an
index that attributed a higher weight to trunk shape and
equal weights to the traits height and DBH growth.
Based on thisindex, 11 trees of the best provenancefor
height and DBH (Langkelly Creek) and only two trees
with best growth and trunk shape of the worst
provenance (Bulburin) were selected. Using the
coefficients of heritability estimated by Eisemann et al.
(1990) for height and DBH, the expected gains with
selection were estimated. A gain of 3.88% for height
and 8.47% for DBH can be expected in 20-year-old
stands of the species in areas that present the same
environmental featuresas Luiz Antonio.
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Table 4. Estimates of the coefficient of correlation of Spearman (| ) between traits and geographic features of the origins of A.
cunninghamii provenances

Trait Latitude Longitude Altitude Annual mean precipitation
S W (m) (mm)

height5 -0.29 -0.29 -0.29 0.31

height20 -0.82** -0.87** -0.35 0.33

DBH5 -0.19 -0.23 -0.32 0.00

DBH20 -0.90** -0.92** -0.34 0.31

TRS20 0.04 0.15 -0.55 0.35

** P£0.01

Table 5. Estimates of expected gains with a selection of 27% of the best trees for the traits height (height20) and DBH (DBH20) in 20-
year-old A. cunninghamii provenances

Parameters Height (m) DBH20 (cm)
Mean of traits in original population 19.68 19.25
Mean of trait in selected population 22.6 25.6
Phenotypic variance - .:-,-IE_ 11.20 38.08
Heritability in levels of plant - hf * 0.19 0.22
Expected gains by massal selection - R 3.88% 8.47%

* Eissmann et a. (1990)

Variacao genética em procedéncias de Araucaria
cunninghamii em Luiz Antonio, Brasil

RESUMO - A variagdo genética de caracteres de crescimento e forma e a sua distribuicdo entre e dentro de dez procedéncias
australianas de Araucaria cunninghamii foram estudadas nas condi¢Ges ambientais de Luiz Antonio, estado de Sdo Paulo. O
teste de procedéncias foi implantado em 1985 em blocos casualizados com seis repeti¢des e parcelas lineares de quatro
plantas. O teste F da analise de variancia revelou diferencgas significativas a 1% de probabilidade entre procedéncias para
altura e DBH aos 20 anos de idades. Aos 20 anos de idade, da variacgdo total para altura, DBH e forma do fuste, a variacéo
entre procedéncias acomodou 14,59%, 23,01% e 2,04%, respectivamente. Aos 20 anos de idade, a procedéncia Langkelly
Creek teve 0 melhor desempenho para os caracteres DBH e altura e a Imbil Seed Orchard para forma do fuste. A procedéncia
Bulburin teve o pior desempenho para altura e forma, enquanto a procedéncia Jimna foi a pior para DBH.

Palavras-chave: Araucaria, coniferas, teste de procedéncias, correl agdes genética, melhoramento florestal.
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