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Preface

An international series of provenance trials Rifus kesiyawas initiated by the IUFRO
Working Party on Breeding Tropical Trees in 198dd asupported by the FAO Panel of
Experts on Forest Gene Resources in 1988.

Searching for provenance locations and collectioseed for the establishment of field trials
took place in the late 1980s in collaboration befmveational institutions in Brazil, Myanmar,
China, Madagascar, Philippines, Thailand, Vietnaambia, Zimbabwe, and the Oxford
Forestry Institute and Danida Forest Seed Centre.

During 1989-1993, seed of 42 provenances and laadriitom the nine countries mentioned
above was distributed to 20 institutions in 19 ddes. Thirty field trials were then
established in 17 countries. In 1996, it was agteagshdertake a joint evaluation of a subset
of these trials. During 1998-1999, a number ofsneere assessed by national institutions in
the respective countries, with technical and fimangupport from Danida Forest Seed Centre.
Assessment reports were prepared for each of thate The reports and more information
about the trial series can be found at the welbs$ik®rest & Landscape

The present study involves an across-site anabfsisome of the provenance trials. The
interpretation of provenance performance across stoften a complicated matter, due to the
unbalanced representation of provenances amongsds, tras well as trait variance
heterogeneity associated with differences betwegalst in measurement age and
environmental variability. To accommodate these glexities, the analysis applied linear
mixed model methodology, using a factor analytracture to model the provenance effects
across trials and a first-order separable autossgre error term to model the residual
variation in each trial. Such an approach is nobmmonly seen in the analysis of provenance
trials, and the methods are therefore describexbime detail with the intention that it might
be useful to other researchers working with sinplablems. The study was pursued by Jo&o
Costa e Silva dtorest & Landscapeuring July-December 2006, with financial supgostn

the Danish Rectors’ Conferen@nd theGabinete de Relacdes Internacionais da Ciéncia e do
Ensino Superioof Portugal.






Contents

Abstract

Introduction

Materials and Methods
Results and Discussion
Conclusion
Acknowledgements
References

Tables

Figures

Appendices

13

29

30

31

33

40

41



Abstract

This study presents the results from seven intemgat provenance trials ¢tinus
kesiyaestablished in Colombia, South Africa, Swazilantetnam and Zimbabwe.
The traits evaluated were survival, total volume lpectare, Pilodyn penetration, stem
straightness, branch diameter, forking and foxtgjliat ages 5, 6, 7 or 8 years from
planting. The tested material included 28 seediasyprising 24 provenances from
the natural range of the species distribution atatdl seed sources from Madagascar
and Zambia. Survival was generally high, with patages exceeding 85% in most of
the trials. Significant provenance variance wasntbtdior total volume per hectare,
Pilodyn penetration, stem straightness, branch eliamand foxtailing in all of the
trials where these traits were measured. Forkingibeeed significant provenance
variance in only four of the seven trials measurfedactor analytic structure, used to
model the provenance effects in each trial indatate strong provenance by
environment (G x E) interaction for Pilodyn. Howevéhe measurement age of
Pilodyn differed between trials, and thus the deds x E interaction may reflect
differences between provenances in the radial eegel tof wood density within the
juvenile core. The practical importance of G x Eeraction was not great for the other
traits, as the majority of the provenances did display relevant ranking changes
across environments. Bivariate linear mixed moadellyses across sites indicated that
provenance correlations involving total volume pectare, stem straightness and
forking were statistically significant, moderatehigh, and their signs suggested that
simultaneous improvement could be achieved in thesgs following provenance
selection. However, these traits were significardlyd adversely correlated with
foxtailing. Provenance correlations involving Pyod and branch diameter were
generally small and not significantly differentiinazero. Viethamese provenances, as
well as local seed sources from Madagascar and idangwovided favourable
combinations of growth and wood quality traits, ahds could have an important
value for provenance research, seed supply andibgee

Keywords

Pinus kesiyaprovenance variation, genotype by environmenk & interaction, trait
correlations, linear mixed models.



Introduction

Pinus kesiyais a conifer species with an important potential &forestation
programmes in the tropical zone. TlRekesiyacomplex is widely distributed between
30°N and 12°N in South East Asia. It occurs in Bar@hina, India, Laos, Philippines,
Thailand, Tibet and Vietnam. The species grows hestnedium to high rainfall
conditions at medium altitudes (i.e. 600 to 1800 Pnkesiyahas the capacity to adapt
to various environmental conditions. Provided tdetinage is goodP. kesiyais
adaptable to a broad range of solil types, tolegatintrient poor and acid to neutral
soils. In addition, it can withstand drought andstr Nevertheless, at lower altitudes,
Pinus caribaeaandPinus oocarpaare preferred, while at higher altitudes bettsults
are obtained by various sub-tropical pines (€ipus patuld which are less frost
sensitive (Armitage and Burley, 1980). Reporting the mean annual volume
increment ofP. kesiya plantations, Varmola and Del Lungo (2003) indidatn
average productivity of 19 fha’ yeai' (range from 11 to 21 #rha' year', based on
59 observations) for an average rotation age ofe2ds. The total plantation areafaf
kesiyais not well known, but Vietnam alone accounts doound 250.000 ha (James
and Del Lungo, 2005).

P. kesiyais a fast growing species and produces a hightguadng-fibered, pulp.
However, poor stem form and branching charactesidtave restricted the use PBf
kesiyaas a plantation species (Armitage and Burley, 198t&m defects such as basal
sweep, butt sweep, sinuosity, crookedness, nodallisgy and multiple stems
commonly occur, as do whorls of heavy persiste@intines and long internodes
(Burley and Wood, 1976). In addition, as for otli@st growing tropical and sub-
tropical pinesP. kesiyahas a large juvenile core with less desirable woagperties
such as lower density and short tracheid lengthf&®ourable sites, promoting fast
growth may also result in total tree collapse (Aage and Burley, 1980). Therefore,
opportunities to achieve genetic progress are aobat for traits with economic
impact on plantation programmes using this corgfecies in the tropical zone.

Initial research on inter-population difference$irkesiyavas pursued in Zambia

during the 1950’s. The test material included prarees from Assam (a State of



India), Philippines and Vietnam (Armitage and Byrl@980). In 1969, the Food and
Agricultural Organization (FAO) of the United Nati® and the Australian Forest
Research Institute sponsored seed collections se&fl sources &. kesiyafrom the
Philippines, which were complemented with two Zaambiand races. Provenance
trials were then established in several countriBagléy and Wood, 1976) but, when
reviewing results from these trials, Gibson andnBar(1984) recommended that a
more comprehensive evaluation and analysis of #eetyc variation inP. kesiya
should be undertaken. Following these recommenastiand similar suggestions
from the FAO Panel of Experts on Forest Gene Ressu(FAO, 1988), a large
collection ofP. kesiyaseed sources was carried out during the late $988’a result
of a collaborative effort between national instaas in different countries, including
the Oxford Forestry Institute and Danida ForestdSgentre (DFSC). In this context,
during 1989-93, seed from provenances and land maicBurma, China, Madagascar,
Philippines, Thailand, Vietnam and Zambia wererthsted to several institutions in
different countries. Although field experiments wenmnitially planted in more
countries, only trials established in Colombia, dnésia, South Africa, Swaziland,
Vietnam and Zimbabwe had high survival and wereegaty in good condition, as
reported by DFSC (1996, 1997). For the remainirgstr either information was not
received from the respective countries or the drigkre abandoned due to severe
damage caused by fire, drought or browsing.

Based on trial condition, as well as on the repregmn and distribution of
provenances within and amongst trials, seven &&fgkriments were considered in the
present study to have relevant information for ping an across-site analysis of the
kesiya international series mentioned above, and fortstravith economic and
biological importance. In this sense, the presesrkvaims to: 1) assess the magnitude
and significance of provenance variance and covegian adaptive, growth and wood
quality traits; 2) detect and determine the levighrmvenance by environment (G x E)
interaction for the traits involved, as well asntfy contrasting environments in terms
of changes in provenance ranking; 3) evaluate tleefopnance of different

provenances across a range of environmental condjtin order to be able to provide



recommendations concerning appropriate choices eefd ssources foP. kesiya

planting programmes in the tropics.

Materials and Methods

Genetic material, field trials and characters assessed

Table 1 describes the location, climate and daf@rnmation for each of thé.
kesiyaprovenance trials of the international series usdtie present study. The field
trials were established in five different countrigSolombia, South Africa, Swaziland,
Vietnam and Zimbabwe. Except for the trials in Golia, the experimental sites were
characterized for their soil physical and chemprabperties, as described by Hansén
al. (2003). In this sense, all sites had acid (i.e.~pb) and well drained soils with a
medium/loamy texture; the organic matter conteng waor (< 2% DM) in trials 2, 4
and 5, medium (2-5% DM) in trial 3, and rich (> 93M) in trial 1; soil depth was <
50 cm in trial 3, between 50 and 100 cm in triglet land 5, and > 100 cm in trial 2.
All trial sites are located outside the range @&f tlatural distribution oP. kesiya This
also includes trial 1, as in northern Vietndm kesiyahas a restricted distribution,
being found in very small stands at elevations 6880 m across the river Song Koi
(Red) River in the vicinities of Lao Cai and HuaBg Phi (22°40’'N, 104°35’E)
(Armitage and Burley, 1980).

The present study included 28 kesiyaprovenances (see Appendix 1 for their
definition, and description of the location andrdite of their origin site). Most of the
seedlots derive from collections made within thegeaof the natural distribution (i.e.
in native stand localities) of the species. Theeptions are the Madagascar and
Zambian provenances, which represent local seede®ulhe Madagascar sources 25
and 26 are of Viethamese origin, and derive froghhguality stands managed for
producing improved seed. The other Madagascar aegmbvenance 27) presumably
also originates from Vietnam, and was obtained famitections made within a land

race. Provenance 28 pertains to a seed collectmm ten trees of a clonal seed



orchard (CSO) in Zambia. Thus, the seedlots 25628 are likely to be improved
by artificial selection, although no information &vailable concerning the traits
targeted and the levels of improvement achievee. rEfpresentation and distribution
of the sources within and across trials was unloaldrfsee Appendix 1 for the list of
trials where each provenance was tested): the nuoibprovenances in each trial
varied from 16 to 22, and the number of overlap@egdlots across trials varied from
8 to 19, with Trial 1 having the poorest provenalntks (i.e. range from 8 to 12) with
the other trials (Table 2). Nevertheless, the niigjaf the provenances were tested in
at least four sites. In addition to plots with tfaggeted provenances, the trials also
included plots with control seedlots frdfn kesiyaas well as from other pine species
(Pinus elliottii, Pinus maximinoi, Pinus patula, BstaedaPinus tecunumaniand
Pinus yunnanensis These controls had a sparse distribution actoals (i.e. not
every control seedlot of every pine species ocdune each trial), and their
representation within trials was smaller than trgeéted provenances.

Except for the two trials established in Swazilat experimental layout was a
randomised complete block design, although thegde$eatures differed amongst
trials: the number of replicates varied from 4 t@6d the size of the provenance plots
within replicates ranged from 6 to 25 trees. In 8waziland trials, the experimental
layout was a triple lattice design, with 3 replest5 incomplete blocks per replicate
and 49 trees per provenance plot. Tree spacin@wag 3 m for trial 1, 2.4 mx 2.4 m
for trial 3, 2.7 m x 2.7 m for trials 2, 4 and $da2.8 m x 2.8 m for trials 6 and 7. A
coordinate system identifying individual tree pmsis was available for some trials
only. Yet, plot positions could be assigned to ardmate system in all trials, enabling
the application of spatial analysis methods (sdewjeto model site variability by
using plots as experimental units. In this senaeh ¢rial was provided with a grid of
columns byr rows, and irregularly shaped trials were dealhvy expanding the data
with the insertion of missing values.

As shown in Table 1, the field assessments occuwmtezh the trees were 5 (trial
1), 6 (trial 2), 7 (trial 3) or 8 (trials 4 to 7egrs from planting. Survival was recorded
as alive or dead tree. Tree growth was evaluatezhloylating the total over-bark tree

volume using the function



V = 0.007118 + 0.00003603 DEHHT 1)

where V is the total individual tree volume (if)DBH is the breast-height diameter
(in cm) and HT is the tree height (in m) (Sharmd dain, 1977). Subsequently, total

tree volume per hectare (VHA) was calculated fahgalot as

VHA = [(V /Sp) 10000] SUR (2)

whereV is the plot average of individual tree volumes,iSthe tree spacing (in3n
and SUR is tree survival (i.e. the proportion avealtrees in the plot). Thus, this
measure of volume production integrates both hegyid diameter growth, while
accommodating differences between plots in surviviaé wood quality traits included
wood density (indirectly assessed in each treeiloglyh readings taken in a random
aspect at breast-height), stem straightness (dealueccording to a 9-point scoring
scale, where 1 and 9 indicate very crooked andgstratems, respectively), branch
diameter (measured as the diameter of the largastb in the whorl located at 1/10
of the tree height), forking (assessed as the poeser absence of one or more forks in
the tree) and foxtailing (measured as the presenabdsence of a foxtail in the tree).
As in the case of volume production, observatiomsa@lot basis were also obtained
for the other traits (i.e. percentages of survit@iking and foxtailing, as well as plot
means for Pilodyn penetration, stem straightnedsbaanch diameter). All trials were
assessed for survival, growth and forking, whemsagasures of the remaining traits
were available for some trials only (see the Resaittd Discussion section). Further
details concerning the characters evaluated anthétleods used in their measurement
are described by Hansenhal. (2003). C. P. Hansegt al. (DFSC 2003) have reported
single-trial results at http://en.sl.life.ku.dk/dfisdf/Kesiya%20Trials/PKT/index.html,

where further details on the various trials andrthistory can also be found.



Data analysis

Plots were used as experimental units in the daddysis for all traits. Some
diagnostics (i.e. Shapiro-Wilk test, Jarque-Bewdisic and quantile-quantile plots)
indicated that the data deviated from a normalidistion for survival and foxtailing.
An arcsine transformation (i.e. ﬁmv@), wherey is the proportion of alive trees, or
the proportion of trees with foxtails, in a plothproved the normality, and so all the
analyses of these two traits were pursued on this batransformed plot observations.

The variance parameters, under the general linesedmimodel described below,
were estimated by restricted maximum likelihood MRE Patterson and Thompson,
1971), using the average information (Al) REML aigan (Gilmour et al, 1995).
Standard errors were also calculated for some pEgnestimates, according to the
general expression for the variance of a ratiogthas an approximation using Taylor
series expansion (Lynch and Walsh, 1998). In theeca of the statistical hypothesis
tests carried out in the present work, the designsit “significant” and “not
significant” refer to significance probabilitigd < 0.05 andP > 0.05, respectively.
ASREML (Gilmour et al, 2006) and SAS (SAS Institute Inc., 2004) were th

statistical programs used in the data analysis.
Analysis of individual traits

Across-site analyses of individual traits were utadeen within the framework of

the general linear mixed model:
y =Xb +Zgug +Zgug + € (3)

wherey is theN x 1 combined vector of plot observations acrosdstfor a given trait
(N =3P, N, , whereN,; is the number of plots in th& trial,i = 1 ...p) , b is thet x 1
vector of fixed effects with & x t incidence matrixX, ug is thenp x 1 vector for the

random effects oh (n = 1 ... 28) provenances in each mftrials with aN x np

incidence matrixZg, Ug is them x 1 vector of additional random effects witiNax m



incidence matrixZ,, ande is theN x 1 vector of residual terms (i.e. the plot error
effects in each op trials). Z, contained some columns of zeros, as not all the
provenances were tested in all trials. Thus, thiealamced nature of the data was
handled and (through the variance-covariance strecifuy, see below) predictions of
performance were obtained for every provenanceaah érial. However, for a given
trait, the accuracy of these predictions will bghar for provenances having data
available in more trial sites.

The vectoru, had sub-vectors of random effects for replicatesomplete blocks
within replicates (i.e. trials 4 and 5), and a tdofit the variation between seedlots
within the control material for each trial. Thertexr inb comprised the overall mean,
trial main effects and trial specific effects. Tlager included a factor with two levels
to account for mean differences between the grduprgetedP. kesiyaprovenances
in ug and the group of control seedlots up for each trial. Although the control
seedlots are not the main focus of the presentystineir data was retained in the
analysis so that all the observations could be wdezh applying a spatial correlation
model to accommodate the residual variation withais.

Under the linear mixed model defined in (3), thefalistribution of the random
terms was assumed to be multivariate normal, vhih mean vector and variance

matrix defined as:

Ug 0] [G, 0 0
u [ONJ|0[,l0 G, 0 (4)
e Ol|o 0 R

whereG,, G4 andR are variance matrices pertainingut uy ande, respectively.

Separate model terms g were assumed to be mutually independent, andG@gus

was defined asl{, G, , whereG, is the variance matrix for tH& random termij(=
J J

1...g), andO is the direct sum operation. In addition, for fileandom term in,, the

effects were assumed to be independent across, taatl thusG, = 02 af_ln
J L



where af is the variance parameter associated withjtherm in thei™ trial and
|

|, is an identity matrix of dimensiony x n; (n; = number of levels of thg" term).

"]

Therefore, heterogeneity of variance was allowdd/éen trials for effects ing.
The plot error effects from different trials weresamed to be independent,

leading toR = 0", R,, whereR; is the variance matrix for the residual termshiait’

trial. As a preliminary step, spatial analysis vpassued for each trial, and ignoring
the across-site relationships for effectsiin This was necessary in order to determine
the adequate model to be subsequently incorpomatBgfor the across-site analysis.
Spatial analysis allow®; to include a correlation structure. Previous ssdivith
agricultural varieties (Gilmouet al, 1997; Culliset al, 1998) and forest tree species
(Costa e Silveet al, 2001; Dutkowskiet al, 2002) have shown that a separable
autoregressive process of order 1 (AR1) is usumllgasonable variance structure for

modelling the residual variation within field trgalin this sensd&}; was defined as:
Ri=VAR{) = 0; [, (@) O X (4,)] ®)

where & represents the spatially correlated residual tev@, Is the variance of the

trend processZciand Zri are first-order autoregressive correlation masriedth
autocorrelation parametegs, and¢g . for the columns and rows (respectively) of the

i trial, andO is the Kronecker product. Model (5) allows for dreigeneous residual
variances between trials, and a separate spatialaton structure for the plot errors
in each trial. Based on the method of Gilmeutral. (1997), sample variograms and
plots of spatial residuals were used as diagndstits for identifying and modelling
additional sources of environmental variabilitydahus to extend the initial model in
(5). Following this approach, trial specific term®&re included inb and/orugy (as
appropriate) to fit global trend and/or extranewasation aligned with design factors
(such as columns and/or rows). In few cases (agiqularly in trials where the spatial

correlation was strong for the analysed trait) patigal uncorrelated residual term



could also be estimated, aN\R7;) (equal toa,fi 'y, where a,fi is the variance of
the uncorrelated residuals ang, is an identity matrix of dimensiolN;, x N;) was
|

added toVAR ) in (5). In the spatial modelling process, the desigatures (i.e.
replicates and incomplete blocks) were kept inrtiveed linear model irrespective of
whether or not they were significant, in order &flect the original randomization
process. In this sense, the spatial approach is msotbstitute for the randomization-
based model, but an additional tool which recognithat residual variation may not
be all spatially independent, and thus uses am eartance model to accommodate the
actual patterns of site variation. When retainitg tdesign features, it may be
necessary to allow the respective variances todmative, as discussed by Nelder
(1954). However, in some cases, this has impaicetargence in the mixed model
analysis, and consequently the design featuresuastmpn were dropped from the
model or their variances were constrained to bétipes Two-tailed likelihood ratio
(LR) tests were pursued in the final extended madefest whether the estimated
autocorrelation parameters deviated significantignt zero, and then significant

parameters were retainedRy When bothg. andg. were found to be small and not
significant, the residuals iR; were assumed to be independent, and Rusvas

defined aso? | N; whereg? is the plot error variance.
1 1

After determining the appropriate model for thetm@aors, and still ignoring the
across-site relationships for effectsuy the statistical significance of the provenance
variance was assessed for each trial via one-taifedests. In addition, the average
accuracy of best linear unbiased predictors (BLU?grovenance effects i, was

calculated from:

A PEV
rg@i =1 /ﬁg ©)

where 592_ and PEV are variance estimates for provenance and avqraghction
|

~

error (respectively) in thé" trial. r, Measures the average correlation between the
|



predicted and true genetic effects (Falconer andkislia 1996), and the reliabilitﬁljgi

was used to express the accuracy of provenancetisaldor a given trait in each
specific trial.

Theoretically, an unstructured (US) form G would be the most complete
variance model to fit the effects farprovenances in each pftrials. However, the
number of parameters to be estimated in the USbmarp(p+1)/2, and so the
estimation process may become unstablp exreases due to an over-parameterized
model (Smithet al, 2001; Thompsoet al, 2003; Costa e Silvat al, 2006). Indeed,
the across-site analysis of two of the traits es@d in this study could not converge
when the US matrix was used. Therefore, for th@ss:site analysis of all traits, a
more parsimonious approach was pursued to fit ffects in uy and, thereby, a
multiplicative model associated with factor anaysias applied as an approximation

to the US form. In this sense, the provenance &fieceach trial were modelled as:
up=AO1,)+d (7)

with f and & assumed to be independent normal variables witb meeans and

variance matrice/ ARf) = I and VAR®) = W O |, (respectively), leading to a

variance matrbGq of the form:
Gy=AN+W)O 1, (8)

whereA is ap x k matrix of loadingsK = number of fitted factorsj,is ank x 1 vector

of scoresgd is anp x 1 vector of lack of fit terms for the multiplicee model,W is ap

X p diagonal matrix of “specific” (lack of fit) variaes for individual trials| ., and |1

are identity matrices, and denotes matrix transpose. Model (7) is a multgtiie
model of environment and provenance coefficiengsndp regarded as a regression of
the provenance effects;, on (unknown) environmental covariat@swith different
(random) regression coefficientsor each provenance. For a given provenance, the

regression coefficient ih can be considered as a measure of the sensitivitsait

10



response to the environmental covariates. Ghenatrix described in (8) is known as
factor analytic (FA) structure of ordé&r(Mardiaet al, 1988). As in the US form of

Gy, the FA structure allows for heterogeneous proneeavariances and correlations

between trials. The provenance variance foritheial is estimated byy[ A2 + W,
where A, and W, are, respectively, the loading for tHefactor { = 1 ...K) and the

specific variance in th&" trial. The across-site correlation matri®)(for effects inug

is calculated by = AOAC" + WO whereA® = DA and¥© = DY are the matrices
of loadings and specific variances (respectivetypaorrelation scale, amlis ap x p
diagonal matrix of provenance standard deviatidhreder a restricted form of a FA
model with one factor (i.e. FA(1)), all the acraste correlations were constrained to
be equal to one. This restricted model was thenpemed to an unconstrained model
allowing the across-site correlations to be diffiiéran order to test the statistical
significance of the G x E interaction for provenamdgfects using a one-tailed LR test.
Whenk > 1, the FA structure is not unique under rotaiiptardiaet al, 1988) and,
thereby, constraints were imposed on the elemdnfs for parameter identifiability
(Smith et al, 2001). Moreover, the FA structure may have less tfull rank if some
elements ifY are constrained to remain within the parametecespahich may lead to
convergence problems. To accommodate this posgjmlimodified Al algorithm for
fitting reduced-rank models (Thompsenal, 2003) was used. BLUPs of provenance
effects were obtained for each trial after analysimultaneously all data by using the
FA structure for modelling the effects ip. Generalized least-squares estimates of
trial means were also obtained, based on the dataded by the group of targeté&d

kesiyaprovenances.
Analysis of pairs of traits

Bivariate analyses of pairs of traits were conduidig using simultaneously data
from all trials with information, as well as sigwént provenance variance, for both

traits. The aim was to obtain common estimatesvithin- and across-site correlations

between traits for effects imy. In this context, the variance matfbg was defined by:

11



( D, O C, Cyp, D, O J
o, (9)
0 D,|C,. C; |0 D

whereD; andD, are diagonal matrices of provenance standard ti@vsafor traitsl
and?2 (respectively) in each tria;; andC, are across-trial correlation matrices for a
given trait, andC,, (= C",,) is a matrix with correlations between traits witfon the
diagonal) and across (on the off-diagonal) trialk.the elements irC, andC, were
constrained to remain fixed at constant valuesckviiere specified on the basis of the
pattern of correlations estimated from the previat®ss-site analysis of each trait. In
this sense, the constraints were imposed as folldwir example, in traitl all the
trials were all highly correlated, then the elemsentC,; were all fixed at an overall
average correlation. Conversely, if there were remting clusters of highly correlated
trials, then the elements @y, were fixed at average correlation values obtaimikdin
and across each group of trials. A similar proceduas adopted if the contrast was
between single trials and groups of highly coresldtrials. Two constraints were also
imposed withinC; ; to equalize its diagonal and off-diagonal elemeaitsl thus to get
common estimates for within- and across-site cati@ls amongst traits. Two-tailed
LR tests were pursued to test whether the estin@isonon correlation amongst traits
within trials was significantly different from thatcross trials. If the LR test indicated
that these two correlation estimates were not Sagmtly different, then all the
elements irC, , were constrained to be equal, and an overall ltive between traits
was calculated. In a final step, two-tailed LR $estre also undertaken to test whether
the estimated trait correlations deviated signiftbafrom zero.

The bivariate analyses of pairs of traits retaiakkthe terms that were included in
b anduy under the across-site analyses of individual tr&its terms irug, the effects
were again assumed to be independent across @iadsthe trait covariances were
ignored within trials. In particular, the number @plicates was not large and the
incomplete block terms were generally not signiicavhich would not result in

meaningful trait correlation estimates for theskeas. The plot error effects from
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different trials were also assumed to be independerd R; was defined ag., [
[Zc (@) O X (@2,)], whereX, is a (2 x 2) trait variance-covariance matrix foe t

residual terms§ in thei™ site. Under this definition oR;, the variances of the trend
process are allowed to be heterogeneous betweis, foat commong. and @

parameters are assumed for both traits. Two-tdikedihood ratio (LR) tests were
again pursued to test the deviation of the estichatgocorrelation parameters from

zero, and then significant parameters were retamegl

Results and discussion

Tables 3 to 8 present the results obtained foll tashume per hectare (VHA),
Pilodyn penetration (PIL), stem straightness (Sirgnch diameter (BD), forking
(FRK) and foxtailing (FOX), for the across-site bis&s using the FA structure to
model the provenance effectsug In these tables, for each triaparameter estimates

are given for the generalised least-squares sisnn@ovenance variance (presented

as both an absolute valuféi , and as a percentage of the trial mean, i.e.db#icient

of variation), factor loadings (given on the coaan'e,ii, and correlation}lf, scales),
specific variance,) and the percentage of variance explained byedheession part

of the model (VE). For a subset of the provenan€eggjres 1 and 2 depict graphically
the G x E interaction for VHA and PIL, respectivelior each of the evaluated traits,
Table 9 shows the BLUPs of provenance effects ifugle trials or averaged across
trials, based on the patterns of G x E interact@realed by the across-site analyses.
Table 10 gives the estimates of provenance coisaktbetween traits, provided by

bivariate analyses.
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Analysis of individual traits
Survival

Survival (SUR) was measured in all trials. As shawiable 1, mean SUR was
generally high for thd>. kesiyasources in the international series, with peragmga

exceeding 85% in most of the trials. Trial 1 hasbemewhat lower mean SUR than the

others. Moreover, preliminary spatial analysisdach trial indicated thaﬁg_ was low
|
and not significant for all trials except trial Bor this trial, r“g%, was 0.62. Given these
|

results, it was decided to estimate a poot@jgl in the across-site analysis, and

assuming variance homogeneity for effectaiinIn addition, the effects ing were
assumed to be equally correlated between differels. Based on the results from
spatial analysis, the final model for the combinedl data retained significant AR1
parameters across rows and/or columns for twest(igith az; term being included in
one trial), as well as linear trends across rond@ncolumns inb for three trials, a

spline term inu, for one trial and column effects iy for one trial. Following this

analysis, the commoc“rsi was marginally significant (i.d2 = 0.02) and the estimated

common correlation across sites for provenanceiffi@as close to one (not shown).
The latter result suggested no G x E interactiorBldR, and led to similar BLUPs for
the effects of a given provenance across differals.

Sources from Burma, Madagascar and Zambia were gghtime poor performers
for SUR (Table 9). There was no clear geographitepabetween the other sources,
with seedlots 1 from the Philippines, 7 and 8 frdfetnam, 11, 14 and 15 from
Thailand, and 21 from China, being amongst the 2&8st. When expressed as
percentages of the overall mean, the expected mespon SUR from selecting the
provenances with the poorest (i.e. 24) and the @estl) ranks were -4.2 and 2.3%,
respectively (Table 9). These responses were rmrge,laand may be considered
unimportant given that the general level of SUR W in the trials. In addition, the

modest difference between the two extremes in égdaesponse reflects the limited
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ability to discriminate between the sampled proveea for SUR in the examined trial

sites.
Total volume per hectare

VHA was measured in all trials. Preliminary spatalalysis of VHA detected
significant AR1 parameters across rows and/or cokifor three trials (with g, term
being included in one trial), as well as lineantte across rows and/or columnsbin
for four trials, a spline term ing for one trial and column effects iy for three trials.

a2

Significant 5; were found for all trials. Thaeggi estimates ranged from 0.56 to 0.88

(mean = 0.73), with the lowest and the highestipi@t for discriminating between
provenances being obtained for trials 5 and 2 aetsgely.

The analysis would not converge when an US fornth(@8 parameters) was used
in G4. Adding a second factor in the FA structure (£A(2), with 20 parameters) did
not result in a significant improvement over a FAfiodel. As shown in Table 3, the
average percentage of provenance variation expldgdehe regression implied in the
FA(1) model was reasonable (i.e. 73%), with morantlv0% of the provenance
variance being accounted for by one factor inrald except trial 1. Although there is
some lack of fit in the model, the results suggkdtet the FA(1) structure was a
plausible parsimonious approach (with 14 paramgterprovide an approximation to
the US form. A FA(1) model constraining the cortielas between trials to be all
equal to one (hereafter called FA(1) C) had a suiisily worse fit than a FA(1)
structure where the correlations were allowed tdifierent (as in Table 3), which
indicated that G x E interaction was statisticallynificant for effects ing.

As shown in Table 3, trials 1 and 6 had the loveest the highest site means for

VHA, respectively. The same tendency was foundttiermagnitude oﬁzi , and the

heterogeneity of these variance estimates wasfisigmni, as revealed by a two-tailed

LR test. Although also representing ranking changes covariance Ioading%| were

strongly positively associated witfi> , suggesting that the differences in provenance
|
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variance may have had a major influence 5qn Part of the heterogeneity ifrsi

reflects the direct relationship among means anmtivees due to trial differences in
measurement ages and growth environment. Howeawercdefficients of provenance
variation (CV) ranged between 8.5% and 19%, indigathat the trials also differed in

the actual expression of provenance effects. lidéinse, the largest levels of variation

were observed in trials 3 and 6, which had alsditfkest values foii.

The correlation Ioadingif express mainly rank changes, and they indicated th

trial sites other than 1 tended to have high paewirovenance correlations (Table 3).
Based on the FA(1) model parameters, the averagieofacross-site correlations
between trial 1 and the others was 0.42, whereasnian estimate obtained for all
trials except trial 1 was 0.81. These results ssiggepattern of G x E interaction
defined by a contrast of trial 1 with the groupnfi@d by the remaining trials. The
change in ranking between trial 1 and the otheithistrated in Figure 1 where, for the
vector of loadings (labelled by trial number) fq the fitted regression lines are
depicted for a subset of the provenances (i.e d®8nwhich had the largest estimated

absolute scores, and 13 and 15, where the valdesare intermediate). Nevertheless,

the pattern of provenance responséittseems to be dominated by alterations of scale

associated with differences between trialsa"ﬁi. In this sense, the provenances

gradually diverged aﬁi increased, without shifts in ranking from trial 5.

As presented for VHA in Table 9, the seedlots frBorma, Madagascar and
Zambia, as well as the majority of the Vietnamerd &hinese provenances, had
usually small changes in ranking between trial d #reir average performance in the
other trials. On the other hand, the Thai proveaamneere generally less consistent in
their rank. Major shifts in ranking also occurred provenances 2 and 4 (Philippines),
8 (Vietnam) and 22 (China). The Burmese provenaheekconsistently the poorest
growth while for trial sites other than 1, the Viemese seedlots were usually
superior, and the Philippines sources tended tmteemediate. In addition, for these
sites, seedlots 25 and 26 from Madagascar (whiehaksio of Viethamese origin), as

well as the Zambian source 28, were good perfornfesgeferred above, these three
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seedlots are likely to have been improved to soxteng and thus their good
performance for VHA may partly reflect the effedtmrevious selection for growth
rate. Several provenance studies with growth traita. kesiya(Armitage and Burley,
1980, pages 47-54; Mulliet al, 1984) have indicated a general inferiority of Bese
provenances, whereas Viethamese seedlots tendeddoperior or similar to sources
from the Philippines. As for the Vietnamese soucm Figure 1, the seedlots that
showed the best mean performance for trial siteerahan 1 (Table 9) had also the
largest estimated positive scored invhich suggests that they were more sensitive to
the environmental conditions implicit in the (unebsble) covariate iN.

As described by Armitage and Burley (1980, pageS8®0P. kesiyagrows best in
areas with a distinct seasonal pattern of rairgiatl an annual precipitation above 700
mm, relative humidity of 60% or more in the sprangd up to 85% in the summer, and
at altitudes from 600 to 1800 m (although it haspl#iyed outstanding growth on some
sites at higher elevations). In addition, the idiemhperature regime fd?. kesiyais
one with warm to hot summers (i.e. mean monthlyperatures up to around 25 °C in
the hottest months) and cool to cold winters (nean monthly temperatures down to
around 8 °C in the coldest months). These conditpartain to the regions where the
species grows naturally, as well as outside therAsia, Africa and South America.
Except for trial 1, where the conditions for elewvatand temperature variables may be
more extreme, the trial sites evaluated here tershtisfy these requirements (Table
1). When comparing all the rainfall and temperataeables between the trial sites
(Table 1) and the native stand localities (i.e.vprances 1 to 24, Appendix 1), the
climatic observations in the provenance localiGeé¥iethnam are within or close to the
ranges of corresponding values in the trials. Ttheronative stand localities tend to
diverge more from the ranges of the trial siteserms of precipitation (e.g. AP and
PDM in the Philippines; PDM in Thailand) or tempera (e.g. MTWM in Thailand;
MTCM in China and Burma) variables. In particuldre records for the precipitation
variables in the Vietnamese native stands apprtdauate in trial 6. Moreover, trial 6
had the highest value for the minimum monthly mostavailability index (Table 1).
Dry season soil moisture supply is a relevant gathmeter foP. kesiygperformance,
as it sustains dry season diameter and height gréumitage and Burley, 1980).
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These factors may have contributed to the greabeginitude obtained foﬁgi in

VHA at this trial.

Although rankings vary noticeably for some proveses) it may be concluded
that the practical importance of G x E interaction VHA seems to be small for the
trials evaluated here, given that it was partiduldriven by one outlying site and was
dominated by changes in scale related to differermmween trials in provenance
variation. Several reasons can be pointed out asttampt to explain the outlying
behaviour of trial 1. The trial was measured eathan the others, and so it is possible
that provenance variation and performance may texeal with age. Mortality was
higher in trial 1, and may have affected the exgporsof provenance variation at the
site. In terms of genetic links, trial 1 had theopst connections with other trials,
which may have reduced the efficiency of estimafmnprovenance effects. Finally,
when compared with the other trial sites, the comtion of site features in trial 1
(Table 1) - namely a hot, humid, tropical area awdr elevations - may be less

favourable for the growth d?. kesiya/Armitage and Burley, 1980).
Wood density

PIL was measured in trials 1 to 5. Previous spadialysis of PIL revealed
significant AR1 parameters across columns only tomdfour trials (with 7 terms

being retained in two trials), and included lineé@nds across rows and/or columns in

b for two trials, as well as spline terms ug for two trials. Significant&j_ were
|

detected for all trials. Thég%i estimates ranged from 0.47 to 0.86 (mean = 0.67. T

lowest and highesfg%i estimates were obtained for trials 1 and 2, respaygt the
remaining trials had more homogeneciggisvalues, varying from 0.61 to 0.70.

Convergence could not be achieved when the analgsid an US form dBg. A
FA(2) model with 14 parameters (i.e. one less ttren US form) did not improve
significantly the analysis over the FA(1) model. Afown in Table 4, the

multiplicative part of the FA(1) model explained raahan 90% of the provenance
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variance in four trials and, on average, the paeggnof variance accounted for was
81%. These results suggested that the FA(1) modsl avreasonable parsimonious
approximation (with 10 parameters) to the US foAthowing the correlations across
sites to be different in the FA(1) model providedswbstantially better fit than a
FA(1)_C structure, and indicated that G x E intBoacwas statistically significant for
effects inug.

Trials 1 and 2 had the highest site means for Biiggesting a lower level of
breast-height wood density at these trials (TableHébwever, these two trials were
measured at a younger age than the others, andhdwfferences in site means may
reflect to some extent the influence of the agedr® wood density at breast height.
Indeed, inP. kesiya the pattern of within-tree radial variation in @gb density is

defined by a strong increase from the pith untbwtbannual ring ten, from where it

will gradually stabilize (Armitage and Burley, 1980’ he magnitude oﬁgi was also

higher in trials 1 and 2, but the estimates weresngnificantly different from each
other, as indicated by a two-tailed LR test. Iniadd, the range of the CV estimates
was small, which also suggests that the actualldevke provenance variation were

similar between trials.

As indicated by theﬁf estimates (Table 4), trials 3 to 5 were strongigitively
correlated, weakly negatively correlated with tdiaknd strongly negatively correlated
with trial 2. Trials 1 and 2 were positively coatdd; however, the magnitudesfq‘f

differed considerably, indicating that the corriglatbetween these trials was weak.
The average correlation across all trials was closeero (i.e. -0.06). The G x E

interaction is displayed in Figure 2 for a subdethe provenances (i.e. 2, 11, 13 and
23, which had contrasting estimated scorel.ifihe fitted regression lines in Figure 2

depict a typical crossover interaction betweengtaup of trials 3 to 5 and the other
two trials. Thus, for PIL, the pattern of provenanesponse tcﬁi seems to be

dominated by changes in ranking.
The contrasts between the provenance rankingsis fr, 2 and the group of trials
3 to 5, are illustrated for PIL in Table 9. Althduthere were some changes in ranking

(being particularly marked for seedlots 4, 6, 818,22 and 24) between trials 1 and 2,
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there was a general trend for the Philippines ssuto have higher wood density in
these trials, whereas the Thai seedlots had usleallgr wood density. The group of
trials 3 to 5 had an opposite pattern, with thedkd#e from the Philippines having the
lowest wood density, while the Thai, as well asrébe sources, had the highest
densities. When compared with their performanceiats 1 and 2, the seedlots from
Madagascar and Zambia tended to have lower wooditglem trials 3 to 5.
Nevertheless, in trials 1 and 2, sources 25, 26 28 idended to have a similar
behaviour in terms of ranking for both VHA and P¥hich may suggest that previous
selection for growth did not affect wood densitynefe was no consistent pattern
across sites for the Viethamese sources, but ggntéray were intermediate in trials 3
to 5. Also in this group of trials, the Burmese ra@s$ showed a low level of wood
density.

Following the evaluation of a seriesef kesiyatrials in Zimbabwe, Mulliret al.
(1984) reported a significant negative correlat@tween basic density determined at
6Y2 years and the altitude of provenance colledoality, and they interpreted this
result as the effect of soil-moisture status ondddsnsity. In this sense, sources from
the lowlands had higher basic density, as they \wdegpted to a higher degree of dry-
season soil moisture stress. As indicated by thistore availability index values in
Table 1, water deficit in the dry season may beeswhat milder in trials 1 and 2 than
in trials 3 to 5. Thus, it is possible that somedhw& changes in ranking referred above
could be the result of provenance adaptation femihces between trials in dry-season
soil moisture stress. The Thai sources, for exampliginate from localities where
water deficit may be severe in the dry season ggested by the magnitudes of the
moisture availability index in Appendix 1), and shmnay have had a better ability for
producing more dense wood in the group of triagis 8. However, using this argument
does not explain the behaviour of the other segdlot addition, the difference in
measurement ages between the trials is likely ¥e laa important impact on the G x E
interaction for PIL. In this context, as the gradi®f wood density from the pith
towards the bark is greatest in the juvenile cdrB.&kesiyalwhich may extend to the
inner ten annual rings, Armitage and Burley, 1980)is probable that different

provenances have different trends of radial vamatwith age, in which case the G x E
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interaction reported here for PIL will be confouddsy the presence of a provenance
by time interaction in wood density. Although thie Iheasures in trials 3 to 5 may be
more reliable in terms of age, older assessmentdbwineeded for PIL to provide a

more efficient basis for seed source selectiomimod density.
Stem straightness

ST was measured in trials 1 to 5. Spatial analgsiST found significant AR1
parameters across rows and/or columns for twostriahd identified linear trends

across rows and/or columnshrfor four trials, while a spline term was used dgrin

one trial. No significanty; terms were detected. The analyses revealed @gnifﬁgi

for all trials. The r“gzgi estimates ranged from 0.57 to 0.88 (mean = 0.7#) the

lowest and highest values being obtained for tdadsd 2, respectively.

An US form ofGg did not provide a significantly better fit tharetRA(1) model,
suggesting that the latter was a satisfactory pansious model. In addition, as given
in Table 5, the mean percentage of provenance na@iaccounted for by the

regression behind the FA(1) model was 90%, wittbeing equal to zero in two of the
five trials. The fit of the FA(1) model was only nganally better (i.eP = 0.05, 5df)

than that of a FA(1)_C structure, indicating thak & interaction was not important
for effects inuy.
On average, ST was best in trials 1, 2 and 5 (TakleA two-tailed LR test

revealed a significant heterogeneityc?nj_ , With the smallest values being obtained for
|

trials 1 and 5, where the reliability of effectsupwas also lower (i.erfg%i estimates of

0.57 and 0.73, respectively). In agreement withntiieor G x E interaction suggested
by statistically testing its significance, tlié estimates were all high, indicating that

the trials were well correlated. The average cati@h between trials was 0.90.
Following the results mentioned above, the BLUPprovenance effects obtained
for ST at each trial were averaged, and the agibssneans are presented in Table 9.

In general, the straightest provenances were fammohgst the sources from Vietnam
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Madagascar and Zambia. The fact that the localkcsouom Zambia was considerably
better than the other seedlots may reflect thecetieearlier selection for ST. In this
sense, the predicted superiority of 19% above theratl mean corresponded to an
improvement of one class in the 1-9 classificasgatem of ST, suggesting that this
trait may have responded well to phenotypic sedectihe two Burmese sources were
poor performers for ST. The remaining sources didshow a clear pattern in terms of
performance, but they tended to be either interatedr inferior. In previous studies,
P. kesiyaprovenances from Vietnam and/or Madagascar wexe superior for ST,
compared with sources from Philippines and Burmamifage and Burley, 1980,
pages 47-54; Mulliret al, 1984). The importance of improving ST h kesiyahas
been emphasized by Armitage and Burley (1980). drtiqular, for sawn timber
production, these authors reported a 14% increaassconomic value by improving
one class in ST (for a 1-5 classification systemm)addition, Hans and Williamson
(1973) indicated that the percentage of compressiood decreased with the degree
of stem sinuosity, and thus selection for ST maljractly select against compression

wood.
Branch diameter

BD was measured in four trials (i.e. 1, and 3 toSpatial analysis of BD revealed
significant AR1 parameters across columns onlytfioee trials, and included linear

trends across rows and/or column®ifor three trials, as well as column effectauin

for one trial. No significanty; terms were detected. Significaﬁ‘g_ were found for all
|

n2

trials. Thery estimates varied from 0.59 to 0.75 (mean = 0.6%)) the lowest and

highest values being obtained for trials 1 ancedpectively.

The fit of the FA(1) model was not significantlygrer to that of the US form of
Gy, indicating that it was a suitable parsimoniousdeio As shown in Table 6, on
average, the multiplicative part of the FA(1) modeicounted for by 76% of the

provenance variance, wiii, being equal to zero in two trials. The G x E iatdion
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was statistically significant for effects m,, as shown by comparing the fit of the
FA(1) model with that of a FA(1)_C structure.
Smaller BD is desirable for the production of highality timber and, in this

sense, trial 3 had the best average value (Tabk $)o-tailed LR test did not detect a

significant heterogeneity fo? , and the range of CV between trials was small.
|

Following a tendency similar to VHA, thie,f’ estimates obtained for BD indicated that

trial sites other than 1 had high pairwise proveeacorrelations. The mean across-site
correlation between trial 1 and the others was ,0l#&reas the average correlation
estimate for all trials except trial 1 was 0.90.

As shown for BD in Table 9, most of the provenanitad only minor changes in
rank between trial 1 and the group of trials 3 td&\Bvertheless, relevant rank changes
were apparent for sources 12, 22, 24 and, to akisst, for seedlots 2, 9 and 14. The
Philippines provenances and most of the Thai seufice 11, 13, 15 and 16) tended to
have the smallest BD. Good performers for BD welso dound amongst the
Vietnamese provenances (i.e. 8 and 9). The souroes Madagascar and China
tended to have the largest BD, whereas the Zang®adlot and one of the Burmese
provenances (i.e. 23) were intermediate. Previtudies inP. kesiyaalso reported
that Philippines provenances were superior to \dietese and Burmese sources in
their performance for BD (Armitage and Burley, 19B8ges 47-54). To conclude, the
G x E interaction detected for BD was mainly caubgdone site and, although the
rankings changed to some extent, most of the penees tended to have a consistent
performance across trials. Therefore, it appeaas for the sites examined here, the

practical importance of G x E interaction was netag for BD.
Forking

FRK was measured in all trials. Spatial analysid=BK found significant AR1
parameters across rows and/or columns for thraks twith az; term being included

in one trial), and identified linear trends acrosw/s and/or columns ib for three

trials, as well as column effects ug for one trial. Theﬁg_ estimates were significant
|
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for all trials except 1, 4 and 6. The mean incideatFRK was also generally lower in
trials 1, 4 and 6 than in the others (not shownyvds decided to discard these three
trials from subsequent analysis, as they did novide an adequate discrimination

n~2

between provenances for FRK. For the remaining foals, therg@i estimates ranged

between 0.47 and 0.86 (mean = 0.66), with the loveesl highest values being
obtained for trials 7 and 5, respectively.

Using an US form oG did not lead to a significant improvement over E#g1)
model, suggesting that the latter would provideadaquate approximation to the full
model. As supplied by Table 7, the mean percermégeovenance variance explained

by the regression implied in the FA(1) model wasuity0%, with¢, being equal to
zero in two trials. The comparison of the fit ofetimodels FA(1) and FA(1) C

indicated a statistically significant G x E intetian for effects inuy.
The trials tended to be similar in mean level oKE-BIthough the incidence of the

trait was somewhat lower in trial 5 (Table 7). Aottailed LR test did not detect a

significant heterogeneity foa“fsi . The if estimates obtained for FRK pointed out that

trial sites other than 5 tended to be well coreglaiThe average provenance correlation
between trial 5 and the others was 0.42, whereamtan estimate for all trials except
trial 5 was 0.83.

The majority of the provenances had only minorrattens in ranking between
trial 5 and the other trials (Table 9). The mostrked ranking changes comprised
provenances 5, 15, 17 and 21. The pattern of pemenperformance in FRK tended
to approach that described above for VHA and STihis sense, good performers in
FRK included sources from Vietnam (i.e. 8, 9 an(l, Madagascar (i.e. 25 and 26)
and Zambia. Seedlot 3 from the Philippines, whiaswtermediate for VHA and ST,
performed also well for FRK. Conversely, the otlhilippines sources tended to
display a high incidence of FRK. The Burmese prevees were also poor performers
for FRK. The Thai and Chinese sources did not destnate an apparent pattern in
terms of performance but, in general, tended toeileer intermediate or inferior.
Concerning the practical importance of G x E intdoan for the trials studied here, the

conclusion made above for VHA and BD also appleesRK.
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Foxtailing

Only trials 2, 3, 6 and 7 were analysed for FOXallt was not measured for this
trait, and the incidence levels of FOX were negligiin trials 4 and 5, precluding a
meaningful assessment of provenance variance. &pgatalysis of FOX revealed
significant AR1 parameters across columns onlyfandne trial (with ar; term being

retained), and identified linear trends across ram@d/or columns it for two trials, as
well as a spline term ing for one trial. Significanﬁs, were detected for all trials. The
|

~2
rg@i

estimates ranged from 0.46 to 0.82 (mean = 0.6Bg Fﬁwestfgzgi values were
calculated for trials 3 and 7, whereas the higlesimates were obtained for trials 2
and 6.

There was a significant lack of fit in the FA(1) d& compared with the US form
of G4, and the average percentage of provenance variexiplained by the regression
implied in the FA(1) model was only 52%. This suspge that the addition of a

second factor in the FA structure was requiredwels as constraining theJ, to be

equal for preserving some benefit over the US forrterms of parsimony (i.e. 8 vs.

10 parameters). A two-tailed LR test did not detghificant heterogeneity fo,
under the FA(1) model. Subsequently, the fit of #&(2) model with the¢,

constrained to be equal was not significantly défe from that of the US form. As
provided by Table 8, the mean percentage of provangariance accounted for by the
multiplicative part of the FA(2) model was aboue®2Comparing the fit of this FA(2)
model with that of a FA(1) _C structure indicatedttlthe G x E interaction was
statistically significant for effects in,.

As shown in Table 8, the mean incidence of FOX high (i.e. 65%) in trial 7,
moderate (i.e. 24%) in trial 6, and low (i.e. fra¥¥o to 7%) in the other two trials.
FOX arises from a pattern of continuous growth eatinan the usual cyclical annual
one; environmental conditions promoting FOX engaylear-round warm climate with
an ample and well-distributed supply of rainfallr(#itage and Burley, 1980). As can
be seen in Table 1, the mean level of FOX tenddxktemaller for trial sites where the

environmental features (i.e. lower values for PDiM éor the minimum DR) suggest a
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marked dry season. In particular, trial 7 seemiad& a distinct dry period (and thus
the drought condition required for the apical ntens to produce lateral branch

primordia), which may have allowed a continuousngtofor a large percentage of the

trees in the site. A two-tailed LR test did noted#ta significant heterogeneity fo’rg, .
|

Following an orthogonal rotation of the originalcfars, the magnitude of théiC

obtained for FOX indicated a contrast between twaups of sites - trials 2 and 6
(with greater emphasis on factor 1) versus triaBnd 7 (with greater emphasis on
factor 2) - in terms of the pattern of across-sierelations for effects ing (Table 8).
The mean correlation between the two trial groups W.34, whereas the estimates
within groups were 0.86 (i.e. trials 2 and 6) andb(i.e. trials 3 and 7).

The BLUPs of provenance effects obtained for FOXath trial were averaged
for each of the two trial groups mentioned abowvel #he respective means are shown
in Table 9. Pertinent ranking changes occurrecséarces 13 and 15 from Thailand,
21 from China and 27 from Madagascar. Provenanc&sahnd 9 from Vietnam also
changed somewhat in rank, but these alterationsbwaynimportant as they occurred
within the intermediate to poor range of the ragkperformance. Explaining the
changes in ranking on the basis of the availablmatic information appears to be
difficult, as the climatic conditions of the trigites (Table 1) did not seem to be related
with their grouping indicated by the pattern ofass-site correlations. Information on
additional environmental factors, such as phot@oeand radiation, could be helpful
as they also have an influence on the physiologicatesses involved in growth
rhythm. Nevertheless, there was a tendency fomardevel of FOX to be expressed
in sources originating from localities with moreveee drought conditions in the dry
season (e.g. see PDM and minimum DR in Appendixnlthis sense, the Viethamese
provenances were generally poor performers for FOXs tendency also appeared in
the Madagascar sources 25 and 26, which is notisimg given their Viethamese
origin. Conversely, the best performers for FOXeviErund amongst the sources from
Burma, China and Thailand. Sources 3 and 4 from Rhdippines were better
performers than the other two provenances fromstme country, and tended to be

intermediate compared with the remaining sourdas.dlso interesting to note that the
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Zambian seedlot performed reasonably well for FOX.conclude, G x E interaction
for FOX involved important changes in ranking fdieas sources only, and patterns of
provenance performance could be identified. Shaslack a marked dry season (such
as trial 7 and, to a less extent, trial 6) showddaloided for conducting experiments
aiming at seed source selection, as they may nstuibed for the establishment Bf

kesiyaplantations due to the propensity for the occureenf FOX.

Analysis of pairs of traits

As presented in Table 10, for a given trait pdig tommon correlation between
traits within trials was generally not significantlifferent from that across trials. The
provenance correlations involving VHA, ST and FRIeres significant, moderate to
high, and their signs suggested that simultanemgsavement could be achieved in
these traits following provenance selection (Tak@®. Sources with favourable
combinations of VHA, ST and FRK could be found agginseedlots from Vietnam,
Madagascar and Zambia (Table 9). However, the ledivas between FOX and VHA,
ST or FRK were adverse and significant (Table ZIfjlicating that provenance
selection for improved growth rate and stem fornuldobe accompanied by an
increase of FOX inP. kesiyaplantations. As indicated in Table 9, the Burmese,
Chinese and Thai sources tended to display lowaldeof FOX than seedlots from
Vietnam. These results seemed to be related tesghsonal pattern of rainfall in the
native seed collection sites, as the Viethamesesgswriginated from localities where
drought conditions (i.e. the amount and distributd rainfall) in the dry season were
milder than the other native stand localities. Thsite choice may be of crucial
importance for deploying provenance material setkdor improved growth rate and
timber quality. In this sense, plantation siteshwatdistinct seasonal pattern of rainfall
may be more appropriate for minimizing the incideon€ stem defects such as FOX.

PIL was generally poorly and not significantly ecdated with the other traits
(Table 10). Despite the substantial G x E intecactound for PIL, there was only one
case (i.e. for the pair PIL/FRK) where the commatween-trait correlation within

trials was significantly different from the corresuling estimate across trials. Yet,
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low and non-significant estimates were also obtifog pooled correlations between
traits using only the information from trials 3 5o where the across-site correlations
were high for PIL (Table 4). In this context, beemetrait correlations of PIL with
VHA, ST and BD were 0.17 (x 0.22), -0.01 (£ 0.24da0.18 (+ 0.25), respectively
(not shown). These results indicate that wood demsithe juvenile core ofP. kesiya
may be improved by provenance selection withoutoirtgnt indirect reductions in
gain for other wood quality traits and growth rake.a study involvingP. kesiya
provenances, Mullinet al. (1984) also reported that there were no significan
correlations between basic density at 6% yearsganwth traits or stem straightness.
Following a tendency similar to PIL, the correlatgsobetween BD and the other traits
were low and not significantly different from zgfable 10).

The patterns of provenance performance illustratehble 9 for individual traits
were reflected reasonably well in the estimated/gmance correlations between traits.
Concerning the economic effect of improving diamegg@wth, stem form and branch
characteristics for sawn timber production, restdfsorted by Armitage and Burley
(1980) in P. kesiyaindicated that the greatest economic gains weleeaed by
increasing stem straightness and growth rate; ¢baamic gain obtained by reducing
branch diameter was small compared with the othierttaits. In this sense, the results
obtained in the present study suggested that timebidam CSO source could supply
seed of superior quality for a range of conditiassjt had favourable combinations of
traits (such as good VHA, ST, FRK and FOX, as waslan intermediate performance
for BD) and was fairly stable across several emriments. The Vietnamese sources 8
and 9 also performed simultaneously well for VHA,, 8D and FRK. In additiorp.
kesiyahas a large juvenile core with undesirable woodperties (Armitage and
Burley, 1980) and, in this context, wood densityyrba an important trait to consider
in breeding programmes that aim at improving tredpction of structural timber. The
sources 7 and 8 from Vietnam, as well as the se@8lédrom Madagascar, tended to
have an intermediate performance for PIL, whileihgndesired trait combinations for
VHA, ST and FRK.
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Conclusion

Analysis of early data from thdé>. kesiyaprovenance trials in this study
demonstrated high survival rates and vigorous droag an exotic species under a
range of tropical and subtropical conditions inesal countries. There was significant
provenance variance for growth rate, as well asfoarray of wood quality traits such
as Pilodyn penetration, stem straightness, bramameter, forking and foxtailing. A
strong G x E interaction was detected for Pilodgmeiration, but it is likely to be
confounded by the presence of a provenance byititeeaction in wood density due
to possible differences between provenances inatiel pattern of age variation for
this wood property within the juvenile core. Furti®lodyn assessments at a later age
will be needed for more effective seed source seledor wood density. Patterns of
provenance performance could be identified for dtieer traits, and the practical
importance of G x E interaction seemed to be snalially not involving relevant
ranking changes for the majority of the tested cesir

The results indicated that the natRekesiyasources from Vietnam could have an
important value for provenance research and brgedis they provided favourable
combinations of growth and wood quality traits. Abseedlots from Madagascar and
Zambia also displayed desirable trait combinati@ms] thus could be considered as
valuable sources for seed supply and breeding. Menvas total volume per hectare
and stem straightness appeared to be significandgatively correlated with
foxtailing, site choice may be of crucial importarfor minimizing the occurrence of
these stem defects while deploying provenance masalected for improved growth
rate and timber quality. Finally, the populatioested in this study may represent
restricted fractions of the natural distribution Rf kesiya and thus further research
with a better coverage of the species range mayrdogired for an efficient

exploitation of the available provenance variation.
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TABLE 1 - Location, climate and data information for edhus kesiydrial site.

Trial Latitude Longitude  Altitude Precipitation Temperature RH MAI DR Establ.-Meas. Mean
(m) (mm) (°C) (%) (days/month) Years Survival
AP PDM  PWM AMT MTWM MTCM (%)
Ba Vi, 21°06'N  105°26’'E 520 1693.8 7.8 427.0 24.7 30.0 717. 829 0.71 12.6 1993 -1998 75.0
Vietnam (80-85) (0.015-1.72) (5.1-18.1) (5 years)
)
Cashel, 19°33'S  32°47'E 1450 941.6 1.3 324.1 18.3 21.3 141 738 0.37 9.1 1992 - 1998 99.1
Zimbabwe (63-83) (0.018-0.99) (4.1-15.5) (6 years)
@)
Grootgeluk, 25°34'S ~ 30°38'E 1200 969.2 2.4 268.0 17.0 20.9 115 634 0.35 7.3 1991 - 1998 98.6
South Africa (54 -71) (0.002-0.76) (1.5-13.4) (7 years)
3
R136_G, 26°32'S  31°02'E 800 851.0 3.2 197.6 18.8 22.4 14.4 66.5 0.34 7.7 1990 - 1998 85.1
Swaziland (55-74) (0.003-0.73) (1.8-13.8) (8 years)
4)
R136_J, 26°37’'S  31°02'E 1100 851.0 3.2 197.6 18.8 22.4 14.4 66.5 0.34 7.7 1990 - 1998 97.6
Swaziland (55-74) (0.003-0.73) (1.8-13.8) (8 years)
®)
Granada, 02°35'N  76°53'W 2100 18509 27.0 327.4 18.6 19.4 .817 84.4 1.94 17.4 1990 - 1998 90.3
Colombia (79-88) (0.38-4.33) (8.6-23.2) (8 years)
(6)
Romerito, 03°43'N  76°32'W 1400 1756.6  50.9 269.0 22.7 23.3 921 81.1 0.64 17.0 1990 - 1998 96.5
Colombia (79-83) (0.30-1.24) (125-21.9) (8 years)

@)

Note Each trial has a number in parenthesis, for map®f its identification in this study. The yeafsstablishment and measurement are presentezhdbrtrial, and the measurement age
given in parenthesis applies to all traits evaldate the trial. Using latitude and longitude coowte values as input data, climatic records wetaindd from the integrated database
information system of the International Water Magragnt Institute (http://dw.iwmi.org/dataplatformitkandPlot.aspx). For the precipitation and temjpeeavariables, the values listed
pertain to averages taken over the years of thegé&om the trial establishment to its measuremEnt RH, MAI and DR, the data available in theatk@se consisted of monthly averages
corresponding only to the period from 1961 to 198 the overall means (with the minimum and maxinmionthly averages in parenthesies) are presefifed Annual precipitation; PDM -
Precipitation of the driest month; PWM - Precipgagatof the wettest month; AMT - Annual mean tempere; MTWM - Mean temperature of the warmest moMACM - Mean temperature
of the coldest month; RH - Relative humidity; MAHargreaves Moisture Availabiliy Index (i.e. aniicetor of the water availability in the soil - Haegves 1975); DR - Days with rainfall.



TABLE 2 - Number of provenances Bfnus kesiydested in each trial (diagonal)
and number of provenancesimmon amongst trials (off-diagonal).
Triall Trial2 Trial3 Trial4 Trial5 Trial6  Trial 7

Trial 1 16

Trial 2 8 17

Trial 3 12 12 22

Trial 4 8 12 12 16

Trial 5 8 12 12 16 16

Trial 6 8 14 15 14 14 19

Trial 7 11 14 18 15 15 19 22

TABLE 3 - Parameter estimates from a FA(1) model appbetti¢ across-
site analysis of totalume per hectare measured in selRérus kesiydrials.

Approximated standanbes are given in parenthesis for the absohilg_e.

Trial  Mean 52 N c . VE
(m*/ha) % ' (%)
Abs. CV (%)
1 30.3 20.3 149 2.09 0464 159 215
(11.0)

2 80.8 133.2 143 11.54 1.0 0.0 100.0
(43.4)

3 1087 4271 190 17.32 0.838 1271 70.2
(147.3)

4 1339 3390 137 1562 0848 950 719
(143.1)

5 1273 1174 85 1070 0.987 29 974
(68.7)

6 2214 12149 157 3042 0.873 2895 76.2
(474.7)

7 1327 2813 126 1410 0841 825 707
(130.9)
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TABLE 4 - Parameter estimates from a FA(1) model appbeti¢ across-
site analysis of Pilodyenetration measured in fi®Rnus kesiydrials.

Approximated standanbes are given in parenthesis for the absoh”ug_e.

Trial  Mean 52 A c . VE
(mm) i | | (%)
Abs.  CV (%)
1 29.6 0.65 2.7 -0.277 -0.344 0574 118
(0.46)
2 22.4 0.84 4.1 -0.886 -0.967 0.053 93.5
(0.30)
3 185 0.42 35 0.643 0.992 0.006 98.4
(0.20)
4 21.2 0.47 3.2 0.687 1.0 0.0 100
(0.22)
5 17.0 0.57 4.4 0.755 1.0 0.0 100
(0.24)

TABLE 5 - Parameter estimates from a FA(1) model appbettie
across-site analysistem straightness measured in Peus kesiya

trials. Approximdtstandard errors are given in parenthesisﬁfg)_r.
I

Trial ~ Mean 62 ii iic &, VE
(score) i (%)
1 6.6 0.13 0.364 1.0 0.0 100
(0.06)
2 6.5 0.22 0.424 0.904 0.043 81.7
(0.07)
3 5.7 0.17 0.403 0.977 0.007 95.5
(0.06)
4 5.9 0.27 0.450 0.866 0.065 75.0
(0.10)
5 6.4 0.08 0.284 1.0 0.0 100
(0.04)
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TABLE 6 - Parameter estimates from a FA(1) model appbetti¢ across-
site analysis of branilimeter measured in foRinus kesiydrials.

Approximated standanbes are given in parenthesis for the absohilg_e.

Trial  Mean 52 A Ac J. VE
(cm) o ' ' (%)
Abs. CV (%)
1 2.8 0.042 7.3 0.116 0.566 0.029 32.0
(0.024)
3 2.3 0.051 9.8 0.191 0.846 0.014 71.6
(0.022)
4 2.7 0.057 8.8 0.239 1.0 0.0 100
(0.025)
5 3.4 0.068 7.7 0.260 1.0 0.0 100
(0.032)

TABLE 7 - Parameter estimates from a FA(1) model appbeitie
across-site analysi forking measured in foltinus kesiydrials.
Approximated stardarrors are given in parenthesis t“mg_ .

Trial ~ Mean a2 ii iic &, VE
(%) ' (%)
2 35.5 66.8 6.14 0.751 29.1 56.4
(31.2)
3 34.1 149.6 12.23 1.0 0.0 100
(70.2)
5 23.9 156.7 5.77 0.461 123.4 21.2
(65.6)
7 34.9 113.2 10.64 1.0 0.0 100
(62.8)
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TABLE 8 - Parameter estimates from a FA(2) model appleti¢ across-site analysis
of foxtailing measured in fdainus kesiydrials. Except for the trial means, which were
transformed back to the origir@dle, the parameter estimates presented are based o

transformed datﬁr and 71? for factors 1 and 2 correspond to loadings obthafer
an orthogonal rotation of the ora factors. Approximated standard errors aremive

e o2
parenthesis fmrgi .

Trial  Mean 5?2 N % ne e . VE
(%) 9 i i i1 i (%)
2 6.7 0.024 0.139 0.061 0.897 0.394 0.001 96.0
(0.010)
3 4.2 0.008 -0.002 0.081 -0.022 0.906 0.001 82.1
(0.004)
6 23.9 0.028 0.165 -0.004 0.986 -0.024 0.001 97.3
(0.015)
7 65.0 0.013 0.048 0.100 0.421 0.877 0.001 94.6

(0.009)
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TABLE 9 - Best linear unbiased predictors of provenanfects (PV) and provenance ranks (R) for severdbtraeasured iRinus kesiydrials.

Prov. SUR VHA PIL ST BD FRK FOX
code 1to7 1 2t07 1 2 3to5 1to5 1 3to5 5 2,3and 7 2and 6 3and 7
PV R PV R PV R PV R PV R PV R PV R PV R PV R PV R PV R PV R PV R
1 2.29 1 -0.19 18 0.81 18 -116 5 -480 5 456 253.15 20 -7.89 3 -15.86 1 6.47 19 16.47 19 14.27 218.49 20
2 019 14 -1.60 21 6.09 10 -282 3 -529 3 460 262.83 19 -083 11 -8.61 3 -5.64 14 1758 21 35.273 2 8.80 21
3 -0.02 15 3.07 13 3.49 13 421 1 -841 1 7.85 280.31 13 -7.53 4 -10.44 2 -34.81 5 -40.03 1 4.64 191.38 15
4 -1.75 25 -22.19 26 5.19 11 012 12 -7.96 2 6.877 2 4.14 7 -2.52 8 -1.58 11 34.80 27 4658 28 3.18 10.79 14
5 -0.24 20 8.42 4 11.38 5 060 19 234 20 -235 8 .675 4 1.15 16 1.61 16 17.47 22 -23.66 5 64.36 28 228. 19
6 -0.23 19 13.38 2 9.15 7 079 21 -148 9 138 20.665 5 2.66 18 0.57 15 0.36 17 0.41 17 0.77 15 2.096
7 1.08 6 5.99 7 12.84 4 013 13 063 14 -052 15631 9 1.09 15 2.39 18 -9.07 11 -12.09 12 49.59 27 323 28
8 0.98 7 -0.25 19 18.39 1 -1.00 6 147 16 -1.35 114.04 8 221 9 -5.67 8 -14.50 8 -16.58 9 3.96 18 .84 25
9 0.60 13 5.75 8 7.29 9 215 27 021 12 -040 16 177. 3 -8.30 1 -6.37 7 -29.61 6 -15.38 11 -1.68 13 232 23
10 0.70 10 7.76 5 14.63 2 033 16 117 15 -1.32 121.36 15 3.32 19 7.31 22 -26.27 7 -28.18 4 42.89 289.07 26
11 1.45 4 0.35 16 -8.55 23 151 24 265 21 -181 93.17 21 -7.95 2 -7.11 6 -6.21 12 -16.61 8 -38.95 415.82 3
12 -0.18 17 -2.37 22 2.79 14 128 22 187 19 -1.780 -1.44 16 5.77 24 -1.87 10 -5.77 13 -6.63 14 834. 8 -9.65 7
13 0.68 12 14.69 1 2.45 15 260 28 347 25 -436 34.96 23  -4.98 7 -7.82 4 10.89 20 -5.57 15 -29.20 52.64 17
14 1.38 5 -0.66 20 -2.01 19 044 17 398 26 -3.72 4342 22 8.10 27 3.05 19 -14.34 9 -16.50 10 10.520 13.83 24
15 2.13 2 4.22 11 -8.37 22 178 26 172 18 -1.08 13.14 12  -6.70 6 -7.49 5 26.26 25 -28.32 3 -61.20 2036 27
16 0.82 8 5.03 10 -4.37 21 022 14 516 27 -482 2237 18 -7.46 5 -4.87 9 22.49 24  25.87 23 -2.15 125.84 11
17 -0.21 18 -10.02 25 -2088 26 -0.77 7 -3.27 6 03.023 -6.42 26 5.44 23 11.67 26 -48.79 3 3085 25758 6 -23.12 2
18 -0.15 16 -8.62 24 -1749 25 152 25 6.86 28 75091 -6.92 27 NA NA NA NA  14.33 21 16.95 20 -18.83 7 -7.56 10
19 0.72 9 -2.85 23 -1285 24 -043 10 0.16 13 -0.1%7 -5.08 24 755 26 5.93 20 441 18 5.07 18 -1.014 -4.96 12
20 -1.66 24 1.23 15 0.92 17 061 20 292 23 -237 170.78 14  2.46 17 6.41 21 -3.98 16 -11.20 13 -12.810 -3.84 13
21 1.65 3 2.41 14 1.84 16 059 18 296 24 -238 6231~ 17 3.72 20 7.93 24 -11.68 10 27.09 24 2.54 142.78 4
22 0.69 11 12.58 3 -3.58 20 -344 2 266 22 -249 5050 11  6.50 25 0.13 14 34.62 26 39.83 26 -3.29 118.95 9
23 -0.89 23 -2475 27 2717 28 -152 4 -486 4 64.124 -5.29 25 -166 10 -1.32 12 159.83 28 4442 25557 3 -28.27 1
24 -419 28 -2657 28 -2647 27 148 23 -1.03 10101. 19 -12.18 28 -0.35 12 12.64 27 22.43 23 22.31 252.49 1 -11.95 6
25 -0.84 22 5.05 9 9.39 6 -005 11 -022 11 022 191 6 4.28 21 7.78 23 -35.87 4 -22.92 6 40.30 29.96 22
26 211 26 3.78 12 7.99 8 -058 8 -248 7 230 221.38 10 4.77 22 9.46 25 -50.88 2 -18.19 7 33.29 238.21 18
27 -0.71 21 0.01 17 3.63 12 024 15 160 17 -094 17.78 2 1.04 14 2.29 17 -5.43 15 -2.75 16 37.59  249.20 8
28 -2.19 27 6.34 6 13.48 3 -044 9 -193 8 1.72 219.01 1 0.54 13 -0.16 13 -51.55 1 -28.80 2 -13.59 912.33 5

8¢

Note For each trait, the PV values are presentedragestrial estimates or as averages for groupsiatt with the trial partition being based on theterns of provenance by environment
interaction indicated by the across-site analy$es. PV values are expressed in percentage of tla@ miethe single trials or groups of trials. FoL,PBD, FRK and FOX, the provenance

ranking is in ascending order (i.e. the higher naglis given for lower PV values), as provenandecii®mn aims at reducing the levels of these tr&itsy SUR and FOX, the PV values were
calculated on a transformed scale, and then exgaésgercentage of the means of the transform&d 8&R - Survival, VHA - Total volume per hectaRdt. - Pilodyn penetration; ST - Stem

straightness; BD - Branch diameter; FRK - ForkiR@X - Foxtailing. NA - Provenance not tested imalgil and 3 to 5, where BD was measured.



TABLE 10 Provenance correlations estimated between tiztsed on bivariate
analyses Bfnus kesiydrials.

VHA PIL ST BD FRK
PIL -0.089
(0.05)
P>0.05
ST 0.62% 0.01?
(0.09) (0.06)
P<0.001 P>0.05
BD -0.19? -0.21” -0.02?
(0.18) (0.18) (0.20)
P>0.05 P>0.05 P>0.05
FRK -0.60” -0.239 0157  -0.359 -0.17%
(0.09) (0.09) (0.08)  (0.17) (0.23)
P<0.001 P<0.05 P>0.05 P<0.05 P>0.05
FOX 0.64" 0.019 0.38% 0.199 -0.509
(0.07) (0.11) (0.17) (0.42) (0.17)
P<0.001 P>0.05 P<0.05 P>0.05 P<0.05

Note For the trait pair PIL/FRK, the common correlatisithin trials (left side) was
significantly differenP£0.05) from the estimate across trials (right sié). the other
trait pairs, and excepting pfaér BD/FOX (where only one trial was used for mstiion),
the common correlations betweaits within trials did not differ significantifrom those
across trials and, therefaregstimated pooled value is presented. For eachlation
estimate, an approximatedddath error is given in parenthesis, and the sicguifte
probability pertain to a twaiked likelihood ratio test applied to assess whetr not it
deviates significantly fromra. VHA - Total volume per hectare; PIL - Pilodyn
penetration; ST - Stem straiglss; BD - Branch diameter; FRK - Forking; FOX -
Foxtailing®, ?, ©, 9 and® - estimates based on data from five, four, thxee,and one

trial, respectively.
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FIGURE 1- FA(1) model for provenances effects in eacH:tt@al volume per hectare. Fitted

regression lines are depictedresgahe trial loadings for four provenances.
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FIGURE 2 - FA(1) model for provenances effects in each:tRdodyn penetration. Fitted
regression lines are depiegainst the trial loadings for four provenances.

Provenances:—2——); 11 (oo ), 136——-); 23 —).
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APPENDIX 1 - Pinus kesiygrovenances represented in the field trials, astiibtion of the location and climate of theirgeellection site.

Provenance Code  Country Latitude Longitude Altitude Precipitation Temperature RH MAI DR Representation in
(m) (mm) (°C) (%) (days/month) field trials
AP PDM  PWM AMT MTWM MTCM
Mt. Province 1 Philippines  17°15'N  120°55'E 2300 0260 43 7633 224 29.2 15.0 83.5 (79-90) 1.382#-3.98) 14.2 (4.6-25.5) 2,3,4,5,6,7
Benguet 2 Philippines  16°35'N  120°30'E 1600 28774144 688.8 257 323 18.7 79.2 (74-87) 0.82 (0.amO8) 10.4(1.1-23.4) 1,2,4,5
Tarlac 3 Philippines  15°23'N  120°08'E 1120 24382 0.k 699.2 24.3 31.2 17.5 79.3(72-88) 1.29 (0.08@3) 11.7 (0.7-26.5) 1,3,6,7
Coto Mines 4 Philippines  15°32'N  120°05'E 800 232. <0.1 7132 253 325 17.9 79.2 (72-88) 1.26 @EB.21) 11.5(0.6-26.3) 1,2
Dathien 5 Vietnam  11°58'N  108°27'E 1550 1868.9 16.856.5 21.7 28.3 12.8 74.9 (69-81) 0.85 (0.023)1.8314.9 (5.8-23.7) 2,3,4,5,6,7
Xuan Tho 6 Vietham  11°55'N  108°32'E 1400 1850.9 (20.367.7 23.2 30.3 13.8 75.0 (69-81) 0.79 (0.02Z)1.7 15.0 (5.9-23.7) 1,3
Ho Tien 7 Vietnam  11°51'N  108°32'E 1500 1850.9 20.B67.7 23.2 30.3 13.8 75.0 (69-81) 0.79 (0.0241.77 15.0 (5.9-23.7) 2,3,6,7
Thac Prenn 8 Vietnam  11°52'N  108°27'E 1250 1868.96.61 356.5 21.7 28.3 12.8 74.9 (69-81) 0.85(0.033)1 14.9 (5.8-23.7) 1,3,4,57
Lang Hanh 9 Vietnam  11°37’N  108°16’E 950 1868.9 616.356.5 21.7 28.3 12.8 74.6 (68-81) 0.79 (0.012)1.7 14.3 (5.3-22.3) 1,2,4,5,6,7
Dakha 10 Vietham  14°48'N  107°56'E 1200 20447 21.836.7 214 27.8 10.7 75.7 (71-81) 0.84 (0.050-2.55)13.5 (4.7-25.6) 2,3
Nong Krating 11 Thailand ~ 18°05’'N  98°35'E 1080 1101. 05 260.8 255 36.6 12.8 72.4 (54-82) 0.53 (eD@7) 10.8 (0.8-22.6) 1,2,3,4,5,6,7
Doi Suthep 12 Thailand  18°46'N  98°53'E 1300 1143.90.7 266.0 23.9 34.7 111 719 (53-82) 0.53(0.00@®) 10.2 (1.0-21.4) 1,3,6,7
Doi Inthanon 13 Thailand  18°32’'N  98°35'E 1000 1m3. 0.7 2660 239 347 111 70.7 (52-81) 0.61 (®eDG7) 11.8(1.5-24.7) 1,2,4,5,6,7
Phu Kradung 14 Thailand ~ 16°51'N  101°47'E 1250 1003. 0.1 2579 25.2 34.9 12.9 71.7 (60-82) 0.53 (<@100.51) 10.8 (1.5-20.5) 1,37
Nam Now 15 Thailand  16°40'N  101°33’E 800 1103.0 0.1257.9 25.2 34.9 12.9 71.1(59-82) 0.53(<0.00GB). 10.8 (1.6-20.6) 1,2,3,4,56,7
Wat Chan 16 Thailand  19°04'N  98°19'E 940 1256.4 0.2955 225 33.6 9.6 69.5 (50-81)  0.70 (0.00011.9812.1 (1.5-25.8) 1,3
Jingdung (1) 17 China 24°26'N  100°51'E 1300 1124.842 2757 16.9 26.8 2.6 71.0 (55-82) 0.53 (0.02991. 13.3(4.0-24.7) 3,4,5,6,7
Jingdung (2) 18 China 24°28'N  100°51'E 1350 1124.842 2757 16.9 26.8 2.6 71.0 (55-82) 0.53 (0.02931. 13.3(4.0-24.7) 2,6,7
Jingdung Arb 19 China 24°28'N  101°05'E 1200 1112.734 2812 16.1 26.4 18 69.4 (53-81) 0.59 (0.08B)1. 13.8 (4.6-25.3) 1,37
Jinghong 20 China 22°25'N  101°10E 1250 1365.4 4.829.8 20.2 29.9 75 75.0 (60-80) 0.87 (0.051-2.57)13.0 (3.8-24.9) 2,3,4,5,6,7
Lancang 21 China 22°40'N  100°03'E 1620 1349.0 35283 186 28.8 4.7 71.7 (53-83) 0.89 (0.032-2.67) 3.313.3-25.7) 2,3,4,5,6,7
Simao 22 China 22°50'N  101°00'E 1370 1416.2 5.1 .84619.6 29.7 6.0 73.8 (58-83) 0.88 (0.047-2.60) 413.9-25.3) 1,3
Zokhua 23 Burma 22°25'N  93°40E 1600 2576.5 1.7 .B3719.8 27.9 8.2 71.9 (57-85) 1.59 (0.001-4.70)  (9.6-20.6) 1,2,3,4,5,6,7
Aungban 24 Burma 20°41'N  96°37E 1350 1554.7 0.7 0.36 20.2 30.5 8.1 59.6 (38-75)  0.71 (0.0002-1.84) 0.411.2-22.2) 1,2,3,4,56,7
Bodana A8 25 Madagascar 20°35'S  47°30'E 1500 1362.30.8 3516 17.1 243 9.2 81.1 (76-84) 0.55 (0.048) 13.5(6.3-20.5) 3,4,5,6,7
Bodana A9 26  Madagascar 20°35'S  47°30'E 1500 1362.30.8 3516 17.1 243 9.2 81.1 (76-84) 0.55 (0.048) 13.5(6.3-20.5) 4,5,6,7
Morarano 27  Madagascar 18°40'S  47°02'E 900 1362.6.1 2379.0 182 255 9.6 77.5 (72-82) 0.53 (0.004)1.5 10.3 (2.5-19.7) 2,3,6,7
CSO 28 Zambia 13°00'S  28°00°E 1300 1302.1  <0.1 485419.7 314 4.6 64.7 (42-81)  0.21 (<0.0001-0.998.7 (0.0-22.5) 2,3,4,5,6,7

Note Using latitude and longitude coordinates as imgata, climatic values were obtained from the iratgyl database information system of the Internati®Vater Management Institute
(http://dw.iwmi.org/dataplatform/ClickandPlot.aspx@nd pertain to averages taken over the yearbeopériod from 1961 to 1990 (for RH, MAI and DRetminimum and the maximum
monthly averages are given in parenthesis). AP ruah precipitation; PDM - Precipitation of the diienonth; PWM - Precipitation ofthe wettest momiT - Annual mean temperature;
MTWM - Mean temperature of the warmest month; MTEMean temperature of the coldest month; RH - Reddtumidity; MAI - Hargreaves Moisture Availabilipdex (i.e. an indicator
of the water availability in the soil - Hargreavig375); DR - Days with rainfall. See Table 1 for ttientification (with codes from 1 to 7) of thelfidrials where provenances were tested.
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