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ABSTRACT 

Results from 78 international trials of Pirzus tec~trzutmmii in Brazil, Colombia, South Africa and Venezuela are 
presented. Measurements at ages 3, 5 and 8 were available, and all trials were measured at least once. Genetic 
material includes samples of essentially the entire range of F1 tecunnrnnnii, and includes 24 high-elevation and 
16 low-elevation provenances from Mexico, Guatemala, Belize, Honduras and Nicaragua. High- and low- 
elevation provenances were tested separately. Volume growth of the species is commercially acceptable, with 
means across all provenances and families of approximately 14 m3ha-'.year-' on sites in Brazil and Venezuela, 
15 m3,ha-',year-' in South Africa and 25 m3,ha-'year-' in the highlands of Colombia at 8 years of age. 
Provenance variation for volume growth is important, with the best provenances 10 to 15% better than the mean. 
Mean single-site estimates of heritability for volume growth are approximately 0.15, and substantial genetic 
variation exists among families within provenances. Potential genetic gain for age 8 volume from selection 
within provenance is around 35%. Quality traits such as straightness, stem breakage and forking also appear to 
be heritable, but these traits seem to be under a lower degree of genetic control, with heritabilities around 0.05. 
There was no evidence of strong adverse genetic correlations. Genotype x environment interaction for volume 
growth is stronger at the family level than at the provenance level. and higher for tests located in different 
countries than in the same countries. Selection for agc 8 volume using age 5 data would be 89% as effective as 
selection at age 8. CAMCORE members have made over 200 selections of I? iec~rrlirrnar~ii for advanced- 
generation breeding. 
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INTRODUCTION 

Piruts tecununzarzii Eguiluz and J .  P. Perry, Jr. is a 
closed-cone pine in the Section Serotinae subsection 
Oocarpa (PERRY 1991). The main geographic range of 
the species extends from Chiapas, Mexico to central 
Nicaragua in a series of disjunct populations that occur 
between 400 and 2800 m elevation (DVORAK et 01. 
1993). CAMCORE (Central America and Mexico 
Coniferous Resources Cooperative), North Carolina 
State University, began seed collections of P tecunu- 
manii in 1981, and has now sampled more than 45 
provenances in Belize, El Salvador, Guatemala, Hondu- 
ras, Mexico, and Nicaragua (Figure 1). The seeds have 
been distributed to CAMCORE members in Brazil, 
Chile, Colombia, Guatemala, Indonesia, South Africa 
and Venezuela and established in provenancelprogeny 
tests and conservation banks. Pinus tec~irmnzarzii has 
significant commercial potential in numerous regions 
throughout the tropics and sub-tropics (DVORAK et al. 
1989, BIRKS & BARNES 1990, CROCKFORD 1990, 
DVORAK & DONAHUE 1992, DVORAK & SHAW 1992). 
The wood density of the species is acceptable for 

structural uses, and its pulping and paper-making 
properties compare favorably with other pines gown in 
the same environments (MALAN & HOON 1991, 
WRIGHT 1987). 

To develop sound breeding strategies and maximize 
genetic gain, breeders need reliable information on 
provenance and family variation, genetic parameters, 
and the magnitude of genotype x site interaction. This 
is especially important in international forestry cooper- 
atives like CAMCORE where one of the goals is to 
exchange the best genetic material between members 
on different continents to enlarge the size of breeding 
populations and improve productivity. Pimts tecitnu- 
r~lanii provides tree breeders with an excellent opportu- 
nity to quantify patterns of genetic variation across 
locations because the species has been the most inten- 
sively sampled neotropical pine in Mexico and Central 
America over the last 15 years and the most widely 
tested in the tropics and subtropics. This paper reports 
3 to 8 year results for 78 provenancelprogeny tests of 
P tecu~zurnanii established in Brazil, Colombia, Vene- 
zuela and South Africa. 
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Figure 1. Locations and estimated effects for volume growth (70) at age 8 for provenances of P. tecunurnanii included in 
CAMCORE tests. The provenance Juquila is not shown on the map. It is in the state of Oaxaca, nearly 5 " further west than any 
other provenance. Provenances 18 (Cerro Cusuco) and 22 (La Esperanza) were included in the low-elevation tests, but are 
actually high-elevation (> I  500 m) provenances. 

MATERIALS AND METHODS 

Plant Material and Genetic Tests 

Twenty-four high-elevation provenances (above 1500 
m) and 16 low-elevation provenances (generally below 
1500 m) of P teciuwnanii were sampled in southern 
Mexico and Central America by the CAMCORE 
Cooperative between 1981 and 1995 (Table 1) .  Subse- 
quent research has demonstrated significant variation in 
molecular markers between high- and low-elevation 
populations (FURMAN et al. 1996). In each prove- 
nance, seeds were collected from approximately 20-50 
mother trees which had good volume growth and stem 
straightness. When provenance size was extremely 
small (< 5 ha) seed collections were made randomly in 
the stand. Seeds were kept separate by mother tree and 
distributed to CAMCORE members who established 
the provenance/progeny tests, and often included their 
own commercial controls. No attempt was made to 
select provenances within populations for specific 
members. 

Provenances from the high- and low-elevation 

populations were usually established in separate tests 
with subsets of 3 to 6 provenances in each test. Two 
provenances of somewhat intermediate elevation (Cerro 
Cusuco and La Esperanza) were classified as low- 
elevation provenances and included in those tests, 
although it might have been more appropriate to 
include them with the high-elevation provenances. 

A total of 48 tests containing over 73,000 trees were 
established using high-elevation provenances and 30 
tests containing more than 54,000 trees were estab- 
lished using low-elevation provenances (Table 2). The 
high-elevation provenances have been tested more 
intensively because initial collection efforts began with 
these provenances. 

The trial design was the same at all locations, a 
randomized complete block design, with provenances 
randomized in each replication, and families random- 
ized within the provenance sub-plots. There were 9 
replications and 6 trees per family planted in row-plots. 
Spacing was approximately 3 x 3 m in all tests. Test 
measurement was scheduled at ages 3, 5, and 8 with all 
trees assessed. Measurements were not available at all 
ages for all tests. Only growth traits were measured at 



Table 1. Summary information for CAMCORE P, tecu~zunzanii provenances. 

Provenance Code zrg BT4P33 Country Latitude Longitude Elevation Precip. 
(m) (mm) 

High-elevation Sources 

San Jeronimo 2 13.3 31.3 b Guatemala 15'00' N 90" 15' W 1620-1850 1200 
Piedad 3 -5.2 32.9 b Guatemala 15" 02' N 90" 06' W 1690-2200 2592 
Chi San Vicente 4 Guatemala 15" 04' N 89" 54' W 2100-2770 1700 
El Pinalon 5 Guatemala 15" 02' N 90" 02' W 2080-2230 2592 
La U1 6 11.2 29.2 c Guatemala 15" 21' N 91" 05' W 2440-2680 1996 
Km33 7 -14.5 31.6 b Guatemala 14" 32' N 90" 19' W 2000-2200 1543 
Km47 8 -9.1 26.2 b Guatemala 14" 46' N 90" 19' W 2000-2200 1543 
La Soledad 1 1  I .4 37.0 b Guatemala 14" 32' N 90" 07' W 2390-2470 1543 
Cabrican 12 -9.3 Guatemala 15" 05' N 91" 37' W 25 10-2670 101 0 
San Miguel 13 9.7 Guatemala 15" 15' N 91" 44' W 2280-2370 2127 
Pachoc 15 7.9 29.0 c Guatemala 14" 56' N 91" 18' W 2000-2500 1350 
San Lorenzo 16 -4.8 27.8 b Guatemala 15" 05' N 89" 40' W 1900-21 00 1700 

Las Trancas 23 -4.7 31.0 b Honduras 14" 07' N 87" 49' W 2075-21 85 1579 
Celaque 24 -2.4 41.2 b Honduras 14" 33' N 88" 40' W 1540-2030 1273 

Chanal 
Chempil 
El Carrizal 
Jitotol 
Las Piedrecitas 
Montebello 
Napite 
Rancho Nuevo 
San Jose 
Juquila 

Low-elevation Sources 

Mexico 16" 42' N 
Mexico 16" 45' N 
Mexico 15" 24' N 
Mexico 17" 02' N 
Mexico 16" 22' N 
Mexico 16" 06' N 
Mexico 16" 34' N 
Mexico 16"41' N 
Mexico 16" 42' N 
Mexico 16" 13' N 

Mountain Pine Range 1 -6.3 55.6 Belize 1658 'N 

Campamento 
Cerro Cusuco 
Los Planes 
Villa Santa 
Esquipulas del Norte 
La Esperanza 
Locomapa 
Culmi 
Gualaco 
San Esteban 
San Francisco 
Jocon 

Honduras 
Honduras 
Honduras 

33.4 Honduras 
Honduras 
Honduras 
Honduras 

46.2 Honduras 
Honduras 

3 1.0 Honduras 
29.4 Honduras 
20.4 Honduras 

San Rafael del Norte 40 18.0 Nicaragua 1 3 1 4 ' N  8 6 0 7 ' W  920-1040 1394 
Cerro la Joya 42 -33.9 Nicaragua 1 2 5 8 ' N  8 9 5 9 ' W  940-1160 1391 
Yucul 44 25.3 Nicaragua 1 2 5 5 ' N  8 5 4 7 ' W  900 1394 

' ~ ~ 0 ~ 3 3  expresses the amount of broken tops expected in a provenance, when the average provenance has 33% broken tops. 
Due to the structure of the data, BTOP33 for high-elevation provenances could only be compared in three disconnected subsets 
denoted by the letters a, b, and c following the estimate. 
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Table 2. Summary Information for CAMCORE P. tecunumanii tests. High-elevation sources. 

Obs Country Test Sitename Lat Long Elev Precip 

1 Brazil 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 Colombia 
18 
19 
20 
21 
22 
23 
24 
25 
26 S.Africa 
27 
28 
29 
30 
3 1 
3 2 
33 
3 4 
35 
36 
3 7 
38 
3 9 
40 
4 1 
42 
43 
44 
45 
46 
47 
48 

Pedreiras 
Morada Nova de Minas 
Santa Tereza 
Santa Tereza 
CPAC 
Felixlandia 
Felixlandia 
CPAC 
Fazenda Primavera 
Grab Mogol 
MoquCm 
Condessa 
Imbauzinho 
Capela 
Imbauzinho 
Campina Grande 
Salinas 
San JosC 
San JosC 
San JosC 
San JosC 
Pefias Negras 
Pefias Negras 
Pefias Negras 
La Catana 
Mooiplaas 
Mooiplaas 
Mooiplaas 
Wilgeboom 
Tweefontein 
Wilgeboom 
Tweefontein 
Wilgeboom 
Tweefontein 
Wilgeboom 
Tweefontein 
Tweefontein 
Hendriksdal 
Tweefontein 
Hendriksdal 
Ceylon 
Swartfontein 
Entabeni 
Woodbush 
Tweefontein 
Hendriksdal 
Wilgeboom 
Ncula 

age 3, and all traits measured at ages 5 and 8 (scale average straightness, 3 = very straight), 
listed in parentheses): BD = branch diameter (1 = thick, 2 = average, 3 = 

HT = height (m), thin), 
DBH = diameter at breast height, e .g . ,  1.3 m (cm), FORK = forking (0 = no fork, 1 = forked), 
ST = stem straightness (1 = very crooked, 2 = FOXT = foxtailing (0 = no foxtail, 1 = foxtail, i .e . ,  



Table 2 (cont.) Summary Information for CAMCORE P, tecunumanii tests. Low-elevation sources. 

Obs Country Test Sitename Lat 

49 Brazil 
50 
5 1 
5 2 
5 3 
54 
5 5 
5 6 
57 
5 8 

Aracruz 19"48' S 
Sao Mateus 18" 40' S 
Morada Nova De Minas 18" 45' S 
Aracruz 19" 48' S 
Sao Mateus 18" 40' S 
MoquCm 24" 07' S 
Quadra 0" 50' S 
Fazenda Primavera 18" 38' S 
Fazenda Primavera 18" 38' S 
Ventania 24" 07' S 

Long 

40" 17' W 
39" 45' W 
45" 10' W 
40" 1 7 ' W  
39" 45' W 
50" 09' W 
53" 00' W 
42" 51' W 
42" 51' W 
50" 07' W 

Elev Precip 

59 Colombia 030201A La Arcadia 
60 030202A La Arcadia 
61 030203A La Arcadia 
62 1602031) Los Alpes 
63 160205B Los Alpes 
64 16021 1C La Maria 
65 160213B La Maria 

66 S. Africa 130731A3 Mooiplaas 28" 38' S 31" 14' E 943 1200 
67 13 103 1 A1 Tweefontein 25" 04' S 30" 49' E 1250 1953 
68 13 103 1 A2 Hendriksdal 25" 1 1 ' S 30" 46' E 1450 1 178 
69 161001E1 Wilgeboom 24" 58' S 30" 57' E 960 1316 
70 161001E2 Kwambonambi 32" 10' S 28" 40' E 65 1201 
7 1 161001G Swartfontein 25" 11' S 30" 59' E 952 1194 
7 2 16 1002C 1 Wilgeboom 24"58 'S 3 I 0 0 0 ' E  98 1 1316 
7 3 16 1002C2 Kwambonambi 28" 40' S 32" 10' E 65 1200 
74 161004A1 Wltwater 25" 08' S 30" 52' E 1530 1154 
75 16 1004A2 Dukuduku 28" 22' S 32" 19' E 70 1201 

76 Venezuela 030407A Ticoporo 7" 43' N 70" 56' W 200 1800 
77 160301D El Hierro 9" 10' N 69" 20' W 150 1520 
7 8 160305A Santo Tomgs 10" 00' N 69" 05' W 300 1287 

presence of an internode > 3 m), and 
BTOP = broken top (0 = normal top, 1 = broken 

top). 
A volume index was calculated using height and 

DBH using the formula 

Volume = 0.00003 (DBH2 * height) 

As a part of the data preparation, a plot of height x 
DBH was inspected visually. Trees which were outli- 
ers (i.e., those which had abnormal height-diameter 
ratios) were deleted from the data set. Thus, trees with 
heights severely affected by top breakage would not be 
included in volume calculations. 

Single-site Analyses 

Single site analyes were conducted for each test. The 
linear model was: 

where yij,,, = phenotypic observation for the ijklmLh 
tree, p, = mean in the ith test, Bj = fixed effect of the jth 
block, P, = random effect of the kth provenance, E[P,] 

2 = 0, Var[P,] = o ,,,,,, F(P),, = random effect of the lth 
family in the kIh provenance, Elf(P),,] = 0, Varlf(P),,] = 
ss2,, rlk, = random effect of the jkl'" row-plot, i.e. the 
interaction of the jth block and the lLh family of the kth 

2 provenance, E[rikl] = 0, Var[r,,,] = o r ,  e,j,l, = random 
error term associated with the ijklmth tree, E[e,l,,,,,] = 0, 

2 
Var[etj ,I,,, I = 0, > 

Variance components for all traits were estimated 
using PROC VARCOMP METHOD = TYPE1 in SAS 
(Henderson's Method 3, SAS 1989). Phenotypic 
variance within-provenance (o", was estimated as: 
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Single-site (or biased) heritability estimates within 
provenance ( h i  )were estimated for all traits using the 
formula: 

The covariance among open-pollinated families would 
typically be higher than of additive genetic variance; 
this could result from inbreeding and/or from a small 
number of effective male pollinators leading the to 
presence of some percentage of full-sibs with the OP 
family (SQUILLACE 1974). Thus a coefficient of 3 
instead of 4 was multiplied by the family variance in 
the calculation of heritability. The "b" subscript indi- 
cates that the family variance is estimated on a single- 
site basis, and may be biased upward by the presence of 
family x environment interaction. Specifically, 

2 2 2  2 2 o, = o, + olF. where ot and of, are the family and 
family x environment variances in a multiple-site model 
(COMSTOCK & MOLL 1963, HODGE &WHITE 1992). 

Lastly, provenance was considered a random effect 
in order to compare provenance variation to additive 

2 
genetic variation. A parameter Ph  was estimated using 
the formula: 

0;. 

Thc b subscript indicatcs that the provenance 
variance was estimated on a single-site basis, and may 
be biased upward by the presence of provenance x 
environment variation, in the same manner as with 

2 2 
familics. Since both k ,  and P, are expressed relative 
to the phenotypic variance, they can be directly com- 
pared to indicate the relativc importance of the two 
sources of variation. 

Parameter means and empirical standard errors were 
calculated treating each test site as an independent 
estimate. As a general convention, parameter estimates 
in this paper will often be exprcssed as "mean + stan- 
dard error". 

Age-Age Correlations 

Age-age genetic correlations (the same trait at different 
ages) were estimated from single-site analyses. 
Between-age covariance components were calculated 
using a dummy variable approach (SEARLE 1992), and 
the genetic correlation estimated as 

where 6,,,,? = estimated family covariance between 
the trait measured at the different ages, 6,, = estimated 
family variance at the first age, 6 = estimated family 

F? 
variance at the second age. 

Paired-site Analyses and Genotype x Environment 
Interaction 

Paired site analyses were conducted for all possible 
pairs of tests with at least 15 families in common. 
These analyses were conducted in order to quantify 
genotype x environment (GxE) interaction among 
families and provenances. Phenotypic observations 
were divided by the phenotypic standard deviation 
estimated for each test from the single-site analyses. 
This was done to remove most of the bias of the GxE 
interaction variances due to heterogeneous variances 
(EISEN & SAXTON 1983, HILL 1984). The linear model 
was 

where y,,,,, = phenotypic observation for the ijklmLh 
tree, p = overall mean, E, = fixed effect of the iLh test, 
B(E) ,  = fixed effect of the j"' block nested in the ith test, 
P, = random effect of the k"' provenance, E[P,] = 0, 

2 Var[P,] = o ,),,,, PE,, = random interaction of the kLh 
provenance and the ith test, E[PEi,] = 0, Var[PE,,] = 
oi,, f ( ~ ) ~ ,  = random effect across sites of the I" family 

2 
in the kth provenance, E[f(P),,] = 0, VarCf(P),,] = of, 
f(P)E,,, = random interaction of the 1"' family in the kth 
provenance and the ith test, Er(P)Eikl] = 0, Varlf(P)E,,,] 

2 = a,,, r,,, = random effect of the ijklth row-plot, i.e., the 
interaction of the jth block of the ith test and the lth 
family of the kt" provenance, E[rik,] = 0, Var[r,,,.] = 02,., 

eij,,,,, = random error term associated with the ijklmLh 
2 tree, E[e,,,,] = 0, Var[eijkh] = o,, and all other terms 

defined as in the single-site model with blocks nested 
with tests. 

For each pair of tests, estimates of Type B genetic 
correlations at the family and provenance level (r,, and 
I.,,,,,,, respectively) were calculated: 

2 

- 9 
- y 

of + ole 

Type B correlations measure the genetic or provenance 
correlation between the same trait expressed on two 
different sites (BURDON 1977). Type B correlations 



over multiple sites range between 0 and I ;  an r, = 1 
indicates a near perfect correlation between perfor- 
mance in different environments, or in other words, an 
absence of genotype (or provenance) x environment 
interaction. Type B correlations were only estimated if 
estimated 11; exceeded 0.05 in both tests of a pair. Use 

2 
of tests with extremely low h, estimates can result in 
seemingly very imprecise type B correlation estimates 
well out of the theoret~cal range. Parameter means and 
empirical standard errors were calculated using each 
pair of tests as an independent observation. 

A second approach was used to estimate Type B 
correlations. Specifically, means of the variance 
component estimates were used in the general equation: 

where ?J; = mean of the family variance component 
estimates from paired test analyses, and similarly for 
other terms. This method can be described as a "func- 
tion of the mean variance components" to calculate an 
average Type B parameter estimate, in contrast to the 
"mean of the function" approach described above. Usc 
of a "function of the mean" approach to calculate an 
average genetic parameter has been shown to yield 
more precise estimates of genetic parameters (PEDER- 
SON 1972). A typical CAMCORE provenance-progeny 
test might have from 3-6 provenances and from 30 to 
60 families. Since for a given pair of tests, provenance 
and provenance x environment effects are estimated 
with only a few degrees of freedom, the advantage of rd 
over r;, might be more important for estimates of the 
Type B provenance correlations than the Type B 
genetic correlations. 

For all genetic parameters estimates (from both 
single-site and paired site analyses) analysis of variance 
was used to examine patterns of variation among 
genetic parameter estimates. Numerous models were 
utilized which included as main fixed effects eleva- 
tional categories, countries and age, and two-way 
interactions of the main effects. 

Provenance Effects 

Provenance effects were estimated for both percent 
volume and percent stem breakage using ordinary least 
squares (OLS) across all tests. Least-squares means 
were estimated for each family in each test, and then 
divided by overall test mean; the resulting values were 

used as units of observation. Estimated provenance 
effects for volume can then be interpreted as percent 
differences in volume growth. Mean stem breakage in 
the tests used to calculate provenance effects was 34% 
in the high-elevation tests and 2 2 4  in the low elevat~on 
tests. Provenance effects for broken top were scaled to 
a common mean of 33% to facil~tate comparison and to 
provide a meaningful measure of the importance of 
provenance differences for this trait. 

RESULTS AND DISCUSSION 

Species Productivity and Quality 

Growth rates: Growth rates of Z? tecunur7~a~lii in all 
countries were quite promising (Table 3). Heights were 
3 4 m a t a g e 3 , 7 - 1 0 m a t a g e 5 ,  and 11-15 m a t  age 8, 
with the best height growth occurring in Colombia. 
Mean DBH ranged from 5-8 cm at age 3, 11-1 7 cm at 
age 5, and 16-21 cm at age 8. Assuming 11 1 1  stems1 
ha with 85% survival, these growth rates corrcspond 
approximately to volumes (outside bark) of 14 m3 of 
wood.ha-'.yr-l on sites in Brazil and Venezucla, 15 
~n' .ha- 'y.- '  in South Africa and 25 m3.ha-'.yr-' in the 
highlands of Colombia at 8 years of age. Thesc data 
represent the mean of unimproved material from all 
provenances on all sites, and substantially larger values 
should be expected from selected material from the best 
provenanccs planted on suitable sites. 

It was difficult to compare high- and low-elevation 
populations as they were infrequently planted on the 
same types of sites, and checklots of the other popula- 
tion were not always included in the tests. The low- 
elevation provenances were generally established at 
lower elevations and latitudes than the high-elevation 
provenances, but there are a few tests planted on the 
same or very similar locations. As would be expected, 
site has a significant effect on which population per- 
formed better. For example, there were four high- 
elevation and three low-elevation tests established at 
sites with similar latitudes, elevation, and precipitation 
in Colombia (observations 18-21 and 59-61 in Table 
2). The high-elevation tests had an average volume 
index of 0.252 m' versus 0.228 m3 for the low-elevation 
tests (see Appendix I), an advantage of approxilnately 
10%. Note that this advantage is probably biased 
upward, as the low-elevation material was primarily 
from a single provenance, Mountain Pine Ridgc in 
Belize, which appears to be about 6% below average 
among all low-elevation provenances (Table 1). In 
another comparison, there were three high-elevation 
tests and one low-elevation test established at the samc 
site, Tweefontein, South Africa (observations 37, 39, 
45, and 67 in Table 2). The average volume index of 
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Table 3. hIeans for growth traits in CARICORE P, leczir~unznnii tests at ages 3, 5, and 8. Full data for all tests presented 
in Appendix 1. 

Elevation Country HT3 HT5 HT8 DBH3 DBHS DBH8 VOL3 VOL5 VOL8 

liigh Brazil 3.96 7.47 12.35 5 11.19 16.29 0.0041 0.0326 0.1155 
Coionibia 5.02 7.26 13.31 7.93 14.33 20.97 0.0145 0.0536 0.1942 
%Africa 3.88 7.91 12.84 4.90 11.95 18.08 0.0036 0.0396 0.1382 

low Brazil 5.58 9.53 13.13 7.66 14.31 16.78 0.0123 0.0639 0.1229 
Colombia 5.65 9.89 15.01 8.25 16.75 21.64 0.0161 0.0920 0.2283 
S.Africa 4.14 8.48 11.01 5.67 12.14 17.55 0.0057 0.0427 0.1226 
Venerucla 5.15 7.75 11.46 6.62 10.67 17.15 0.0084 0.0332 0.1 163 

Table 4. Means for quality traits in CAMCORE P. tecurl~irrlurlii tests at ages 5 and 8. Full data for all tests presented 
in Appendix 2. 

Elevation Country ST5 ST8 BD5 BD8 Fork5 Fork8 Foxt5 Foxt8 Btop5 Btop8 

high Brazil 2.11 2.10 1.88 2.14 
Colombia 6 I .4l 1.76 1 S O  
S.ASrica 7 2.01 1.82 2.37 

low Brazil 1.93 1.68 2.03 2.53 
Colombia 1.14 1.55 1.32 1.93 
S.Africa 1.22 1.82 2.76 2.30 
Venezuela 1.81 1.40 2.26 1.71 

the high-elevation tcsts and thc low-elevation test wcrc 
equal at 0.1 16 m3 (Appendix 1). Therc was also one 
high-clcvation and onc low-elevation test established at 
Wilgeboom, South Africa (obscrvations 3 1 and 69 in 
Table 2), arid herc the low-elevation material had an 
average volume indcx of 0.1605 m' versus 0.1482 m3 
for the high-elevation material (Appendix l) ,  an 
advantage of 8% for thc low-elevation population. 
Lastly, there were two provenances that included in the 
low-elevation trials which could have could have been 
classified as high-elevatio~i provenances: Cerro Cusuco 
(elev. 1400-1650 m) and La Esperanza (elev. 1500 
-1 800 m). Estimates of volume gain for thcse two 
provenances were quite similar, 4.5% and 4.9%, 
rcspcctivcly (Tablc I ) .  

Broken Tops and Forking: Broken tops were most 
severe in tcsts of the high-elevation population in 
Colombia (Table 4). In eight tcsts, Incan incidencc of 
broken tops at age 5 was 23.5%, with two tests at 58% 
and 6 1 % incidence. Mean incidence at agc 8 was even 
highcr. In seven tcsts, mcan incidencc was 31.7% and 
the minimum was 14.7%. The tests in Colombia are all 
bctwccn 2 and 2.5 " latitude, and tcsts at higher lati- 
tudes in Brazil and South Africa did not have as high 
levels of incidence, with Brazil averaging less than 2% 

and South Africa avcraging 5.4% at age 5 and 12.2% at 
age 8. 

Low-elevation provenances in Colombia had lower 
incidence of broken tops than the high-elevation 
provenances. Mean incidencc was 8.6% at age 5 and 
14.1% at age 8. Similar, but slightly lower levels of 
broken tops were seen in South African low-elevation 
tests, with mean incidence 6.6% at age 5 and 11.8% 
incidence at age 8. In Brazil, incidence of broken tops 
was always low, with the exception of one test which 
had 35% broken tops at age 5. Subsequent inspection 
of field tests suggested that when F! tecuii~iiiznrzii is 
established on relatively fertile soils in the state of 
Parana in southern Brazil, stem breakage can be signifi- 
cant by age 5 .  However, when F! tec~mz~nlarzii was 
established on relatively unfertile Oxisols in the Brazil- 
ian cemdo (characterized by well-defined dry seasons), 
stem brcakage fell to less than 5% (MOURA & DVORAK 
1998). It is unclear exactly what role environmental 
factors play in stem breakage. 

Levels of forking in the b u r  countries followed the 
same pattern as broken tops. For example, in 8-year- 
old measurements of the low-elevation population 
Colombia had the highest levels of forking with 
(28.1%), followed by South Africa (21%), Brazil 
( 1  8.8%), and Venezucla (5.4%). It seems likely a high 



proportion of forks would be caused by some top 
breakage, perhaps very high in the main stem, followed 
by competition among two or more new leaders. The 
two "traits", stem breakage and forking, may be differ- 
ent aspects of the same trait. and it may be more 
profitable to aggregate these defects into one score. 
For many of the tests in this study, this aggregate trait 
would have mean incidence in the 30-709 level, which 
is probably ideal for assessing genetic variance and 
heritability. 

Single-site Heritability and Provenance Variation 

Volume Growth: As might be expected for forest 
trees, single-site heritability for volume growth was 
lowest at the youngest age. Mean h;across all sites 
and both elevational categories was 0.12 * 0.01 at age 
3, 0.16 k 0.01 at age 5, and 0.15 + 0.01 at age 8 (Table 
5). For each age, differences between elevational 
categories were not statistically significant. However, 
there was a slight tendency for the low-elevation 
population to have larger lzl, than the high-elevation 
population: 0.13 vs 0.11 at age 3 (p = 0.12), 0.18 vs 
0.15 at age 5 (p = 0.14), and 0.15 vs 0.14 at age 8 (not 
significant). At ages 5 and 8, there was no effect 
associated with country, but at age 3 th:re were signifi- 
cant differences among countries for h,; . These appear 
to be primarily due to low age 3 heritability in South 
Africa. For example, in,the low-elevation population 
in South Africa, mean 11; = 0.06 vs 0.17 in Brazil and 
Colombia. A similar pattern exists in the high-eleva- 

2 
tion populat~on, with mean h,, = 0.08 in South Africa 
and approximately 0.15 in Brazil and Colombia. (Table 
5). These lower heritabilities at an early age in South 
Africa may be partially associated with low growth 
rates in South Africa at age 3, with mean volumes 
substantially lower than in other countries, particularly 
in the low-elevation population (Table 3). Many of the 
South African tests were impacted by heavy deer 
browsing of seedlings shortly after planting, which 
would both reduce growth and increase error variance. 

For volume growth. provenance variation appar- 
ently becomes relatively less important with age. When 
the estimated parameter ph2 is compared to estimated 
h l ,  it provides a relative measure of the size of prove- 
nance variance and additive genetic variance on a 
single-site basis. Thus estimated provenance variance 
was roughly 0.0510.12 = 42% of additive variance at 
age 3, 0.0410.16 = 25% of additive variance at age 5, 
and 0.0210.15 = 13% of additive variance at age 8. 
Quality Traits: Straightness appears to be the most 
heritable of the quality traits with 12; at both ages 5 and 
8 approximately equal to 0.13 in both the high- and 
low-elevation populations (Table 5). There was no 

statistically significant effect of country on h,? at age 5, 
but the effect of country was significant ( p  = 0.04) at 
age 8. This is probably due primarily to two tests in 
Venezuela which had mean 11; = 0.01. There was 
some provenance variation in straightness, with esti- 
mated relative size about 23% of additive genetic 
variance. 

Branch diameter was under a reasonable amount of 
genetic control, with mean hi: = 0.09 at both ages 5 and 
8. Provenance variation was very small, with mean P,? 
= 0.01, on the order of 11% of the additive genetic 
variance. Heritability for branch diameter is signifi- 
cantly higher 0, = 0.04) in the high-elevation popula- 
tion than in the low-elevation population (hi;= 0.10 vs 
0.04). In addition, there was a significant effect due to 
country; tests in South Africa had much lower levels of 
heritability for branch diameter in both low and high- 
elevation populations than in other countries (Table 5). 

Stem breakage and forking appear to be under 
similar levels of genetic control. Since these traits are 
binomial (0 or I), h i  was only estimated if mean 
incidence in the tests exceeded 15%. There were 6 
tests at age 5 which met this criteria for broken tops 
with a mean incidence across the tests of 35%, 1 l tests 
for broken tops at age 8 with mean incidence of 294 .  
9 tests of forking at age 5 with mean incidence of 24%, 
and 26 tests for forking at age 8 with mean incidence of 
23% (Table 5). For both traits, mean h,; is around 0.05 
to 0.07, with forking having slightly higher heritability. 
There was a significant effect of high- and low-eleva- 
tion on the heritability for broken tops at age 8, but this 

2 was probably due to one aberrant negative estimate of h, 
in one low-elevation test in Colombia. Provenance 
variation for both broken tops and forking is relatively 
low, withpi = 0.01 for both traits. 

This level of genetic control for stem breakage is in 
general agreement with previous reports in the litera- 
ture on family mean and plot mean heritabilities. Using 

2 variance component estimates consistent with an 12, = 
0.05 for broken tops, and assuming the ,standard 
CAMCORE design of 9 replications, 6 tree row-plots 
and 8352 survival, plot heritability would be 0.20 and 
family heritability would be 0.69. These correspond to 
estimates of a plot mean heritability ranging from 0.20 
to 0.36 (PARFITT 1996), and family mean heritability 
ranging from 0.17 to 0.63 (DVORAK et al. 1993). 

Age-age Correlations 

Age-age correlations ( r , )  were estimated for volume, 
straightness and branch diameter (Table 6). There were 
never any significant differences between high-eleva- 
tion and low-elevation populations for average age-age 
correlation for any trait. 
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Table 5. Trait means, minima and maxima, estimated within provenance heritabilities and provenance variation for 
different traits measured in CARICORE P. tecu~iumariii tests. N = number of single sites where trait was assessed. 
- --- 

Trait Elevation Country IV hlcan Min Max 11,' SE (11,') P; SE (PI,') 

VOL3 high Brazil 12 0.0051 0.0007 0.0104 0.16 0.04 0.05 0.012 
high Columbia 9 0.0145 0.0015 0.0277 0.13 0.02 0.08 0.019 
hi zli S. Africa 22 0.0039 0.0007 0.0089 0.08 0.01 0.03 0.008 

high - across countrlcs 43 0.0067 0.0007 0.0277 0.11 0.01 0.05 0.007 

low B r a d  11 0.01 13 0.0010 0.0242 0.17 0.03 0.03 0.007 
low Columbia 7 0.0161 0.0021 0.0343 0.17 0.04 0.1 1 0.101 
low S. Africa 9 0.0057 0.0009 0.0186 0.06 0.02 0.07 0.016 

Venezuela 2 0.0085 0.0064 0.0105 0.07 0.07 0.03 

low - across countries 29 0.0105 0.0009 0.0343 0.13 0.02 0.06 0.020 

VOL5 Braz~l 
Columbia 
S. Afma 

high - across countries 

Brazil 
Columbia 
S. Africa 
Venezuela 

low - across countries 

Overall 

VOL8 Brazil 5 0.1155 0,0719 0.1927 0.1 1 0.02 0.02 0.008 
Columbia 7 0.1942 0.1139 0.2721 0.14 0.02 0.02 0.009 
S. Africa 13 0.1382 0.1141 0.1548 0.16 0.01 0.01 0.004 

liiph - across couritrics 25 0.1494 0.0719 0.2721 0.14 0.01 0.02 0.004 

Brazil 3 0.1 229 0.0926 0.1534 0.19 0.04 
Columbia 3 0.2283 0.2070 0.2422 0.17 0.01 
S. Africa 8 0.1226 0.0971 0.1605 0.14 0.02 0.05 0.007 
Venezuela 3 0.1163 0.0655 0.1480 0.15 0.06 0.00 0.003 

low - across countsics 17 0.1402 0.0655 0.2422 0.15 0.01 0.04 0.008 

Ovcrall 42 0.1456 0.0655 0.2721 0.15 0.01 0.02 0.004 

Brazil 2.1 1 1.62 2.84 0.13 0.02 0.02 0.007 
Columbia 1.64 1.17 2.07 0.16 0.02 0.03 0.012 
S. Africa 1.76 1.38 2.20 0.1 1 0.01 0.04 0.01 2 

high - across countries 1 .83 1.17 2.84 0.13 0.01 0.03 0.007 

Brazil 4 1.93 1.02 2.43 0.20 0.05 0.00 
Columbia 2 1.13 I .09 1.17 0.13 0.07 0.00 0.005 
S. Africa 4 1.22 1.12 1 .50 0.10 0.02 0.02 0.008 
Venezueln 2 1.81 1.67 1 .96 0.12 0.08 0.01 0.014 

low - across countries 1.56 1 .G2 2.43 0.14 0.02 0.01 0.005 

O\ erall 1.75 I .02 2.84 0.13 0.01 0.03 0.005 



Table 5. Trait means, minima and maxima, estimated within provenance heritabilities and provenance variation for 
different traits measured in CAMCORE P. tecunzmanii tests. N = number of single sites where trait was assessed. 

Trait Elevation Country N Mean Min Max 1 1 , ~ ~  SE (/I,,') SE (P,') 

ST8 high Brazil 5 2.10 I .87 2.24 0.1 1 0.02 0.01 0.008 
high Columbia 7 1.41 1.19 1.81 0.14 0.02 0.02 0.010 
high S. Africa 13 2.01 1.75 2.35 0.15 0.02 0.05 0.012 

high - across countries 25 1.88 1.19 2.35 0. I 0.0 1 0.03 0.007 

low Brazil 3 1.68 1.63 1.72 0.14 0.04 
low Columbia 3 1.55 1.36 1.76 0.20 0.05 
low S. Africa 8 1.82 1.42 2.04 0.12 0.02 0.02 0.010 
low Venezuela 2 1.40 1.01 1.80 0.01 0.04 0.00 0.002 

low - across countries 16 1.69 1.01 2.04 0.12 0.02 0.01 0.008 

Overall 41 1.81 1.01 2.35 0.13 0.01 0.03 0.006 

BD5 high Brazil 5 1.88 1.73 I .98 0.10 0.04 0.01 0.004 
high Columbia 7 1.76 1.21 2.3 1 0.16 0.03 0.02 0.005 
high S. Africa 14 1.82 1.26 2.71 0.07 0.01 0.01 0.006 

high - across countries 26 1.82 I .21 2.7 1 0.10 0.01 0.01 0.004 

low Brazil 1 2.03 2.03 2.03 0.01 0.00 
low Columbia 2 1.32 1.29 1.35 0.05 0.03 0.00 0.004 
low S .  Afr~ca 5 2.76 I .89 2.99 0.01 0.01 0.00 0.002 
low Venezuela 2 2.26 1.96 2.55 0.15 0.01 0.02 0.015 

low - across countries 10 2.30 1.29 2.99 0.04 0.02 0.01 0.003 

Overall 36 1.95 1.21 2.99 0.09 0.01 0.01 0.003 

BD8 high Brazil 5 2.14 1.82 2.92 0.07 0.02 0.00 0.004 
high Columbia 7 1.50 1.18 1.84 0.1 1 0.01 0.01 0.004 
high S. Africa 13 2.37 2.07 2.63 0.1 1 0.01 0.02 0.006 

high - across countries 25 2.08 1.18 2.92 0.10 0.01 0.01 0.003 

low Brazil 3 2.53 1.76 2.97 0.02 0.04 
low Columbia 3 1.93 1.87 I .98 0.12 0.05 
low S. Africa 8 2.30 1.97 2.47 0.07 0.02 0.01 0.008 
low Venezuela 2 1.71 1 .56 1.86 0.1 1 0.02 0.01 0.000 

low - across countries 16 2.20 1.56 2.97 0.08 0.02 0.01 0.007 

Overall 41 2.13 1.18 2.97 0.09 0.01 0.01 0.003 

BTOPS high Columbia 4 40.03 20.03 60.92 0.04 0.02 0.01 0.002 
-- 

high - across countries 4 40.03 20.03 60.92 0.04 0.02 0.01 0.002 

low Brazil 1 34.99 34.99 34.99 0.07 0.00 
low Columbia 1 16.84 16.84 16.84 0.03 0.01 

low - across countries 2 25.92 16.84 34.99 0.05 0.02 0.00 0.005 

Overall 6 35.33 16.84 60.92 0.04 0.01 0.01 0.002 
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Table 6.  Mean age-age genetic correlation estimates for selected pairs of traits measured in the same CAMCORE P. 
teczirzumarzii tests." 

Trait 1 Trait 2 Elevation Country N ''8 SE (r ,)  

VOL3 VOL5 high Brazil 4 0.95 0.03 
high Columbia 7 0.79 0.06 
high S. Africa 12 0.90 0.05 

high - across countries 23 0.88 0.04 

low Brazil 4 0.90 0.02 
low Columbia 4 0.57 0.11 
low S. Africa 4 0.95 0.04 
low Venezuela 1 1.10 

low - across countries 13 0.83 0.06 

overall 3 6 0.86 0.03 

VOL8 high Brazil 2 0.87 0.13 
high Columbia 6 0.59 0.04 
high S. Africa 9 0.80 0.07 

high - across countries 17 0.73 0.05 

low Brazil 3 0.8 1 0.04 
low Columbia 2 0.70 0.06 
low S. Africa 5 0.70 0.09 
low Venezuela 1 1.02 

low - across countries 11 0.76 0.05 

overall 28 0.74 0.03 

VOL5 VOL8 high Brazil 2 0.84 0.10 
high Columbia 7 0.80 0.05 
high S. Africa 12 0.90 0.07 

high - across countries 2 1 0.87 0.05 

low Brazil 3 0.95 0.03 
low Columbia 3 0.97 0.07 
low S. Africa 5 0.91 0.06 
low Venezuela 2 0.85 0.12 

low - across countries 13 0.92 0.04 

overall 34 0.89 0.03 

ST5 ST8 high Brazil 2 0.85 0.05 
high Columbia 6 1.02 0.05 
high S. Africa 9 0.94 0.05 

high - across countries 17 0.96 0.03 

low Brazil 3 0.80 0.13 
low S.  Africa 3 1.04 0.06 

low - across countries 6 0.92 0.08 

overall 23 0.95 0.03 

BD5 BD8 h g h  Brazil 1 1 .09 
high Columbia 6 0.94 0.07 
high S. A f r m  6 0.65 0.13 

high - across countries 13 0.81 0.08 

low Venezuela 2 0.84 0.13 

low - across countries 2 0.84 0.13 

overall 15 0.82 0.07 

a) Genetic correlation estimated only if h i  > 0.05 for both traits. Estimates of r, > 1.0 were set equal to 1.10 when calculating 
means. 



Age-age genetic correlation for volume growth 
averaged 0.86+0.03 across all tests for ages 3-5, 0.74 
k0.03 at ages 3-8, and 0.89 k0.03 for ages 5-8. There 
was a significant country effect with age 3-5 and 3-8 
correlations, presumably driven by the substantially 
lower correlations in Colombia than in other countries. 
For example, mean age 3-8 correlation for high-eleva- 
tion population in Colombia was 0.59, while it was 
0.87 in Brazil and 0.80 in South Africa (Table 6). 
Volume growth in Colombia was faster than anywhere 
else (Table 3), thus a higher age 3-8 correlation might 
have been expected. However, because of the fast 
growth, a given time interval would represent a greater 
interval in terms of stand development than in other 
countries; and this may be the cause of the lower age- 
age correlations. 

Age 5-8 genetic correlations for straightness and 
branch diameter also appear to be quite high, with r, = 
0.95k0.03 for straightness and r, = 0.82&0.07 for 
branch diameter. 

Genotype x Environment Interaction 

Volume Growth: Examination of genotype x environ- 
ment interaction focused on volume growth. Mean 
Type B genetic correlations for different sub-classifica 
tions of test pairs were examined to try to identify 
patterns of GxE interaction. In general, the mean Type 
B correlations (r,) were very similar to the "functions 
of the mean" ( r i )  (Tables 7, 8, 9). Since each test 
could conceivably be measured at ages 3, 5, and 8, 
three different ways of aggregating the data were 
examined: 1) all possible data points were averaged 
together, thus each pair of tests could contribute up to 
three data points (i.e., r,, at ages 3, 5, and 8), 2) each 
test pair contributes only one data point, which was the 
mean r,, for that test pair, and 3) each test pair contrib- 
utes only one data point, which was the r,, for the 
oldest measurement for that test pair. The results of the 
three methods were nearly identical, and only results 
from method 1 are presented here. 

Mean r,, for test pairs in the same country was 0.8 1 
+ 0.02, while for test pairs in different countries mean 
r,, was 0.46 k 0.03, which were significantly different 
according to analysis of variance. The estimates of r iA 
were similar (Table 7). This type of geographic effect 
on GxE has been found in R palustris Mill. in the 
southeastern United States for pairs of tests in the same 
or different regions (east versus west) (ADAMS et al. 
1994), but the magnitude of difference between "same" 
and "different" r,, was substantially lower (0.747 
versus 0.610, respectively). In elliottii Engelm. var. 
elliottii a GxE pattern was found associated with site 
quality by HODGE & WHITE (1992) using open-polli- 

nated data, but not by DIETERS et al. (1995) with a 
large control-pollinated data set. 

The estimate of Type B provenance correlation 
from any one test is substantially less precise than the 
estimate of Type B genetic correlation due to many 
fewer degrees of freedom. Thus, mean Type B prove- 
nance correlations are relatively imprecise, with stan- 
dard errors roughly twice as high as for the mean 
estimates of the genetic correlations (Tables 7-9). 

Despite the lower precision of the estimates, in 
general, results for type B provenance correlations were 
similar to those for type B genetic correlations. Al- 
though mean r,,,, for "same" versus "different" 
country class were not significantly different (0.60 and 
0.58, respectively), r&.o, were quite different, 0.84 for 
the "same" country class versus 0.54 for the "different" 
country class (Table 7). In general, it appears that 
provenances are more stable across environments than 
families. For example, across all pairs of tests from 
"different" countries, mean rBP,,, = 0.54 and mean r,! = 
0.41 (Table 7). These results are in accord with earlier 
results based on 18 five-year-old I? tec~irzunzanii trials, 
where there was moderate levels of family x location 
interaction, but little provenance x location interaction 
(DVORAK & SHAW 1992). 

Further breakdowns of the data by country class 
become somewhat less reliable as number of data 
points decreases. However it appears that within the 
"same" country class, there is more GxE among pairs 
of tests in Brazil than in Colombia or South Africa 
(mean r,, = 0.67 versus 0.88 and 0.94, respectively). 
This may'be due to a broader geographic range among 
sites in Brazil than in the other two countries, for 
example, there is over a 12" range in latitude among 
high-elevation tests in Brazil compared to less than 1" 
in Colombia and approximately 4" in South Africa. 
Within the "different" country class, South Africa and 
Colombia are moderately well correlated (r,, = 0.54), 
South Africa and Brazil somewhat less so (r,, = 0.46), 
and Brazil and Colombia more poorly correlated (r,, = 
0.3 1). 

Using country class to group pairs of tests is obvi- 
ously a surrogate for other factors causing interaction 
among sites. A number of simple models were investi- 
gated in an attempt to explain variation in r,, and r,,,,,, 
including terms like test longitude, latitude, elevation, 
precipitation, general climatic and soil types, and 
various interactions. While many of these factors 
showed some relationship with the patterns of GxE, no 
one factor or model was found to be superior to the use 
of country class. However, it should be possible to 
utilize more sophisticated models to identify critical 
factors which lead to GxE. 
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Table 7. Mean type B genetic and provenance correlation estiamtes for volume growth in pairs of CAMCORE P. 
tecunumanii tests. All parameter estimates at ages 3 ,5 ,  and 8 are averaged together. 

Type B genetic correlation Type B provenance correlation 
Country 1 Country2 

N r ~ g  B ,  W ~ B , )  N riprob r ~ p r o ~ ,  SE(r~prol) 

Same country 

Brazil Brazil 21 0.67 0.68 0.02 12 0.83 0.79 0.06 
Colombia Colombia 3 0.88 0.87 0.05 3 0.88 0.84 0.07 
S. Africa S. Africa 40 0.94 0.88 0.03 39 0.78 0.53 0.07 

Mean 64 0.81 0.81 0.02 54 0.81 0.60 0.06 

Different country 

Brazil Colombia 23 0.21 0.3 1 0.07 13 0.54 0.53 0.09 
Brazil S. Africa 20 0.37 0.46 0.08 20 0.70 0.72 0.05 
Brazil Venezuela 8 0.48 0.47 0.10 2 0.64 0.76 0.23 
Colombia S. Africa 4 1 0.55 0.54 0.04 41 0.50 0.55 0.06 
Colombia Venezuela 4 0.02 0.17 0.12 2 -0.34 0.39 0.39 
S. Africa Venezuela 8 0.61 0.62 0.07 8 0.49 0.48 0.09 

Mean 104 0.41 0.46 0.03 8 6 0.54 0.58 0.04 

1) Type B genetic correlations estimated for a pair of tests only if h2, > 0.05 in both tests. Abbrevciations are as follow: N = 
number of pairs, r,; =ratio of means; r,, = mean of the ratios (negative variance components set to zero); se(r,,) =empirical 
standard error of the mean of the ratios. 

Table 8. Mean type B genetic and provenance correlation estiamtes for volume growth in pairs of CAMCORE P. 
tecunumanii tests. All parameter estimates at ages 3 ,5 ,  and 8 are averaged together. 

Country Type B genetic correlation Type B provenance correlation 
Elevation 

class N AT rR? r@ Wr, , )  ' flp,.ov r ~ ~ r o r .  SWr~p~oi) 

High Same 40 0.88 0.85 0.03 3 9 0.75 0.51 0.07 
Different 6 1 0.40 0.45 0.03 60 0.53 0.58 0.04 

Mean 101 0.58 0.61 0.03 99 0.59 0.56 0.04 

Low Same 24 0.75 0.75 0.03 15 0.90 0.84 0.05 
Different 43 0.42 0.48 0.05 26 0.59 0.57 0.07 

Mean 67 0.53 0.57 0.04 4 1 0.73 0.67 0.05 

1) Type B genetic correlations estimated for a pair of tests only if h2, > 0.05 in both tests. Abbreviations are as follow: N = 
number of pairs, r,;, =ratio of means; r,, = mean of the ratios (negative variance components set to zero); se(r,,) = empirical 
standard error of the mean of the ratios. 

Country class was the only significant factor nal categories for the provenance correlation (signifi- 
affecting GxE as measured by type B correlations, cant at p = 0.09), with mean r,,,, = 0.56 for the high- 
There were no significant differences among high- and elevation population and 0.67 for the low-elevation 
low-elevation populations for the type B genetic population. Estimates using the alternative algorithm 
correlation with mean r,, = 0.59 and 0.55, respectively had the same pattern: r&, = 0.59 for the high-eleva- 
(Table 8). There was a difference among the elevatio- tion population and 0.73 for the low-elevation popula- 



Table 9. Mean type B genetic and provenance correlation estiamtes for volume growth in pairs of CAMCORE P. 
tecunztmanii tests. All parameter estimates at ages 3,5,  and 8 are averaged together. 

Country Type B genetic correlation Type B provenance correlation 

Trait class N N 
r ~ g  r~~ SE(rBS) I ,pro\, rnpro, SE(~B,,,,J 

VOL3 Same 3 5 0.86 0.85 0.02 32 0.77 0.56 0.07 
Different 42 0.50 0.56 0.04 3 9 0.51 0.54 0.06 

Mean 

VOL5 Same 14 0.79 0.81 0.04 10 0.84 0.63 0.13 
Different 38 0.35 0.39 0.04 3 1 0.55 0.59 0.06 

Mean 5 2 0.47 0.50 0.04 41 0.61 0.60 0.05 

VOL8 Same 15 0.74 0.73 0.04 12 0.9 1 0.70 0.12 
Different 24 0.38 0.41 0.06 16 0.68 0.66 0.08 

Mean 3 9 0.51 0.54 0.05 28 0.79 0.68 0.07 

I )  Type B genetic correlations estimated for a pair of tests only if h2., > 0.05 in both tests. Abbrevciations are as follow: N = 
number of pairs, r,*? = ratio of means; I-,: = mean of the ratios (negative variance components set to zero); se(r,J = empirical 
standard error of the mean of the ratios. 

tion. Age of the test pair did not have a statistically 
s~gnificant effect on r,, or r,,],,,, although there was 
some indication that r , , ,  increased with age (Table 9), 
with t., ,,,,,, = 0.55, 0.60, and 0.68 at ages 3, 5, and 8, 
respectively. In I! elliottii, DETERS et (11. (1995) report 
r,, increasing with age with data at ages 5, 8 11, and 
14. 

Quality Traits: Country class ("same" versus "differ- 
ent") was also important in the type B correlations for 
the quality traits branch diameter and straightness. 
Both traits at both ages 5 and 8 had higher type B 
correlations for test pairs in the same countries than for 
test pairs in the different countries (Table 10). For 
example, mean r,, for straightness in the "same" 
country class was 0.69 versus 0.54 for the "different" 
country class. For straightness, type B provenance 
correlations are higher than the corresponding type B 
genetic correlations, which is the same pattern observed 
for volume growth. The correlations for branch diame- 
ter do not follow this pattern, but this may be an artifact 
due to the lower level of precision on the parameter 
estimates. The standard errors for the type B correla- 
tions for branch diameter are higher than for straight- 
ness, particularly for the provenance correlations. This 
probably reflects the lower heritability for branch 
diameter than for straightness, making it more difficult 
to estimate these kinds of parameters. There was 
insufficient data to examine patterns of GxE for 
forking and stem breakage. 

Relationships among Stem Breakage, Volume and 
Branch Diameter 

Trees with broken tops were included in the calculation 
of the volume means for a given family, except for 
trees with extremely aberrant height-diameter ratios. 
Nevertheless, since broken tops tend to decrease the 
height of a tree, there would also tend to be a negative 
relationship between the number of broken tops and 
volume. Interestingly, this negative relationship is 
stronger at age 5 than at age 8. For tests with high 
levels of broken tops at age 5 ( i .e . ,  < 15%), the correla- 
tion between family means for volume and broken tops 
was -0.32?0.10. For tests with low levels of broken 
tops (i.e., < 15%), the mean correlation was -0.08+. 
0.03. At age 8, the mean correlation between family 
means for volume and broken tops was -0.15+0.05 for 
tests with high incidence of broken tops, and -0.04+ 
0.04 for tests with low incidence. This may reflect a 
tendency for stem breakage to occur within a specific 
diameter range, say 9-10 cm. Breaks at that point in 
the stem would remove a larger percentage of 5-year- 
old tree's height than in an 8-year-old tree. PARFT~T 
and VAN DER SIJDE (1993) comment that trees with 
broken tops quickly form new leaders and regain height 
growth, with little apparent impact on diameter growth. 
Although volume growth is reduced by stem breakage, 
there was no difference in single-site heritability for 
volume between tests with high and low levels of 
broken tops. 
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Table 10. Mean type B genetic and provenance correlation estiamtes for volume growth in pairs of CAMCORE P. 
tecunumanii tests. All parameter estimates at ages 3,5,  and 8 are averaged together. 

Country Trait Type B genetic correlation Type B provenance correlation 
class 

N N 
r &  "nx SE(r&) ' ~ ~ r o r  r ~ p r o v  SE(rBpm) 

Same BD5 6 0.91 0.87 0.06 6 0.74 0.46 0.21 
BD8 11 0.78 0.73 0.09 10 0.58 0.61 0.15 

Mean 17 0.83 0.78 0.06 16 0.64 0.55 0.12 

Different BD5 14 0.37 0.40 0.07 14 0.46 0.61 0.13 
BD8 14 0.14 0.2 1 0.08 11 -0.04 0.60 0.14 

Mean 28 0.26 0.30 0.06 25 0.18 0.61 0.09 

Same ST5 14 0.69 0.68 0.07 11 0.88 0.79 0.07 
ST8 15 0.71 0.70 0.06 12 0.90 0.77 0.10 

Mean 29 0.71 0.69 0.04 23 0.89 0.79 0.06 

Different ST5 3 0 0.54 0.54 0.05 3 0 0.60 0.59 0.06 
ST8 17 0.53 0.54 0.07 13 0.74 0.73 0.07 

Mean 47 0.54 0.54 0.04 43 0.64 0.64 0.05 

1) Type B genetic correlations estimated for a pair of tests only if h2, > 0.05 in both tests. Abbrevciations are as follow: N = 
number of pairs, r,̂ , = ratio of means; r,, = mean of the ratios (negative variance components set to zero); se(r,,) = empirical 
standard error of the mean of the ratios. 

Low levels of broken tops have little effect on 
genetic parameter estimates for volume due both to the 
small percentage of trees with broken tops and the low 
level of genetic control on the trait. However, for tests 
with high incidence, the trait "volume" is perhaps better 
thought of as an aggregate trait incorporating both 
volume growth and stem breakage. For selection and 
breeding in regions where stem breakage is a problem, 
e.g., Colombia, it might be beneficial to select on this 
"aggregate" trait. 

Stem breakage appears to be correlated with branch 
diameter. DVORAK et al. (1993) reported a significant 
family-mean correlation between branch diameter and 
stem breakage in three of six tests in Colombia. The 
correlation ranged between 0.22 to 0.62, indicating that 
large branches were associated with stem breakage. In 
the present study, the correlation between family means 
for branch diameter and broken tops at age 5 was 0.48 
k0.09 in tests with high incidence of stem breakage, 
and 0.29k0.04 in tests with low incidence. At age 8, 
the correlation in high incidence tests was 0.30k0.07, 
and in low-incidence tests was 0.20k0.05. Typical 
branch architecture of l? tec~~numanii is very distinct 
whorls and clear internodes, and stem breakage often 
occurs at a whorl with heavy branches. 

PARFITT (1996) made a very detailed study of 
branch characteristics and stem breakage in Colombia 
and South Africa and found a significant relationship 
between stem breakage and both mean and maximum 
branch diameter. Interestingly, these two traits were 
negatively correlated with number of branches per 
whorl, i,e., trees tended to have few heavy branches or 
many thin branches, with the latter state leading to 
fewer broken tops. There was also an undesirable 
correlation between branch angle and stem breakage, 
with flat branches (which produce less knot area) 
associated with higher stem breakage. 

Estimated Effects for Specific Provenances 

Volume growth, High-elevation: Since type B 
provenance correlations from country to country were 
moderately high (Table 7), one estimate of provenance 
volume gain was calculated using all data (Table 1, see 
also Figure 1). Among the high-elevation provenances, 
estimated volume gains range from +13.3% (San 
Jeronimo, #2) to -19.0% (Las Piedrecitas, #35). Other 
excellent provenances for volume growth include Chiul 
(#6, +11.2%), Napite (#37, +10.7%), Montebello (#36, 
+10.5%), and San Miguel(#13, +9.7%). San Jeronimo 



and Montebello had been previously identified as very 
productive provenances (WRIGHT & OSORIO 1992, 
DVORAK & SHAW 1992). Very poor growing prove- 
nances include KM33 (#7, -14.570), San Jose (#39, 
-11.5%), Cabrican (#12, -9.3%), and KM47 (#8, 
-9.1%). . 

Provenance performance varied greatly by geo- 
graphic region (Figure I) .  For example, all provenances 
from the San Cristobal de las Casas plateau in Chiapas 
(#31, 32, 34, 35, 37, 38, 39 in Figure 1) performed 
average to poorly, with the exception of Napite (#37). 
The overall poor performance may be the result of 
colder night-time temperatures on the plateau than in 
the highlands of Central America and a correspond- 
ingly earlier winter bud set. Phenotypically, however, 
these are some of the most beautiful natural stands of 
? tecunumanii that exist. 

The most productive provenances were located in 
western Guatemala (Chiul #6, San Miguel #13, and 
Pachoc #15) in the Sierra de 10s Cuchumantes (includ- 
ing Montebello #36 near the Mexican)/Guatemalan 
frontier) and central Guatemala in the western Sierra de 
las Minas (San Jeronimo #2). Two of the good prove- 
nances in the group, Montebello and San Jeronimo, 
occur between 1600 and 1800 m altitude in areas that 
are warmer than the other locations sampled in western 
and central Guatemala. 

Some of the poorest-performing provenances from 
eastern Guatemala and western Honduras also hap- 
pened to be the smallest physical size (- 5 ha) like Krn 
33 (#7), Km 47 (#8), San Vicente (#3) and San Loren- 
zo (#16), and may be highly inbred. Small disjunct 
populations of Eucalyptus globulus have been observed 
to be more highly inbred and slower growing in field 
trials (HARDNER et al. 1996). 

Juquila (Oaxaca) is not shown in Figure 1 as it is 
almost 5" further west than any other provenance. 
Besides being a geographic outlier, it is now suspected 
that this provenance is not pure l? tecunumanii, but is 
introgressed with l? patula, F1 herrerae, andor l? 
lawsonii. Molelcular marker research is currently 
underway to attempt to elucidate the status of this 
provenance; nevertheless, Juquila performed rather 
well in these trials, with +8.2% volume growth. 

Volume growth, Low-elevation: Among the low- 
elevation population, estimated provenance effects for 
volume ranged from a high of +25.3% (Yucul, #44) to 
a low of -33.9% (Cerro la Joya, #42). Notable produc- 
tive provenances include San Rafael del Norte (#40, 
+18.0%), Villa Santa (#20, +9.6%), and Culmi (#26, 
+7.6%), while Locomapa grew very poorly (#25, - 
26.3%) (Table 1, see also Figure 1). The provenances 

Yucul and San Rafael del Norte have been reported as 
the most productive in a single test in Zimbabwe 
(NYOKA & BARNES 1995), and Yucul was the best 
among four low-elevation provenances in a series of 
international trials coordinated by the Oxford Forestry 
Institute (BIRKS & BARNES 1990). 

As with the high-elevation population, geographic 
location seems to be an important determinant of 
productivity for low-elevation provenances. The most 
productive provenances were from the southern and 
eastern extreme of the species distribution in southeast- 
ern Honduras and central Nicaragua (Yucul#44, San 
Rafael #40, Villa Santa #20) and in eastern Honduras 
(San Estaben #28 and Culmi #26) (Figure 1). The 
extremely poor performance of Cerro la Joya (#42) in 
this region is probably the result of introgression with 
l? oocarpa. 

Northern Honduras populations of low-elevation l? 
tecunumanii generally performed very poorly. More 
inland provenances like Campamento (#17), were only 
average. Interestingly, the two populations of I? 
tecunumanii that exhibited the highest degree of 
introgression with l? caribaea var. hondurensis in field 
collections, Mountain Pine Ridge, Belize (#I) and 
Esquipulas del Norte, Honduras (#21), performed 6 to 
8% below average in provenance trials. 

Stem Breakage: Provenance effects for stem breakage 
are reported as BTOP33 (Table I), which expresses the 
percent stem breakage expected for a bulk sample from 
that provenance planted on a site where an average 
provenance/family would have 33% stem breakage. 
Thus, high values of BTOP33 are undesirable. Among 
the high-elevation provenances. BTOP33 ranges from 
43.6% (Montebello, a fast growing provenance) to 
26.1 % (Las Piedrecitas, the slowest growing prove- 
nance). This does not imply that fast volume growth is 
necessarily associated with high incidence of stem 
breakage. For example, San Jeronimo (fast) and KM33 
(slow) both have BTOP33 around 31 %, while Celaque 
is the second worst provenance for stem breakage 
(BTOP33 = 41.2%) and is below average for volume 
growth. Among low-elevation provenances, BTOP33 
ranges from 55.6% (Mountain Pine Ridge) to 20.4% 
(Joc6n). The Jocon provenance was considered by 
SQUILLACE and PERRY (1992) to be mostly ? oocarpa 
on the basis of monoterpenes. Pinus oocarpa generally 
has much less stem breakage problems than does l? 
tecununzanii, so the field results are consistent with the 
monoterperne results. There was also no apparent 
relationship between BTOP33 and volume growth for 
the low-elevation provenances (Table 1). 

0 A R B O R A  P U B L I S H E R S  



G. R. HODGE & W. S. DVORAK: GENETIC PARAMETERS AND PROVENANCE VARIATION OF PINUS TECUNUMANII 

Gene Conservation and Tree Breeding 

Gene Conservation: The trial results identify several 
populations in Central America and Mexico that should 
be targeted for in-situ gene conservation effort. These 
include Napite and Montebello in Chiapas, Chiul and 
San Jeronimo in Guatemala, Villa Santa in Honduras, 
and San Rafael and Yucul in Nicaragua. Much work 
has already been done to protect the Yucul population 
in Nicaragua. The Montebello site is in a National Park 
and is protected. The Napite site is in the highland of 
Chiapas which is a politically sensitive area at present. 
The San Jeronimo population is now about one-third of 
its original 1980 size due to logging, and is greatly 
threatened as is San Rafael. The Villa Santa stand has 
easy road access and could be successfully managed for 
in-situ conservation, however, its easy access could 
also make it a target for wood cutters. 

The poor performance of a number of small 
provenances may be related to inbreeding. Trees 
originating from these provenances may have good 
breeding values if they were to be outcrossed with 
unrelated material. Some selections will be made from 
all provenances and included in the next generation of 
genetic tests. In addition, progeny from all mother 
trees collected in the native range will be maintained in 
conservation banks by one or more members of the 
CAMCORE cooperative. 

Potential for Plantation Forestry: P tecumrnanii has 
great potential as a plantation species in areas where 
severe frosts (lower than -1 to -2 "C) are infrequent. 
Its advantages are: (a) rapid development in the nursery 
(4 to 6 months to reach planting size), (b) fast growth 
in the field, relatively good drought resistance after 
establishment, (c) wood of medium density and suitable 
quality, (d) resistance to Sphaeropsis sapinea, formerly 
Diplodia (SWART & WINGFIELD 1991) in south-central 
Brazil, (e) apparent resistance to Fusiariunz subgluti- 
nuns f.sp pini (pitch canker) in the seedling stage 
(HODGE 1999, in preparation), (f) ability to hybridize 
with a number of other closed-cone neotropical pines as 
well as some temperate pines in the southern United 
States, and (g) the ease in which it can be vegetatively 
propagated as seedling cuttings. 

As with most species, these advantages need to be 
weighed against its disadvantages. These include: (a) 
sensitivity to container size and shape in the nursery 
which affects root architecutre and stability in the field, 
(b) shallow rooting and susceptibility to wind throw, 
especially on sandy soils, (c) susceptibility to Phyto- 
phora root rot on some sites, and (d) susceptibility to 
suffer stem breakage. 

Potential for genetic gain: Substantial genetic gains 
in volume growth can be made simply by selection of 
the best provenances. Both in the high- and low- 
elevation populations the best provenances will result 
in gains of 10 to 20% above the species mean, while 
the difference between the best and worst provenances 
is on the order of 35% in volume growth (Table 1). 
Genetic gain from within-provenance selection and 
breeding for volume growth is also expected to be 
substantial. The exact amount of genetic gain expected 
depends on many factors including breeding design. 
field test design, numbers of tests established, size of 
the breeding program, and selection intensity. How- 
ever, with a large, well-designed program and high 
selection intensity it might be possible to identify an 
elite population with a mean brecding value that 
exceeds the population mean by two additive genetic 
standard deviations; these two standard deviations can 
be referred to as gain potential (AG,,). At age 8 in l? 
tec~inurnanii the mean within-provenance parameter 
estimates for tree volume index across 42 tests were i 
=0.1456m3, o;=0.0055m6, hi =0.15,andr,,=0.81 
for tests in the same country. One can then calculate 
the gain potential (AG,) in a particular country (i.e., 
breeding region) as: 

AG, = 100% - 2 o , /  i = 100%. 2 ( h t  r, o i ) " /  i 
= 100% . 2 (0.15 . 0.81 . 0.00550)" / 0.1456 
= 35.5% 

The gain potential is intended only to indicate the levcl 
of genetic gain that is possible. It would of course be 
difficult to make this level of gain in a large breeding 
population of a few hundred members. On the other 
hand, ~t could conceivably be donc with a production 
population, such as a seed orchard of 25-40 clones, or 
with a small group of 5 to 10 full-sib families in a 
vegetative propagation program. A gain of 35% in 8- 
year volume growth in l? tecunur7zarzii would obviously 
be of very high economic value, but would require a 
very intensive and efficient breeding program. In 
addition, it would be much more difficult to achieve 
this level of gain if the breeding objective includes 
other traits such as wood quality, straightness, or 
resistance to stem breakage. 

Provenance effects for stem breakage and other 
quality traits are not extremely large, but there does 
appear to be potential for genetic improvement through 
selection within provenances. For example, parameter 
estimates for stem breakage at ages 5 and 8 are very 

2 similar. Assuming values of i = 33%. o, = 1950, h i  
= 0.05, and r,, = 0.70, one can estimate AG,, = -2 . 
(0.05 . 0.70.1950)" = -16.5%, where the -2 indicates 
that the objective is to reduce the mean by two genetic 



standard deviations. Thus it might be possible to 
reduce stem breakage by half, to 16.5%, if selection 
were concentrated on this trait. Straightness and stem 
breakage would of course be high priorities for compa- 
nies with sawtimber as the product objective. In some 
regions, it will be imperative to reduce stem breakage 
and/or foxtailing in order for the species to be widely 
utilized as a plantation species. 

Selection age: Mean single-site heritability for volume 
at age 5 and age 8 are nearly identical (actually the age 
5 estimates are slightly higher, Table 5). and the mean 
age 5-8 genetic correlation for volume is 0.89 and for 
straightness is 0.96 (Table 6). This indicates that 
selection for age 8 volume using age 5 data would be 
essentially as effective as selection at age 8. Typically, 
candidate trees are identified with a selection index, or 
best linear unbiased prediction from the measurements. 
These candidate trees are then inspected in the field for 
disease, re-assessment of straightness and other quality 
traits, to examine crown formation, and to examine for 
problems with spacing, missing neighbors, errors in 
measurement, etc., before the tree is accepted into the 
breeding population. Depending on the size of the 
trees in the test, assessing straightness and crown 
characteristics subjectively seems more difficult at age 
5 then at age 8. 

International exchange of genetic material: Due to 
seed limitations and logistical complications, not all 
families from all provenances have been tested by all 
organizations, or even within all countries. Many of 
the provenances are severely threatened, and it is 
difficult if not impossible to re-collect from outstanding 
mother trees in the field. Thus, exchange of genetic 
material among CAMCORE members is important to 
maintain a broad genetic base, and to transfer good 
genetic material which has been tested and selected in 
one country to another where it has not been tested. 
The relatively low type B genetic correlations between 
different countries ( r - , ,  = 0.45, Table 7) are somewhat 
disappointing, as the benefits of cooperative breeding 
and exchange of genetic material will be somewhat 
reduced. Some pairs of countries appear to have larger 
correlations, for example, for South Africa and Colom- 
bia the mean r,, - 0.55, and exchanges between two 
countries with higher Type B genetic correlations 
should be favored. 

CAMCORE members have adopted a very flexible 
breeding strategy coupled with a structured breeding 
population. A small elite population (approximately 30 
members) and a larger main population (say around 90 
members) will be selected within each region which 
containing one or more members with an interest in 

breeding a particular species. There will be at least two 
and generally 3 to 4 regions (or countries) where a 
species has commercial utility. The selections made in 
other regions will comprise an additional 120 to 360 
selections that can function as a second main popula- 
tion, providing additional genetic diversity for long 
telm genetic gain. Currently, CAMCORE members in 
Brazil, Colombia and South Africa have made over 200 
selections of high-elevation P tecunumanii, and have 
just begun making selections from the low-elevation 
population. 

ACKNOWLEDGEMENTS 

Thanks are due to the following agencies for assistance in 
exploration and seed collection: Ministry of Natural Re- 
sources, Belize; Instituto Nacional de Bosques (INAB), 
Guatemala; Escuela Nacional de Ciencias Forestales (ESNA- 
CIFOR), Honduras, Centro de Genetica Forestal, Mexico, and 
Ministerio del Ambiente y Recursos Naturales (MARENA), 
Nicaragua. Thanks are also due to the CAMCORE members 
of Brazil, Colombia, South Africa and Venezuela for test 
establishment and measurement, as well as their support of 
the program over the years. 

LITERATURE CITED 

ADAMS, W. T.. WHITE, T. L., HODGE, G. R. &POWELL, G. L. 
1994: Genetic parameters for bole volume in longleaf 
pine: Large sample estimates and influences of test 
characteristics. Silwe Gerzeticn 43: 357-366. 

BIRKS, J. S. & BARNES, R. D. 1990: Provenance variation in 
Pirl~is caribaea, I? oocarpu and P patztla ssp P. tecltrzrc- 
marzii. Tropical Forestry Papers. 21 ,40  p. 

BURDON, R. D. 1977: Genetic correlation as a concept for 
studying genotype-environment interaction in forest tree 
breeding. Silvae Genetica 26: 168-1 75. 

COMSTOCK, R. E. & MOLL, R. H. 1963: Genotype-environ- 
ment interactions. In: Statistical Genetics and Plant 
Breeding. Hanson R. E. and Robinson H. F,, eds. NAS 
-NRC Pub. 982, Washington DC, p. 169-194. 

CROCKFORD, K. J. 1990: Evaluation of tropical pine prove- 
nance and progeny tests: Final report. ODA Research 
Scheme R. 4346. Oxford Forestry Institute, University of 
Oxford, UK. I36 p. 

DIETERS, M. J . ,  WHITE, T. L. & HODGE, G. R. 1995: Genetic 
parameter estimates for volume from full-sib tests of slash 
pine ( P ~ I I I I S  elliottii). Caliuclicrr~ Journal of Forest Re- 
search 25: 1397-1 408. 

DVORAK, W. S. & DONAHUE, J. K. 1992: CAMCORE 
Cooperative Research Review 1980-1 992. College of 
Forest Resources, North Carolina State University. 93 p. 

DVORAK, W. S. & SHAW, E. A. 1992: Five year results for 
growth and stem form of Pinus teci~ri~rnzariii in Brazil, 
Colombia and South Africa. CAMCORE Bulletin on 
Tropical Forestry. No. 10. 22 p. 

DVORAK, W. S.. BALOCCHI, C. E. & RAYMOND, R. 1989: 
Performance and stability of provenances and families of 
I? tecunumarzii in the tropics. In: Gibson G. L., Griffin 

0 A R B O R A  P U B L I S H E R S  



G. R. HODGE & W. S. DVORAK: GENETIC PARAMETERS AND PROVENANCE VARIATION OF PIAWS TECUNUMAh11I 

A.,R., and Matheson A. C., eds. Population structure and 
genetic improvement strategies in clonal and seedling 
forestry. Proc. IUFRO Conference, Pattaya, Thailand. 
Nov, 1988, p. 187-193. 

DVORAK, W. S., LAMBETH, C. C. & LI, B. 1993: Genetic and 
site effects on stem breakage in Pinus tecrtnnmanii, Ne\v 
Forests 7: 237-253. 

EISEN, E. & SAXTON, A. 1983. Genotype by environment 
interactions and genetic correlations involving two 
environment factors. Tlleoretical atzd Applied Genetics 
67:75-86. 

FURMAN ,B. J., DVORAK, W. S., SEDEROE, R.R & O'MALLEY, 
D. M. 1996: Molecular markers as diagnostic tools to 
identify species, hybrids and introgression: a study of 
Central American and Mexican pines. In: Dieters, M. J . ,  
Matheson, A. C., Nikles, D. G., Hardwood, C. E, and 
Walker, S. M. (Eds.). 1996. Tree Improvement for 
Sustainable Tropical Forestry. Proc. QFRI-IUFRO 
Conf., Caloundra, Queensland, Australia. 27 October-1 
November 1996 2: 485 -491. 

HARDNER, C. M.,  VAILLANCOURT R. E. & POTTS, B. 1996: 
Stand density influences outcrossing rate and growth of 
open-pollinated families of Eucalyptus globulus. Silvae 
Genetica 45:226-228. 

HILL, W. G. 1984: On selection among groups with heteroge- 
neous variance. Animal Prod. 39:473-477. 

HODGE, G. R. &DVORAK, W. S. 1999: Pitch canker resistance 
of Central American and Mexican pine species and Pinus 
radiata from Chile and New Zealand. (In preparation). 

HODGE. G. R. & WHITE, T. L. 1992: Genctic parameter 
estimates for growth traits at different ages in slash pine 
and some implications for breeding. Silvae Genetica 41: 
252-262. 

MALAN, F. S. & HOON, M. 199 1 : The wood properties of 
three Pinus tecunumanii provenances from Tweefontein 
State Forest. For I 146. CSIR Division of Forest Science 
& Technology, 55p. 

MOURA, V. &DVORAK, W. S. 1998: Provenance and family 
performance of Pinus tecunumanii at 12 years of age in 
the cerrado region of Brazil. Forest Generics 5(1):137 
-145. 

NYOKA, B. I. &BARNES, R. D. 1995: Genetic parameters and 
provenance productivity of Pinus oocarpa and Pinus 

patula ssp. tecurzumanii. South Afiican Forestry Journal 
173: 1-7. 

PARFITT, R. 1996: Stem breakage in Colombia and South 
Africa of Pinus tecunumanii from high-elevation sources. 
MS Thesis, University of Pretoria, South Africa. 67 p. 

PARFITT, R &VAN DER SIJDE, J. H. R. 1993: Stem breakage of 
Pinus recunumanii in South Africa - a preliminary report. 
South Afiican Forestry Journal 167: 51-53. 

PEDERSON, D. G. 1972: A comparison of four experimental 
designs for the estimation of heritability. Ti~ore t i ca l  and 
Applied Genetics 42: 371-377. 

PERRY, J. P. 1991: The Pines of Mexico and Central Amer- 
ica. Timber Press, Portland Oregon. 231 p. 

SAS 1989. SAS Institute Inc. SASISTAT User's Guide 
Fourth Ed., Volume 2. SAS Institute, Cary, North 
Carolina, 846 pp. 

SEARLE, S. R., CASELLA, G. & MCCULLOCH, C. E. 1992: 
Variance Components. John Wiley and Sons, Inc. New 
York. 501 p. 

SQUILLACE, A. E. 1974: Average genetic correlations among 
offspring from open-pollinated forest trees. Silvae Gene- 
tics 23: 149-1 56. 

SQUILLACE, A.E. & PERRY, J. P, JR. 1992: Classification of 
Pinus patzila, l? tecunumanii, I? oocarpa, I? caribaea 
var. hondurensis, and related taxonomic entities. US 
Forest Service Southeast Forest Experiment Station Paper 
285. 23 p. 

SWART, W. J. & WINGFIELD, M. J. 1991: The biology and 
control of Sphneropsis sapinea in South Africa. Plant 
Dis. 75:761-766. 

WRIGHT, J. A. 1987: Results of.micropulping wood samples 
of Pinus caribaea, I? elliottii, l? oocarpa and I? patulrr 
ssp. tecunumanii in the Eastern Transvaal and Zululand. 
In: Simposia sobre silvicultura y mejoramiento genetic0 
de especies forestales. Buenos Aires, Argentina, April 
1987. Centra de Investigaciones y Eq~eriencias Foresta- 
les 4: 247-256. 

WRIGHT, J. A. & OSORIO, L. F. 1992: Results of provenance 
and family within provenance trials of Pinus tecunurnanii 
in Colombia, South America. Forest Ecology and Man- 
agement 55(1-4): 107-1 16. 



Appendix 1. Mean for growth traits in CAMCORE P. tecmzrmanii tests at ages 3,5, and 8. High-elevation sources. 

- - -- 

Obs Country Test HT3 HT5 HT8 DBH3 DBHS DBH8 VOL3 VOL5 VOL8 

1 Brazil 040102A 5.25 . 16.07 6.93 . 19.24 0.0084 , 0.1927 
2 041 103A 3.60 7.15 11.92 4.26 9.99 14.39 0.0024 0.0249 0.0876 
3 130102C 3.11 6.71 11.10 3.25 9.88 16.03 0.0012 0.0221 0.0980 
4 1301 11E 3.45 7.64 12.96 3.90 10.85 16.92 0.0019 0.0312 0.1271 
5 130602D 4.57 6.74 . 10.79 . 0.0260 
6 130606B 3.31 8.37 . 10.92 . 0.0352 
7 130611D 3.09 8.08 . 10.52 . 0.0314 
8 130617A 50.4 7.63 . 7.05 11.28 . 0.0083 0.0323 
9 131538A 4.60 . 6.19 . 0.0065 

10 131637A . 6.48 9.72 . 9.49 14.86 . 0.0200 0.0719 
11 131743D 4.95 . 7.80 . 0.0104 
12 132043E 3.04 . 4.33 . 0.0019 
13 132641A1 4.69 7.93 . 6.83 14.28 . 0.0074 0.0525 
14 132641A4 3.55 . 5.33 . 0.0037 
15 132642A1 4.91 7.92 . 7.21 13.92 . 0.0087 0.0504 
16 132642A4 2.16 , 2.56 . 0.0007 

Mean 3.96 7.47 12.35 5.47 11.19 16.29 0.0041 0.0326 0.1155 

17 Colombia 
18 
19 
20 
2 1 
22 
23 
24 
25 

Mean 5.02 7.26 13.31 7.93 14.33 20.97 0.0145 0.0536 0.1942 

Mean 
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Appendix 1. Mean for growth traits in CAMCORE P. tecurzurnanii tests at ages 3 ,5 ,  and 8. Low-elevation sources. 

Obs Country Test HT3 HT5 HT8 DBH3 DBH5 DBH8 VOL3 VOL5 VOL8 

49 Brazil 
50 
5 1 
5 2 
5 3 
54 
5 5 
5 6 
5 7 
58 

Mean 5.58 9.53 13.13 7.66 14.31 16.78 0.0123 0.0639 0.1229 

59 Colombia 030201A 5.64 10.21 15.52 8.23 16.76 22.08 0.0128 0.091 1 0.2422 
60 030202A 5.30 9.79 15.43 7.55 15.58 21.78 0.0105 0.0755 0.2356 
61 030203A 3.49 8.84 14.09 3.98 13.67 21.05 0.0021 0.0550 0.2070 
62 160203D 7.47 10.36 . 11.34 18.81 . 0.031 8 0.1199 
6 3 160205B 7.70 10.23 . 11.70 18.93 . 0.0343 0.1 184 
64 160211C 4.37 . 6.36 . 0.0071 
65 160213B 5.60 . 8.62 . 0.0144 

Mean 5.65 9.89 15.01 8.25 16.75 21.64 0.0161 0.0920 0.2283 

S.Africa 13073 lA3 
131031A1 
131031A2 
161001E1 
161001E2 
161001G 
161002C1 
16 1002C2 
161004A1 
1 6 1 004A2 

Mean 

76 Venezuela 030407A 5.44 9.34 14.15 7.15 11.81 17.90 0.0105 0.0457 0.1480 
77 1603041) 4.85 7.82 11.61 6.10 12.47 19.02 0.0064 0.0396 0.1353 
7 8 160305A . 6.09 8.63 . 7.71 14.55 0.0141 0.0655 

Mean 5 1 5  7 7 5  1146 6 6 2  1067 1715 00084 00332 01163 



Appendix 2. Mean for quality traits in CAMCORE P. tecunumarrii tests at ages 5, and 8. High-elevation sources. 

Obs Country Test ST5 ST8 BD5 BD8 FORK5 FORK8 FOXT5 FOXT8 BTOP5 BTOP8 

1 Brazil 040102A . 2.10 1.91 25.1 0.7 1.1 
2 041103A 1.62 1.87 2.92 0.0 0.0 0.0 0.0 0.0 0.0 
3 130102C . 2.06 1.82 0.0 21.7 0.0 0.0 0.0 0.0 
4 130111E . 2.23 1.96 0.0 17.5 0.0 0.0 0.0 0.6 
5 130602D 1.85 . 1.97 15.7 I .9 0.7 
6 130606B 2.42 . 0.0 0.0 0.0 
7 130611D 2.50 . 0.0 0.0 0.0 
8 130617A 1.91 . 1.98 8.1 2.5 0.5 
9 131538A . 

10 131637A 2.84 2.24 1.96 2.1 1 10.3 10.8 1.9 2.7 0.6 0.2 
11 131743D . 
12 132043E 
13 132641A1 1.85 . 1.73 35.3 20.5 9.6 
14 132641A4 . 
15 132642A1 1.89 . I .75 23.3 9.8 6.5 
16 132642A4 . 

Mean 2.11 2.10 1.88 2. i4  9.37 15.0 3.7 0.7 1.8 0.4 

Colombia 040201 A 
130202E 
130206A 
130211C 
130216B 
130232D 
130233A 
130234A 
130243A 

Mean 1.64 1.41 1.76 1.50 11.1 24.7 4.4 7.5 23.5 31.7 

Mean 1.76 2.01 1.82 2.37 8.0 13.2 1.1 0.2 5.4 12.2 
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Appendix 2. Mean for quality traits in CAMCORE P. tecurzrcrnanii tests at ages 5, and 8. Low-elevation sources. 

Obs Country Test ST5 ST8 BD5 BD8 FORK5 FORK8 FOXT5 FOXT8 BTOPS BTOP8 

49 Brazil 
5 0 
5 1 
52 
5 3 
54 
5 5 
5 6 
5 7 
5 8 

Mean 

59 Colombia 030201A . 1.76 1.93 0.0 42.5 0.0 0.6 0.0 14.8 
60 030202A . 1.36 1.98 0.0 20.8 0.0 1.2 0.0 10.2 
6 1 030203A . 1.54 1.87 0.0 21.0 0.0 2.8 0.0 17.3 
62 160203D 1.09 1.29 18.5 3.3 16.8 
63 360205B 1.17 1.35 22.8 2.5 26.0 
64 160211C . 
65 160213B . 

Mean 1.14 1.55 1.32 1.93 8.3 28.1 1.2 1.5 8.6 14.1 

66 S. Africa 130731A3 1.50 1.89 33.9 11.6 19.4 
67 131031A1 . 1.52 1.97 4.4 16.8 0.1 1.3 8.1 8.7 
6 8 131031A2 . 
69 161001E1 1.18 1.82 2.95 2.36 7.3 21.1 0.0 0.0 0.0 13.1 
70 161001E2 . 2.01 2.3 1 18.1 0.0 11.2 
7 1 161001G 1.30 1.81 2.99 2.19 4.3 34.9 0.0 0.9 6.6 20.1 
72 161002C1 1.12 1.93 2.99 2.47 3.9 18.4 0.0 0.4 0.0 11.2 
7 3 161002C2 . 2.04 2.38 18.1 0.0 10.5 
74 161004A1 1.00 1.42 2.96 2.43 9.7 27.2 0.0 0.3 5.3 8.8 
7 5 161004A2 . 2.00 2.26 13.3 0.1 11.0 

Mean 1.22 1.82 2.76 2.30 10.6 21.0 1.9 0.4 6.6 11.8 

76 Venezuela 030407A . 0.0 0.0 0.0 0.0 0.0 0.0 
77 160301D 1.67 1.01 1.96 1.56 12.9 15.1 1.1 5.0 0.5 0.6 
7 8 160305A 1.96 1.80 2.55 1.86 1.5 1.2 0.1 0.2 0.0 0.1 

Mean 1.81 1.40 2.26 1.71 4.8 3.4 0.4 1.7 0.2 0.2 


