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Swiss Stone Pine Provenance Experiment in Romania:
II Variation in Growth and Branching Traits to Age 14

By L. BLADA® and F. POPESCU

Forest Research and Management Institute, Sos. Stefanesti, 128, Sector 2, Bucharest 11, Romania

(Received 10t April 2006)

Summary

After the nursery testing, twelve Swiss stone pine
(Pinus cembra L.) provenances from the Alps and
Carpathian Mountains were planted out at two sites
located at high elevation in the Southern and Northern
Carpathians. Total height growth (H), annual height
growth (h), root collar diameter (RCD), branches per
whorl (BW) and survival (SV) were measured and ana-
lyzed. Analysis of variance showed highly significant
(p < 0.01; p < 0.001) differences between provenances for
all traits, except survival, suggesting that selection at
the provenance level could be possible. Also, over loca-
tions analysis revealed significant genotype x environ-
ment interaction, demonstrating that some provenances
react differently to environmental conditions and, selec-
tion should take this into account. The phenotypic coeffi-
cient of variation was moderate for growth and high for
number of branches per whorl suggesting that selection
within provenance can also be applied.

*) Corresponding author: I. BLADA. E-mail: ioan_blada@yahoo.com
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Finding of significant and highly significant age-age
and trait-trait phenotypic correlations indicated that
early and indirect selection in Swiss stone pine species
is possible. According to DUNCAN’s multiple range test
the best performing provenances of the two mountain
ranges were selected for operational planting and breed-
ing programmes. The results of this study validate that
a very slow growing species, such as Swiss stone pine
may still possess very high genetic variation in growth
rate; consequently, this trait can be improved. Finally,
an attempt has been made to develop a seed transfer
guidelines for the species by using the pattern of geo-
graphic variation as a basis.

Key words: Pinus cembra, Swiss stone pine, provenance trial,
genetic variation, growth traits, branching, age-age correlation,
early selection, indirect selection.

Introduction

The Swiss stone pine is a glacial age relict naturally
distributed at high elevations in the Alps and Carpathi-
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an Mountains (CRITCHFIELD and LITTLE, 1966). It occurs
mostly in Switzerland, Austria, Northern Italy, south-
eastern France, Romania, Slovakia, Poland and the
Ukraine (ScHMIDT, 1994). Although Swiss stone pine is
considered related to Siberian stone pine, over 1500
miles (2400 km) presently separate the two species
(CrITCHFIELD and LITTLE, 1966; MIROV, 1967).

In the Alps, Swiss stone pine occurs between 1200 m
and 2500 m elevation (CONTINI and LAVARELLO, 1982) but
it is more frequent between 1500 m and 2000 m
(HovLzLER, 1975). In the Northern Carpathians the
species ranges between 1350 m and 1880 m elevation
(GuUBESH, 1971) while in the Southern Carpathians
between 1350 m and 1986 m (BELDIE, 1941; TATARANU
and COSTEA, 1952; OARCEA, 1966). Recently, in the
Retezat Mountains (Southern Carpathians), Swiss stone
pine was naturally found at as high as 2050 m elevation
(BLADA, unpublished data).

Swiss stone pine, Norway spruce (Picea abies L.),
dwarfed mountain pine (Pinus mugo Turra) and larch
(Larix decidua Mill.) are the most important component
species of the high elevation forests of the Carpathians.
Unfortunately, these mountain forests were partially
destroyed by human activities and domestic animal
grazing. Swiss stone pine populations were most affect-
ed, so that over large areas the species has reduced to
scattered trees.

The Bucegi and the Rodnei Mountains of the Southern
and Northern Carpathians, respectively, can be regard-
ed as typical examples where the Swiss stone pine popu-
lations are at the edge of extinction. Thus, their restora-
tion and protection through a conservation programme
are strongly recommended.

Though Swiss stone pine is very slow growing pine, it
is important to the Carpathians for various reasons,
such as ecological (HOLZER, 1972, 1975), silvicultural
(BLapA, 1996), genetically (BINGHAM, 1972; HOLZER,
1975; HOFF et al., 1980; BLADA, 1987, 1990, 1994), land-
scaping (BLADA, 1996) and manufacturing goods (CONTI-
NI and LAVARELLO, 1982).

Research work carried out to date on Swiss stone pine
intra-specific variability revealed that phenotypic vari-
ability in crown shape and stem form was noticed (RIKLI,
1909; HOLZER, 1975). In two trials with half-sib proge-
nies, there was obtained a good correlation between
height growth and the elevation of the seed source
(HOLZER, 1975). Very high variation in both number and
weight of seeds per cone was found within each investi-
gated population, but variation in 100 seed weight was
only moderate (BLADA and PopEscu, 1992). In the nurs-
ery test, highly significant differences were found
among provenances for growth traits (BLADA, 1987,
1997). An analysis of a diallel test confirmed the high
genetic variation in growth traits even though cembra
pine is a slow growing species (BLADA, 1999).

The nursery test results of the 12 geographic seed
sources of Swiss stone pine were previously evaluated
for growth traits (Brapa, 1977). The present study
reports the field performances of Swiss stone pine prove-
nances in survival, growth and branching in two prove-
nance trials including the same 12 geographic seed
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sources. The results of the study were further evaluated
to develop a seed transfer guidelines for further refor-
estation programmes with species in the Carpathians.

Materials and Methods

Provenances

The experiment consisted of 12 geographic origins or
provenances seven of which originate in the Carpathi-
ans and five in the Alps Mountains (Table I). The prove-
nances covered a range of natural populations, distrib-
uted across 4° 36’ in latitude (between 45°12’ N and 49°
48 N) and 20°29’ in longitude (between 4°48’ E and 25°
17 E) and from 1520 m to 2175 m elevation. Each prove-
nance represented one stand and comprised of bulked
seedlots collected from 10 to 20 open pollinated trees per
population. The trees from which seed was collected
were at least 50 m distance away from each other.

Table 1. — Cembra pine provenances in the Carpathian field
trials.

Code Provenance Lat. Long. Alt.

CN) CE) (m)
1 Gemenele (SC) 45°22° 22°50° 1.780
2 | Pietrele (SC) 45°23° 22°52" | 1.760
3 Stana de Rau (SC) 45°21° 23°03° 1.680
4 | calimani (NC) 47°07° 25°17° | 1.650
5 Valea Lalei (NC) 47°33’ 25°05° 1.520
6 Pietrosul (NC) 47°37 24°40° 1.770
7 Papusa-Iezer, (SC) 45°29° 25°05° 1.480
8 | Grachen Wallis (SA) 45°12° 7°52’ 2.140
9 Bluhnbach (AA) 47°27 13°06° 1.575
10 | Imst-Roppen (A.A.) 47°10° 10°51° 1.950
11 Sirnitz-Gilendorfer (AA) 46°55° 13°56° 1.740
12 | Bois de Ayes (FA) 49°48° 4°48’ 2.175

SC, NC = Southern and Northern Carpathians, respectively.
SA, AA, FA = Swiss, Austrian and French Alps, respectively.

Sites and experimental layout

After the nursery test (BLADA, 1997), two field trials
were laid out in autumn of 1997 years in two sites. One
site was located in the Surianu Mountain (Cugir Forest
District/Southern Carpathians) at 45°37 N latitude,
23°32’ E longitude and 1550 m elevation. The other site
was placed in the Inau Mountain (Carlibaba Forest Dis-
trict/Northern Carpathians) at 47°33’ N latitude and
24°55 E longitude. In each site, the trial was layout
according to a complete randomized block design with
12 provenances, three blocks and 30-trees rectangle plot
per block, spaced 2.5 x 2.5 m.

Assessments and statistical analysis

Five traits in the field test were recorded at successive
ages (Table 2), such as: height growth between age 10
and 14, root collar diameter between age 10 and 12,

Table 2. — Measured traits.

Trait Units Symbol
Total height growth cm H.3...H.14
Annual height growth cm h.4...h14
Root collar diameter mm RCD.4...RCD.12
Branches per whorl No. BWwW.12...BW.14
Survival % SV.14
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number of branches per whorl between 12 and 14 and
survival at 14 years. The total height growth and num-
ber of branches per whorl were the two traits of major
importance for Swiss stone pine. The measurements
were made on samples of 20 trees of each provenance
from each replication.

For the analysis of field data, plot means of 12 prove-
nances grown at both sites were used. Data were sub-
jected to a variance analysis by location and then over
locations, as well, with plot means as the analysis units.
Statistical model was taken from van BULJTENEN, and
YEISER (1989) adapted to the provenance experiment, as
follows

Y, =u+B+ Pj + BPij + & (1)

ij
where: Y, = the kth tree of the jth provenance in the
kth block; u = the trial mean; B, = the ith block; PJ. = the
jth provenance; BP = the the interaction of the ith block
and jth provenance; & = the random error.

At age 14, the Duncan Multiple Range Test (DUNCAN,
1955) was used to separate the provenances into homo-
geneous groups and to establish the level of significance
of each provenance compared to the trial mean at each
location. To compare the results, data from age six for
total and annual height growth were included in the
DuNcAN test.

The least significant difference (LLSD) to be applied to
the DUNCAN test was calculated by the formula given by
CEAPOIU, (1968)
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where: MS, = error mean square; R = number of replica-
tions.

The age-age and trait-trait phenotypic correlations
were estimated for both nursery and field test even
though the nursery data were not included in the pre-
sent variance analysis. Also, correlations between height
growth and number of branches per whorl at age 14
from seed, on one side, and geographic coordinates
(including the ecophysiological latitude), on the other
side were calculated.

The ecophysiological latitude was estimated using the
formula (WIERSMA, 1962).

Le=L+A/100 (3)

\where: Le = ecophysiological latitude; L. and A = lati-
tude and altitude, respectively. Latitude is thus correct-
ed for altitude in such a way that 100 m difference in
altitude is considered to equal a difference of one degree
in latitude. The ecophysiological latitude can be thought
of as latitude reduced to sea level and is considered to
better define the relationship between growth and geo-
graphical location than either latitude or altitude alone.
Finally, a regression between total height growth and
number of branches per whorl was calculated.

Note: the letters (S), (N) and (S/N) that will be used
subsequently refers to southern and northern trials or
both.

Table 3. — Analysis of variance of cembra provenances at the field stage, by location.
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Source Traits / Mean squares
variation [DF| H.I0 | HI1l | HI2 | HI13 [ HI4 | hl10 | hll | hi2
The Southern Carpathians trial
Replic. 2 27.60 128 39.52 18.28 55.83 1036 127 1335
Prov. 11 | 24223%%% | 41328%%% | 74501%%% | 661.86%%* | 1368.92%%* | 2230%*% | 1928%#* | 24 4]%%*
Error 22 11.82 3771 33.52 61.80 71.36 2.19 4.01 4.40
Trait mean 489 65.1 87.9 107.9 139.0 144 164 2238
Source [DF| H.a0 [ HI11 [ HI2 | HI13 | HI4 [ hio [ hil [ hi2
The Northern Carpathians trial
Replic. 2 66.72 36.31 39.37 18931 94.85 237 2.01 0.12
Prov. 11 | 157.94%%% | 21130%%% | 701.82%%* | 780.20%%* | 906.39%** | 3.96%% | 1509%** | 21 61%**
Error 22 15.16 26.88 2747 4263 64.59 1.10 2.49 2.57
Trait mean 410 56.1 737 970 126.9 10.6 16.6 19.7
Source |[DF| hi3 [ hil4 [ RCD.I0 | RCD.I2 | BW.2 [ BW.13 | BW.14 | SV.14
The Southern Carpathians trial (Continued)
Replic. 2 1.15 3.28 943 1.60 321 347 0.66 1245
Prov. 11 | 3026%*% | 44.37#%% | 7,15%%% | 3776%% | g3kx+ | 290wk | 473kx% | 4590
Error 22 3.63 1.69 129 291 0.94 0.46 0.66 21.94
Trait mean 28.8 278 22.1 359 57 69 8.9 99.3
Source [DF| hi3 [ hl4 [ RCD.I0 | RCD.12 [ NBW.12 [ NBW.13 [ NBW.14 | SV.14
The Northern Carpathians trial (Continued)
Replic. 2 722 5.67 2753 13.37 3.91 1.99 0.80 13.01
Prov. 11 | 4041%%% | 22.79%%% | 17,60%%% | 76.63%++ | 512%%% | g11%%% | 220%* | 3496
Error 22 2.06 3.23 1.64 8.92 0.64 0.34 0.35 18.62
Trait mean 249 249 19.5 306 6.6 6.0 8.2 99.8

*p<0.05; ¥ p<0.01; **p<0.001; H, h, RCD & BW = total and annual height growth and root collar diameter

and number of branches per whorl, respectively, at successive ages; SV.14 = survival at age 14.
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Results and Discussions

Variation at the Southern Carpathians trial (S)
Variation in total height growth (S)

Over the entire field testing period, variance analysis
results showed highly significant (p < 0.001) genetic dif-
ferences between provenances in total height growth
(Table 3). Such genetic differences suggest that:

* although the species is very slow growing; it pos-
sesses considerable genetic variation in growth rate at
provenance level;

® based on the within species variation, selection of
faster growing provenances for reforestation and for
operational tree improvement will be effective; a faster
growing provenance planted at sub-alpine zones will col-
onize the area much faster than a slow growing one; the
faster colonization of the steep slopes will be most effi-
cient for site stabilization.

The across locations analysis indicated significant
(p < 0.05) or highly significant (p < 0.01; p < 0.001) site
effects on total height growth. All the interactions
between provenance and site were highly significant
(p < 0.001) for growth (Table 4), suggesting that several
provenances would exhibit relatively fast growth in one
environment but slower growth in another. Therefore,
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provenance selection should be done according to these
local performances. It was presumed that site climate
and not site productivity was the main cause of the
interaction.

The mean total height growth of provenances at age
14 ranged from 100.7 cm for the Pietrosul source to
165.3 cm for Pietrele a difference of 64.2% indicating a
high range of variation and excellent possibilities for
effective selection. When compared to the plantation
mean, the DUNCAN Multiple Range Test showed that the
Pietrele, Calimani, Stana de Rau and Gemenele prove-
nances from Carpathians were significantly (p < 0.05) or
highly significantly (p < 0.01; p < 0.001) better in total
height growth than all other provenances (Table 5
column 7). Quantitatively, they surpassed the plantation
mean by 18.9%, 18.5%, 12.0% and 10.6 %, respectively
(Fig. 1A) and consequently, if height growth is to be
taken into account, these four provenances should be
used for reforestation in the Southern Carpathians and
in advanced-generation improvement. In contrast, the
Bois des Ayes, Grachen Wallis and Pietrosul held the
last three places in rank (Table 5, column 7) and their
performances were significantly (p < 0.05) or highly sig-
nificantly (p < 0.001) below the plantation mean by
12.1%, 23.6% and 27.6%, respectively (Fig. 1A). The

Table 4. — Analysis of variance of cembra pine provenances field trials combined over locations.

Source of Traits / Mean squares
variation DF H.10 H.11 H.12 H.13 H.14 h.10 h.11 h.12
Replic. 4 47.16 18.80 39.44 103.79 75.34 6.37 1.64 6.74
Prov. (P) 11 346.25%* 558.86%** | 1228.15%* 1182.03* 1969.14%* 15.40 31.42%%% 38.87%*
Locations (L) | 1 | LLI11.31%%% | 1461.35%%* | 4395.51** | 2136.73** 2615.81% | 253.20%** 127 177.96%**
PxL 11 59.93%%x* 65.72%** 218.67*** | 280.03*%** | 306.17%*%* | 10.95%** 295 7.15%
Error 44 1349 33.80 3049 5221 67.97 1.65 3.25 3.48
Source of Traits / Mean squares
variation DF h.13 h.14 RCD.10 RCD.12 BW.12 BW.13 BW.14 SV.14
Replic. 4 4.18 447 18.48 748 3.56 2.73 0.73 12.73
Prov. (P) 11 52.49% 57.12%* 18.49* 57.37 12.72%** 3.22 5.19% 45.65
Locations (L) | 1 272.09%* 151.38** 122.88%** 517.16* 444 14.79 8.42 81.49
PxL 1 18.17%%* 10.04%%* 6.26%** 57.03%%* 1.03 5.88%%* 1.74%* 3521
Error 44 2.84 246 1.46 591 0.79 0.40 0.5 20.28

*p <0.05; *p < 0.01; **p < 0.001.

Table 5. — Provenances distribution on homogeneous groups
trial.

according to DUNCAN Test (p < 0.01) for the Southern Carpathians

H.6 h.6 H.14 h.14 BW.14
Prov Mean DUNCAN Prov Mean DUNCAN Prov Mean DUNCAN Prov Mean DUNCAN Prov Mean DUNCAN
(cm) Test (cm) Test (cm) Test (cm) Test (No.) Test
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
2 27.5%%* 2 12.3%4% 2 165.3%%* 2 32.8%%% 11 11 1%* |
9 22.9%%* 9 9.7%%% 4 164.8%* 4 31.7%* 7 9.8
1 21.7%% 1 9.5%%% 3 155.7% 3 31.2%* 2 9.8
4 20.8%* 4 8.7%* 1 153.8* 11 30.3% 9 9.5
10 17.0 10 6.6 9 153.1 9 29.4 3 9.4
3 15.9 3 6.3 11 142.0 | 10 286 4 9.3
7 14.9 7 6,2 10 140,3 1 28,1 1 8,9
5 13.4°¢ 5 5.2° 7 136.5 7 27.6 10 85
8 13.3°¢ 12 4.7°° 5 127.6 | 5 26.9 5 8.5
12 12.6°°° 11 3.800° 12 122.2° | 12 252° 12 8.0
11 10.8°°° 8 3.800° 8 106.3°°° | 8 21.8%°° 6 7.8
6 10.1°°° 6 3.200° 6 100.7°%° | 6 20.2°°° 8 6.1°%° |
X 16.8 X 6.7 X 139.0 X 27.8 X 8.9
IZSD p< 0.05 27 73 143 22 174
lZSDp< 0.0/ Y4 17 794 4 79
(LSDp< 0007 | 4/ 22 262 46 25

*p <0.05; ¥ p<0.01; ¥*p<0.001 (for above trial mean differences); ° p < 0.05; °° p < 0.01; °°° p < 0.001 (for below trial mean

differences); X = trait mean.
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A. Southern trial

Differences relative to the trial mean (%)

Figure 1. — Performance (%) of the cembra pine provenances in
total height growth at age 14, relative to the trial mean.

remaining provenances formed groups which were not
significantly different from each other. Of particular
interest was the Calimani source, originating in the
Northern Carpathians, which in the Southern trial
exhibited a growth rate similar to the best local source,
e. g. Pietrele, suggesting an insignificant provenance x
environment interaction.

Comparison of rankings of mean total height growth
in the nursery test at age six and that in the field test at
age 14 (Table 5 columns 1 and 7) revealed that:

* the Pietrele, Gemenele and Calimani provenances
held their statistically significant top positions at both
age six and 14 while the Bluhnbach source dropped from
significant second to non-significant fifth position in the
rank; thus, the above three including Stana de Rau
provenances are recommended for plantations in the
Southern Carpathians;

® the Valea Lalei, Grachen Wallis, Bois-des-Ayes, Sir-
nitz-Gilendorfer and Pietrosul sources held the bottom
part of the rank at both age six and 14, except the Sir-
nitz-Gilendorfer source, which jumped in ranking from
second last at age six to sixth position at age 14; all of
these should not be taken into account for reforestation.

* in general, when the total height growth and annual
height growth rankings from the nursery test were com-
pared to those from the field test at age 14, a generally
similar pattern of rankings occurred, so that positive
age-age correlation can be expected.

e with the exception of the Bluhnbach source, all
provenances originating in the Alps Mountains exhibit-
ed significantly less total height growth than the
Carpathian sources, so they will not be included in the
operational planting programs.

Variation in annual height growth (S)

Highly significant differences in annual height growth
occurred among provenances (p < 0.001), a trend that
was set in field tests (Table 3). When the rankings were
compared (Table 5, columns 4 and 10), the Pietrele and
Calimani provenances were statistically highly signifi-
cant at the top two positions in rank at both age six and
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14, while Bluhnbach and Gemenele dropped in the rank
to the fifth and seventh positions, respectively. The Bois-
des-Ayes, Grachen Wallis and Pietrosul provenances
occupied the bottom three ranks at both age six and 14,
while the Sirnitz-Gilendorfer provenance jumped in
ranking from tenth position at age six to fourth position
at age 14. A consistent pattern was apparent in the
rankings for both total and annual height growth at age
14 (Table 5, columns 7 and 10) but only partially consis-
tent with rankings from the age six nursery test (Table
5, columns 1 and 4).

Variation in number of branches per whorl (S)

The number of branches per whorl was recorded at 12,
13, and 14 years of age. At all three ages the differences
among provenance were highly significant (p < 0.001)
(Table 3). Owing to this variation, selection of prove-
nances with individuals having a larger number of
branches per whorl can be done. A larger number of
branches per whorl/tree give rise to a denser crown
which has a higher capacity for snow and water reten-
tion. Such an increase in precipitation retention may
significantly contribute to preventing avalanche initia-
tion, soil erosion and flooding downstream.

Results of across sites analysis of variance indicated
no significant site effects on number of branches per
whorl. But, provenance x site interaction was highly sig-
nificant (p < 0.01; p < 0.001) suggesting that several
provenances could exhibit high numbers of branches per
whorl at one environment and lower numbers at the
other (Table 4).

The mean number of branches per whorl at age 14
ranged from 6.1 for Grachen Wallis to 11.1 for Sirnitz-
Gilendorfer, a difference of 82%, suggesting a high
range of variation and excellent possibilities of selection.
The DuNcaN Multiple Range Test showed that, com-
pared to the plantation mean, the Sirnitz-Gilendorfer
provenance was highly significantly (p < 0.01) better in
number of branches per whorl than all other prove-
nances (Table 5, column 13). Quantitatively, it sur-

35

25.0 A. Southern trial

Differences relative to the trial mean (%)

-35 ov.
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Figure 2. — Performance (%) of the cembra pine provenances in
number of branches per whorl at age 14, relative to the trial
mean.



passed the plantation mean by 25.0%. In contrast, the
Grachen Wallis provenance held the last place in rank
and its performances was negatively highly significantly
(p < 0.001) lower than the plantation mean by 31.3%
(Fig. 2A). Therefore, if the objective is to improve the
number of branches per whorl, the Sirnitz-Gilendorfer
provenance should be selected and used for operational
tree improvement and for reforestation in the Southern
Carpathians. The remaining provenances formed groups
which were not significantly different from each other.

Phenotypic coefficients of variation (S)

Low to moderate within provenance variation was
found in total and annual height growth but high varia-
tion was found in number of branches per whorl. At the
Southern trial, the coefficients of variation ranged
between 6.9% and 15% in total height growth, 12.9%
and 24.3% in annual height growth and 12.7% and
31.6% in total number of branches per whorl, i. e. a
mean variation of 12.5%, 15.4% and 24.0 %, respectively
(Table 7). According to these figures, genetic selection
can be effectively applied at both provenance and tree
within provenance level.

Phenotypic age-age correlations (S)

At the Southern test, correlations between variables
at different ages indicated a very clear pattern (Table 8).
Age-age phenotypic correlations for height growth were
significant (p < 0.05) or highly significant (p < 0.01;
p < 0.001) in most cases. This indicates that early selec-
tion for height growth may be efficient. Generally, the
age-age correlations for total height were higher than
those for root collar diameter and especially for number
of branches per whorl. The age-age correlations between
annual height growths at age four and successive esti-
mates of the same trait were generally not significant.
However, age-age correlations for age six and older with
successive estimates were generally highly correlated
and significant. Age-age correlations for number of
branches per whorl were significant (p < 0.05) only
between age 13 and 14. These results clearly indicate
that early selection for previously mentioned traits,
except for number of branches per whorl may be effi-
cient. In other words, in case of the cembra pine, selec-
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tion for growth traits can be done after a few years of
field testing.

Phenotypic trait-trait correlations (S)

The trait-trait correlations are presented in table 8.
Trait-trait phenotypic correlations between total height
growth and successive annual height growth and root
collar diameter and number of branches per whorl were
significant (p < 0.05) or highly significant (p < 0.01;
p < 0.001) in all but seven cases. Correlations between
total height growth and number of branches per whorl
were less well correlated than traits previously men-
tioned. However, trait-trait correlations between total
height growth at ages 13 and 14 and successive number
of branches per whorl at ages 12 and 14 were significant
(p < 0.05) or highly significant (p < 0.01; p < 0.001). In
many cases, a lack of significance was found between
annual height growth and successive root collar diame-
ter and number of branches per whorl. Also, in most
cases, the root collar diameter was not significantly cor-
related with number of branches per whorl. Consequent-
ly, with minor exceptions, the results showed that indi-
rect selection may be applied for the two major traits,
total height growth and number of branches per whorl.

Variation at the Northern Carpathians trial (N)
Variation in total height growth (N)

Highly significant (p < 0.01) (p < 0.001) genetic differ-
ences occurred between provenances in total height
growth (Table 3) suggesting, as did the Southern test,
that selection of some valuable sources of practical
importance for reforestation and for operational tree
improvement programmes can be done.

The provenance mean total height growth at age 14
ranged from 98.0 cm for Sirnitz-Gilendorfer to 154.4 cm
for Bluhnbach, a difference of 57.6 %. This range of vari-
ation is almost as high as that observed at the Southern
Carpathian trial. The DUNCAN Test showed that, com-
pared to the plantation mean, the Bluhnbach and Cali-
mani provenances were positively highly significantly
(p < 0.01; p < 0.001) better in total height growth than
all other provenances (Table 6, column 7). Quantitative-
ly, they surpassed the plantation mean by 21.6% and

Table 6. — Provenances distribution on homogeneous groups according to DUNCAN Test (p < 0.01) for the Northern Carpathians

trial.
H.6 h.6 H.14 h.14 BW.14
Prov Mean DUNCAN Prov Mean DUNCAN Prov Mean DUNCAN Prov Mean DUNCAN Prov Mean DUNCAN
(cm) Test (cm) Test (cm) Test (cm) Test (No.) Test
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
2 27.5%%* 2 12.3%%* 9 154.4%%%| | 2 28.3% 3 9.4%
9 22.9%%% 9 9. 7%** 4 146.2%* | 4 28.1* 4 9.3%
1 21.7%* 1 9. 5%#* 1 138.4 9 27.8 7 9.0
4 20.8%* 4 8.7+* 2 138.0 10 26.2 2 8.8
10 17.0 10 6.6 3 132.7 1 25.5 5 8.7
3 159 3 6.3 10 132.0 3 25.1 9 83
7 14.9 7 6.2 7 131.3 5 24.7 1 8.2
5 13.4°° 5 5.2° 5 121.7 | 7 24.4 11 78
8 13.3°° 12 4.7°° 12 117.5 | 12 24.1 10 7.7
12 12.6 °°° 1 3.800° 8 113.1° | 8 24.1 12 73
11 10.8 °°° 8 3.8%0¢ 6 101.1°°° 11 223 8 72
6 10.1 °°° 6 3.20%° 11 98.0°°° 6 18.4°°° | 6 6.8° |
X 16.8 X 6.7 X 127.0 X 24.9 X 8.2
LSDp< 0.05 27 23 /3.6 70 7.0
\ZSDp< 0.0/ Y4 17 /85 L4 14
LSDp< 000/ | 47 22 249 J0 18

*p <0.05; * p<0.01; ¥* p <0.001 (for above trial mean differences); ° p < 0.05; °° p < 0.01; °°° p < 0.001 (for below trial mean

differences); X = trait mean.
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15.2%, respectively (Fig. 1B). In contrast, the Grachen
Wallis, Pietrosul and Sirnitz-Gilendorfer provenances
held the last three positions in rank (Table 6, column 7)
and their performances were highly significantly
(p < 0.01) below the plantation mean by 10.9%, 21.1%
and 22.8%, respectively (Fig. 1B). Surprisingly, at the
Southern plantation the Sirnitz-Gilendorfer provenance
ranked sixth while at the Northern plantation, it
dropped to last. The remaining provenances formed
groups which were not significantly different from each
other. Therefore, according to these results, only the
Bluhnbach and Calimani provenances originating in the
Alps and Carpathians, respectively, should be selected
for breeding and operational planting programmes for
the Northern Carpathians, while all the others would be
less useful.

Comparison of total height growth rankings from the
nursery test at age six and the field trial at age 14
(Table 6, columns 1 and 7) showed that:

® at age six in the nursery, the four best provenances,
highly statistically significant, were Pietrele, Bluhn-
bach, Gemenele and Calimani, while at age 14 in the
field, only Bluhnbach and Calimani provenances kept
their positively significant top positions; these two
sources should be considered for operational breeding
programme;

® the Valea Lalei, Grachen Wallis, Bois-des-Ayes, Sir-
nitz-Gilendorfer and Pietrosul provenances occupied the
bottom ranking at both age six and 14, and they and
some others should be culled.

Variation in annual height growth (N)

With minor exceptions, ranking of provenance mean
values for annual height growth from the nursery stage
at age 6 was consistent to that from the field test at age
14 (Table 6, columns 4 and 10). Differences between
provenances were highly significant (p < 0.001) a trend
that, with minor exceptions, was set at field test (Table
3). When the rankings were compared the Pietrele and
Calimani provenances held their statistically significant
top positions at both age six and 14 while Bluhnbach
and Gemenele became insignificant at age 14. The Bois-
des-Ayes, Sirnitz-Gilendorfer, Grachen Wallis and Piet-
rosul provenances held the bottom rank at age six and
14 (Table 6, columns 4 and 10),

Variation in number of branches per whorl (N)

Results of variance analysis indicated highly signifi-
cant differences (p < 0.001) between provenances for the
number of branches per whorl recorded at ages 12, 13
and 14 (Table 3). Provenance means for the number of
branches per whorl at age 14 ranged from 6.8 for the
Pietrosul source to 9.4 for Stana de Rau, a difference of
about 39.9%, indicating significant variation, but lower
than that from the Southern trial (Table 6, column 13).
Also, the DuNcaN Multiple Range Test showed that,
compared to the plantation mean the Stana de Rau and
Calimani provenances were significantly (p < 0.05) bet-
ter in number of branches per whorl than any other
provenances in the test. They exceeded the plantation
mean by 15.3% and 13.5%, respectively (Fig. 2B). In
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contrast, the Pietrosul provenance held the last position
in the rank (Table 6, column 13) and its performance
was significantly (p < 0.05) lower than the plantation
mean by 17.6%, (Fig. 2B). The remaining provenances
formed groups which were not significantly different
from each other. Therefore, according to these results
from the Northern trial, the Stana de Rau and Calimani
provenances should be selected for the future work in
the Northern Carpathians while use of the other sources
should be discouraged.

Variation in survival (S/N)

The planted stock was vigorous from the beginning as
it was derived from outcrossing. This contributed to a
very high survival. Also, because the plantations were
established with potted seedlings and because the trials
have been fenced, almost all trees have survived at both
plantations. At age 14, the mean survival at the South-
ern and Northern Carpathians amounted to 99.3% and
99.8 %, respectively. Because of this very high survival,
the variance analysis carried out at both individual sites
(Table 3) and across sites (Table 4) indicated no signifi-
cant differences between provenances and no significant
provenance x location interactions. Since variation for
survival is lacking, no selection decisions can be made.

Phenotypic coefficients of variation (IN)

Low to moderate within provenance variation was
found for total and annual height growth but variation
was high in number of branches per whorl. Northern
trial phenotypic coefficients of variation had estimates
slightly higher than the Southern trial estimates. Esti-
mates ranged between 12.1% and 19.3% in total height
growth, 14.7% and 19.7% in annual height growth and
21.7% and 37.9 % in total number of branches per whorl,
a mean of 15.0%, 16.9% and 29.3 %, respectively (Table
7). Therefore, both the breeding and the operational pro-
gramme can benefit by utilizing between and within
provenance selection.

Phenotypic age-age correlations (N)

At the Northern trial, correlations between variables
at successive ages indicated a very clear pattern (Table

Table 7. — Phenotypic coefficients of variation within prove-
nances of cembra pine in the Carpathian filed trials.

Prov. | Southem Carpathians trial | Northern Carpathians trial

H.14 | h.14 BW.14 H.14 | h.14 BW.14
1 12.2 13.9 245 12.7 16.2 26.0
2 143 153 26.1 143 18.0 27.0
3 110 | 136 23.8 148 | 172 217
4 14.8 14.0 279 13.6 16.6 284
5 150 | 135 257 134 | 168 284
6 142 13.1 23.0 16.7 14.7 352
7 143 | 13.0 23.7 137 | 164 28.0
9 112 | 129 24.8 173 | 192 285
10 12.5 154 25.0 14.0 16.8 23.0
14 136 | 16.7 316 121 | 150 314
8 10.1 194 19.1 17.9 159 358
11 6.9 243 12.7 193 | 197 379
Mean 12.5 154 24.0 15.0 16.9 293

H.14, h.14 & BW.14 = the total and annual height growth and
number of branches per whorl, respectively, at age 14.
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Table 8. — Age-age and trait-trait phenotypic correlations for Swiss stone provenances tested in Southern Carpathians (above diag-
onal line) and Northern Carpathians (below diagonal line) trials. Age-age correlations were inserted inside rectangles while trait-

trait ones were inserted outside rectangles.

Traits H.3 H4 H.6 H.7 H.10 H.11 H.12 H.13 H.14 h4 h6 h7 h.10 hil hi2 h13 h.14 RCD.4 RCD.6 RCD.7 RCD.10 RCD.1I2 BW.12 BW.I3 BW.14
H3 497 491 088 482 478 073 063 063 | 4% 4sv asr 051 061 064 056 050 492 A% 489 068 065 060 025 014
H4 a93 299 498 0499 488 482 475 476 | 496 496 497 057 a2 474 063  0.66 a95 a97 497 982 0.47 a5 0.08 0.21
Hé a9 498 Lo 493 491 486 48 479 | 496 499 0.63 o7 47 475 067 066 @293 4295 a.95 o978 0.51 a7z 0.02 0.26
H7 a88 498 499 4994 492 488 48 482 | 494 499 499 066 a7z 477 067  0.68 /374 a9 a95 980 0.53 274 0.01 0.28
H.10 a85 087 480 480 497 497 497 497 | 484 497 494 487 485 489 480 487 985 989 a92 985 0.66 286 0.16 0.44
H.11 a88 499 090 490 495 497 496 495 | 483 492 491 485 493 487 486 487 a82 a85 988 o984 ars o985 0.33 0.55
H.12 a86 0480 479 479 497 492 495 498 | 475 487 487 491 492 495 486 49I a6 V%3 49837 a9 a75 a97 0.29 0.58
H13 a89 487 08F 484 495 496 497 497 | 0.69 987 481 487 492 488 497 491 0.70 a7z a7z o980 a.88 4982 0.50 0.67
H14 487 086 084 484 089 497 495 497 0.68 487 Q81 492 495 495 491 496 0.70 a7z 4976 o978 a85 a87 0.45 0.69
h4 4293 096 097 0494 479 484 482 482 487 4296 492 052 063 066 057 0.54 o994 a96 a92 0.71 0.40 0.66 -0.15 0.22
"3 088 095 499 098 478 0 085 082 084 | 095 098 066 475 477 061 061 | asr e ez ez 01 amw 00 03
h7 a87 097 098 0499 482 492 483 485 085 | 492 497 0.64 a76 477 067 0.67 a.90 4293 4295 987 0.50 Q280 -0.01 0.25
hio 057 067 066 068 479 479 06l 070 059 | 058 063 070 090 087 o8 092| 048 053 05T 057 4% 487 045 076
nil 085 085 087 088 478 093 0w 487 4% | 477 088 088 066 08¢ 088 0% | 063 065 0L 4z 082 asF 051 067
h.12 070 063  0.67 0.66  0.60 479 48 476 A& | 0.65 070 065 0.60 ars 4985 489 0.70 a72 a73 azz a72 4286 0.26 0.66
B3 089 088 081 08 4w 092 092 0497 497 | 082 08 085 09 485 487 293 | 057 00 061 066 485 068 059 am
h.14 Q287 0.8 487 484 069 Q287 478 481 0488 | 479 482 485 047 287 476 487 0.56 0.57 0.62 0.68 485 a6 0.58 arz
RCD.4 092 095 497 497 487 487 487 489 488 494 489 490 067 7282 0.66 Q88 485 7299 4296 a82 0.46 0.68 -0.14 0.14
RCD.6 4293 497 495 494 085 489 048 489 487 495 491 497 0.10 287 063 Q87 485 Q.99 4298 o985 0.48 0.72 -0.13 0.16
RCD.7 Q289 097 0% 095 484 499 482 487 486 492 491 495 475 486 0.60 985 486 4996 298 a9z 0.53 071 -0.02 0.17
RCD.10 0.65 0.56 0.52 0.52 477 065 059 065  0.53 0.55 0.45 0.52 0.66 046 0.19 0.53 0.37 0.57 0.63 0.63 a2 0.64 0.26 027
RCD.12 472 070  0.69 a0 486 479 48 485 479 071 068 070 059 059 0.66 479 054 0.71 4273 473 0.70 0.59 277 476
BWI2 | 476 476 477 479 482 490 097 49 492 069 480 480 055 488 488 490 475 472 472 477 04l 278 0.11

BW.A3 | 062 063 060 063 066 472 475 479 68 052 062 065 036 472 68 68 063 058 056 058 024 070 | a2 0.70
BW.14 0.44 0.54 0.52 0.54 0.35 0.52 0.56 0.56 0.66 0.44 0.57 0.55 0.24 0.66 0.69 0.61 0.64 0.55 0.50 0.52 -0.21 -0.31 0.67 0.71
The underlined phenotypic correlations are significant (p < 0.05), while the italic in bold correlations are highly significant

(p<0.01: p<0.001).

8). Age-age phenotypic correlations for all tested traits
were significant (p < 0.05) or highly significant (p < 0.01;
p < 0.001) in all but two cases indicating that early
selection for each trait may be efficient. The age-age cor-
relations for total height were higher than those for the
other traits. These results clearly indicate that early
selection for all traits may be efficient.

It is apparent that for cembra pine selection for
growth traits can be accomplished after a few years of
field testing, reducing both the effort and cost for the
breeder. Early selection increases the efficiency of an
operational tree improvement programme by reducing
the funding required for field testing to obtain the same
or slightly greater genetic gain (LOWE and VAN BULJTE-
NEN, 1989). Initially, selection in progeny tests of forest
trees was delayed until approximately one-half of the
projected rotation age. Recent work has indicated that
adequate estimates of rotation age performance can be
obtained at much earlier ages (LAMBETH et al., 1983).
For the southern pines in the United States, most selec-
tion is currently done between five and ten years of age
(LOWE and VAN BUIJTENEN, 1989).

Phenotypic trait-trait correlations (N)

The trait-trait correlations are presented in table 8.
With the exception of age three, the trait-trait phenotyp-
ic correlations between total height growth, successive
annual height growth, root collar diameter, and number
of branches per whorl were significant (p < 0.05) or
highly significant (p < 0.01; p < 0.001) in most cases.
The correlations between annual height growth and
other traits were lower than those correlations previous-
ly mentioned. In many cases, a lack of significance was
found between annual height growth and successive root
collar diameter and number of branches per whorl. Also,
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in most cases, the root collar diameter was not signifi-
cantly correlated with number of branches per whorl.
Consequently, with minor exceptions, the results sug-
gest that indirect selection may be applied for the two
major traits, total height growth and number of branch-
es per whorl.

Correlations between main traits and geographic
coordinates (S/N)

Correlations between total height growth and number
of branches per whorl at age 14 with geographic coordi-
nates of provenance origins, including the ecophysiologi-
cal latitude, showed that (Table 9):

e at both the Southern and Northern Carpathian
trial, no significant phenotypic correlations were found
between total height growth and any of the geographic
coordinates, including ecophysiological latitude suggest-
ing that at this stage of the experiment the pattern of
variation in growth could be classified as non- clinal;
meaning that provenances from Alps could be planted in
Carpathians;

¢ at both Southern and Northern Carpathian trials
significant (p < 0.05) negative correlations (r = —0.62;
—0.64) were found between number of branches per
whorl and altitude, suggesting that the number of
branches per whorl follow a clinal pattern of variation;

* at both Southern and Northern Carpathian trials
significant (p < 0.05) positive correlations (r = 0.65;
r = 0.67) were found between number of branches per
whorl and longitude, suggesting an east-to-west trend in
number of branches per whorl; but, in relation with the
latitude and ecophysiological latitude, the number of
branches per whorl did not follow any significant clinal
pattern.
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Table 9. — Phenotypic correlations between total height growth (H.14) and geographic coordinates and
number of branches per whorl (BW.14) and geographic coordinates for Southern and Northern Carpathi-

ans.
Trait Coordinate Southermn Northern Trait Coordinate Southem Northern
H.14 Latitude -0.29 -0.17 BW.14 Latitude 0.13 -0.40
H.14 Le -0.29 -0.17 BW.14 Le -0.14 -0.40
H.14 Longitude 033 022 BW.14 Longitude 0.65* 0.67*
H.14 Altitude -0.43 -0.36 BW.14 Altitude -0.62* -0.64*

Le = ecophysiological latitude.

This study to define patterns of geographic variation
as a basis for selecting seed sources and for developing
seed transfer guidelines was clearly needed before the
inception of a programme for genetic improvement of
cembra pine.

Regression (S/N)

Most tree improvement programmes are geared
towards the improvement of several traits at the same
time, i. e. to apply multitrait selection. Independent
culling is a method of multitrait selection that involves
setting minimum values for each trait of interest. Indi-
viduals must meet these minimum criteria if they are to
be retained (ZOBEL and TALBERT, 1984). By extrapolation
from individuals to populations, this method was
applied to the present experiment. As previously stated,
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Figure 3. — Regression between the total height growth and
number of branch per whorl of cembra pine at the Southern
Carpathians trial.
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Figure 4. — Regression between the total height growth and
number of branch per whorl of cembra pine at the Northern
Carpathians trial.
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from an ecological standpoint height growth and num-
ber of branches per whorl are the most important traits.
As these traits were significantly positively correlated,
indirect selection may be applied.

Regression analysis at age 14 designated which prove-
nances exhibited the faster growth and had a minimum
acceptable number of branches per whorl. Provenances
like Pietrele and Calimani should be selected and used
for the Southern Carpathians (Fig. 3) while Bluhnbach
and again Calimani are best for the Northern Carpathi-
ans (Fig. 4, quadrant II). It should be pointed out that
between the two traits priority was given to the height
growth.

Age trend in height growth across sites (S/N)

Figure 5 displays the age trend in height growth at
the two trials. A consistent parallel pattern of both total
and annual height growth at the Southern and North-
ern Carpathian trials was evident. During the entire
field testing period, total and annual height growth from
the Southern Carpathian trial was superior to those
from the Northern Carpathian trial. The soil conditions
at the two sites were similar while the climatic condi-
tions differ. The average annual temperature is lower
and the growing season is shorter at the Northern
Carpathians relative to the Southern Carpathians, and
this no doubt explains the differences in height growth.
Growth from age four to twelve showed a consistent
increase in mean annual height, but at age 14 the trees
seemed to reach maximum mean annual growth.

Practical implications

The present experiment was conducted to detect the
genetically most appropriate provenances to be planted
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Figure 5. — Age trend in site mean annual (h) and total (H)
height growth of the cembra pine at the Southern and North-
ern Carpathian trials.



at high elevation in the Carpathians. The best prove-
nances are those that showed both fast growth and larg-
er number of branches per whorl. Due to their faster
growth and more branches per whorl, such provenances
and individuals within provenances should be planted
in the Carpathians because they have the ability to
more quickly colonize the area and to play a significant
role in preventing avalanches, soil erosion, and down-
stream flooding. The DuNcAN Multiple Range Test and
the regressions between total height growth and num-
ber of branches per whorl indicated that: the Pietrele,
Calimani, Stana de Rau and Gemenele provenances
could be recommended for reforestation in the Southern
Carpathian while Bluhnbach and Calimani in the
Northern ones. It should be stressed that due to its eco-
logical plasticity or low genotype x environment interac-
tion, the Calimani provenance originating in Northern
Carpathians may be planted in both Northern and
Southern ones.

Conclusions

* Though very slow growing, the cembra pine exhibit-
ed significant variation not only in growth traits but in
number of branches per whorl, as well; therefore, genet-
ic selection at provenance level can be applied.

e The significant and highly significant age-age phe-
notypic correlations for growth traits and number of
branches per whorl clearly suggested that early selec-
tion may be efficient; this indicate that selection could
be started after field testing

e The significant and highly significant trait-trait
phenotypic correlations between height growth and
number of branches per whorl suggested that indirect
selection may be applied;

* The significant positive correlation between number
of branches per whorl and longitude, suggested an east-
west trend in number of branches per whorl;

* The significant negative correlation between num-
ber of branches per whorl and elevation suggested that
the number of branches per whorl follow a clinal pattern
of variation.

¢ The non significant correlations between total
height growth and the geographic co-ordinates suggest-
ed that at this stage of the experiment the pattern of
variation in growth could be classified as non clinal.
Thus, some provenances from Northern Carpathians
can be used in the Southern ones and the Carpathians
provenances could be planted in the Alps and vice versa;

® The local Pietrele provenance was the best in height
growth in the Southern Carpathians while the Bluhn-
bach provenance originating in the Austrian Alps was
the most productive in the Northern Carpathians. As
second in the rank, the Calimani provenance can also be
taken into account in both Northern and Southern
Carpathians.
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Comparative Analysis of Karyotypes from the Strezelecki Ranges Race
of the Complex Eucalyptus globulus Labill. ssp. globulus (Myrtaceae)
and a Population in Central-Southern Chile

By J. EspEJo CARDEMILY and C. BAEZA PERRY 2"

(Received 12t April 2006)

Summary

This study presents information on karyotypes of the
Strezelecki Ranges race, referred to in previous studies
as Jeerelangs (Victoria, Australia), of the complex Euca-
lyptus globulus. ssp globulus and another from Central-
Southern Chile (Contulmo). The chromosomes counted
(2n = 22) are fairly small-sized and found within the size
ranges reported by other authors. The chromosome mea-
surements, done with the Micromeasure program, indi-
cate that the Strezelecki Ranges lineage has a relatively
large genome (Total Chromosome Length = 8.94%) as
compared to measurements of local lineages (Chile).
This could be explained by genetic recombinations
resulting from the successive hybridizations reported for
this race. The data obtained for both lineages reveal a
set of markedly metacentric chromosomes with a cen-
tromeric index between 0.44 and 0.46.

Key words: Eucalyptus globulus, Myrtaceae, karyotype, chro-
mosomes, land race, Chile, Australia.

Introduction

The study of karyotypes is a valuable tool for compar-
ing species and discriminating between populations
(MATSUMOTO et al., 2000; SCHRADER et al., 2000;
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SCHRADER et al., 2003). STEBBINS (1971) indicated that
the majority of this woody angiosperm’s chromosomes
are very small and that small differences exist between
the species within the genus. The report of the Eucalyp-
tus globulus Labill. chromosome recount done by
BOLKHOVSKIKH et al., (1969) showed that 82% of the
counts done for the species of this genus had a kary-
otype of 2n = 22 chromosomes. In a cytological study,
RYE (1979) reported that up to 90% of the species stud-
ied have the same number of chromosomes. Eucalyptus
has been described as a very large genus, with over 700
species (POKE et al., 2006). In cline variations and
hybridizations are very common and can be verified
within the subgenera (PRYOR, 1976).

The first systematic cytological studies of Eucalyptus
globulus pollen grains began in the 1930s (MCAULAY et
al., 1936; McAuLAY and CRUICKSHANK, 1937); these stud-
ies reported a haploid number for the species of n = 11.
Later, BEDI (1989) and MORA et al., (2005) carried out
new chromosome counts for this species using material
taken from root tips. The latter authors also analyzed
the E. globulus karyotype and found that the chromo-
somes fluctuated between 1.42 + 0.4 um in length.

No karyotype characterization studies have been done
to discriminate between E. globulus sub-species and
races, mostly because of the methodological complexity
of obtaining metaphase plates from the very small chro-
mosomes (< 2 pum) that characterize this species and
genus (ATCHINSON, 1947; RYE, 1979; HAQUE, 1984; HAR-
BARD, 1995, 1996; MATSUMOTO et al., 2000). JORDAN et al.
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