nances on sites where both were planted together (LieGeL,
1983).

Conclusions

Good growth and performance of known P. ococarpa
sources in 5- to 6-year-old CFI trials in Puerto Rico paral-
leled similar performance for fewer but unknown prove-
nances used in adaptability trials a decade earlier. Even
the poorest provenances averaged 1.0 m or better in mean
annual height growth on diverse soils ranging from deep
clays to sandy clay loams. Genetic variability of tested
provenances appears high because good growth occurred
on sites in Puerto Rico that are much lower in elevation
and have two to three times more annual rainfall than do
the seed origin sites. However, generalizations or impli-
cations about this variation for reforestation or tree im-
provement programs, locally or elsewhere, seem premature
until additional data are collected and analyzed. Data from
the Ivory Coast and Sri Lanka (Ojo, 1978) indicated changes
in overall rankings for top P. oocarpa performers between
0.5 and 4.0 years.

Although the three Nicaraguan sources and that from
Mt. Pine Ridge grew best, more extensive testing is needed
before embarking on a reforestation program. Quantitative
wind damage data must be obtained from. other countries
to determine P. oocarpa’s species and provenance damage
susceptibility levels more accurately, and to ascertain
under what conditions severe damage occurs. Wider assess-
ments of form and wood quality traits, such as specific
gravity and fiber lengths, are needed for local P. oocarpa
trials, now 9- to 10-years-old. Using new and existing data,
juvenile-to-mature correlations will be possible for all
provenances regarding overall growth performance,
growth traits and form, wood quality, and wind damage
susceptibility.

Literature Cited

Barry, P. and R. Anperson: Evaluation of insect and disease
pests of trees in Puerto Rico, 1981. USDA Forest Service, State
and Private Forestry, Southeastern Area, Forest Pest Manage-
ment Report 81-1-29, Asheville, North Carolina, 33 p. (1981). —

Briscog, C. B.: Early results of mycorrhizal inoculation of pine
in Puerto Rico. Caribbean For. 20: 73—77 (1959). — Dryson, W. G.
and A. Greavss: A list of East African replicated provenance trials
of Pinus caribaea and Pinus oocarpa. E. Afr. Agric. For. Res.
Organ. For. Tech. Note No. 37. 4 p. (1976). — Egsnti, L. C.:
Provenance trials of pines in Southern Nigeria: P. oocarpa ScHiebE.
p. 570—582 In: Progress and problems of genetic improvement of
tropical forest trees, eds. D. J. Nixies, J. BurLey, and R. D. BARNEs.
Commonw. For. Inst., Oxford. 2 Vols., 1006 p. (1978). — GeARry,
T. F. and C. B. Briscoe: Tree species for plantations in the granitic
uplands of Puerto Rico. USDA For. Serv. Res. Pap. ITF-14, Inst.
Trop. For., Rio Piedras, Puerto Rico. 8 p. (1972). — Greavss, A.:
Descriptions of seed sources and collections for provenances of
Pinus caribaea. Trop. For. Pap. No. 12, Commonw. For. Inst.,
Oxford. 98 p. (1978). — Greaves, A.: Descriptions of seed sources
and collections for provenances of Pinus oocarpa. Trop. For. Pap.
No. 13, Commonw. For. Inst., Oxford. 148 p. (1979). — GgREeaAves, A.:
Review of the Pinus caribaea Mor. and Pinus oocarpa ScHIEDE
international provenance trials, 1978. CFI Occas. Pap. No. 12,
Commonw. For. Inst., Oxford. 89 p. (1980). — Greaves, A. and
W. G. Dvyson: Early growth of the Jitotil provenances of Pinus
oocarpa Scuiepe in East Africa. E. Afr. Agric. For. Res. Organ.

For. Tech. Note No. 38. 12 p. (ND). = Houwpringg, L. R.: Life
zone ecology (rev. ed.). Tropical Science Center, San José, Costa
Rica. 206 p. (1967). — Liece., L. H.: Assessment of hurricane

rain/wind damage in Pinus caribaea and Pinus oocarpa prove-
nance trials in Puerto Rico. Commonw. For. Rev. 12 p. 63: 47—53
(1984). — Liecer, L. H.: Growth, development and hurricane
resistance of Honduras pine in Puerto Rico. Proc. 9th Puerto Rico
Department of Natural Resources Symp., 1982. San Juan, Puerto
Rico. 27 p. (1983). — [Lieger, L. H., R. D. Barnes and G.
Gisson: Growth performance and selected assessment traits of
5.7-year-old Pinus caribaea and Pinus oocarpa provenance trials
in Puerto Rico. Paper presented at IUFRO Symp. and Workshop
on genetic improvement and productivity of fast-growing tree
species. Sao Paulo, Brazil. 13 p. (1980). — Nikies, D. G., J. BurLey
and R. D. Barnes, eds.: Progress and problems of genetic impro-
vement of tropical forest trees. Proc. joint IUFRO working
groups on tropical species provenances and breeding tropical
species. Commonw. For. Inst., Oxford. 2 Vols., 1006 p. (1978). =—
Oro, G. O. A.: Review of contributions on provenance trials and
breeding programmes with Pinus oocarpa ScHiepe, p. 661—666 In:
Progress and problems of genetic improvement of tropical forest
trees, eds. D. G. Nikres, J. BurLey and R. D. Barnes. Commonw.
For. Inst.,, Oxford. 2 Vols., 1006 p. (1978). — Stvies, B. T., J. W.
Steap and K. J. Roreu: Studies of variation in Central American
pines putative hybridization between Pinus caribaea var. homn-
durensis and P. oocarpa II. Turrialba 32: 229—242 (1982). — VENa-~
Tor, C. R.: Memo on file at USDA For. Serv., Inst. Trop. For.,
Rio Piedras, Puerto Rico. 3 p. (1974).

Seedling Growth Variation Among Rocky Mountain Populations
of Lodgepole Pine

By M. B. Moore

N Department of Forest and Wood Sciences,
Colorado State University, Fort Collins
Colorado 80523, USA

(Received 16th March 1984)

Summary

One-hundred fifty-three lodgepole pine trees (Pinus con-
torta var. latifolia) from 34 natural populations represen-
tative of the latitudinal and elevational range of the species
in Montana, Wyoming and Colorado supplied seedlings
for a provenance test in Colorado. Growth models were
developed for each population based on periodic height
growth through the 1982 growing season. Results revealed
clinal latitudinal effects of seed source on growth pattern-
ing, but the effect of elevational differences was unclear.
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Progeny from southern seed sources started growth ear-
liest, had a gradual increase in growth rate, and then a
gradual decrease in growth rate to the end of the season.
Progeny from high latitude sources grew slowly at first,
had a rapid increase in growth rate at mid season, and
had the greatest overall incremental growth for the season.
No sharp distinctions between the populations were evi-
dent from the growth models. Rather, the models described
a gradual change in character along a latitudinal gradient.

Key words: geographic variation, lodgepole pine, phenology, seed-
ling growth.
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Zusammenfassung

153 Einzelbdume von Pinus contorta var. latifolia aus 34
natiirlichen Populationen, die nach Breitengrad- und Ho-
henlage fiir das Verbreitungsgebiet der Art in Montana,
Wyoming und Colorado reprisentativ sind, lieferten die
Sémlinge fiir einen Herkunftsversuch in Colorado. Fiir je-
de Population wurden auf der Basis des periodischen Hé-
henwachstums wihrend der Vegetationsperiode 1982
Wachstumsmodelle entwickelt. Die Ergebnisse zeigten, auf
den Breitengrad der Herkunft bezogen, klinale Effekte im
Wachstumsmuster; der Effekt der Hohenunterschiede war
jedoch unklar. Nachkommenschaften aus siidlichen Her-
kunftsgebieten begannen mit dem Wachstum am friihe-
sten. Sie zeigten einen graduellen Anstieg in der Wachs-
tumsrate und dann zum Ende der Vegetationsperiode hin
einen graduellen Riickgang der Wachstumsrate. Nachkom-
menschaften von Herkiinften héherer geographischer Brei-
te wuchsen zunéchst langsam, wiesen jedoch zur Mitte der
Vegetationsperiode hin einen rapiden Anstieg in der
Wachstumsrate auf und hatten den gréBten Gesamtzu-
wachs in der Vegetationszeit. Zwischen den Populationen
war keine scharfe Unterscheidung bei den Wachstumsmo-
dellen zu erkennen. Die Modelle beschrieben vielmehr ei-
nen graduellen Wechsel der Merkmale entlang eines auf
den Breitengrad bezogenen Gradienten.

Introduction

Lodgepole pine (Pinus contorta Douc.) has one of the
widest ranges of any coniferous tree species in North
America. The species’ natural distribution spans 32° of
latitude, from 31° North in the southern Sierra Nevada
mountains to 63° North in the Yukon, and it grows from
sea level on the Pacific coast to 3350 meters elevation in
the Colorado Rockies (CrircurieLp, 1980; CrircurieLp and
LitTLE, 1966). Studies of geographic variation in morphology
and growth-related traits suggest that sufficient differen-
tiation has occurred to enable recognition of several sub-
specific divisions of lodgepole pine (CrircurieLp, 1980). Of
these divisions, the Rocky Mountain-Intermountain race
(P. contorta var. latifolia Encewm.) is the most widely
distributed and is found in most western North American
mountains. ]

Provenance variation studies with lodgepole pine of
Rocky Mountain origin have emphasized Canadian and
northern United States populations. Many of these past
studies have revealed clinal variation along latitudinal and
elevational gradients for traits related to growth and phe-
nology (IrLingwortH, 1975; RedreLpr and Wycorr, 1981; SweeT
and WariNG, 1968). In British Columbia, provenance rese-
arch shows that seed sources from low elevations and low
latitudes grow for a longer period of time than high ele-
vation and high latitude seed sources (ILLingworTH, 1975).
CanNELL’S (1974) analysis shows that leader growth of lod-
gepole pine often decreases with an increase in the origin
of seed source’s latitude or elevation. This trend reflects
adaptive differences in the several shoot and needle
meristems responsible for such growth. RenreLpr and Wy-
corr’s greenhouse study (1981) of growth periodicity in
northern Rocky Mountain populations of lodgepole pine
concludes that, compared to seedlings from higher eleva-
tion provenances, those from lower elevation populations
elongate more, cease elongation later, and produce greater
shoot growth per day during the period of greatest growth
rate.

Many past studies show a great deal of interpopulation
variation in growth-related traits of lodgepole pine. This
is not unexpected for a species of such extensive latitudinal

range (Vaartaja, 1959). But, few studies have included pro-
venances representative of lodgepole pine distribution in
the central Rocky Mountains. The current study reports
on provenance variation in seedling terminal shoot growth
in a plantation of three-year-old trees. The provenances
included in the study represent the latitudinal and eleva-
tional ranges of lodgepole pine in Montana, Wyoming, and
Colorado.

Materials and Methods

In the late summer and early autumn of 1979, I selected
153 individual trees from 34 natural populations for inclu-
sion in a study of the geographic variation of lodgepole
pine in the central Rocky Mountains (Moorg, 1981). To
adequately represent the variability of lodgepole pine in
this region, population sampling occurred along latitudinal
and elevational gradients. From La Veta Pass, Colorado
north to Marias Pass, Montana, I collected several groups
of population samples with the groups separated by
roughly one degree of latitude. Up to three population
samples appeared in each group, and the samples repre-
sented the low, mid, and high elevation where lodgepole
pine occurred in a given area. Five trees normally made
up an individual population sample (Figure 1).

In the spring of 1980 I greenhouse-sowed seed from each
of the 153 single-tree collections. The resulting seedlings
were transferred to lathehouse conditions that summer
and remained there until outplanting in spring of 1981.

The study site is in the Colorado State Forest approxi-
mately three miles northeast of Gould, Colorado. This
location corresponds to 106° 00’ W longitude, 40° 34’ N lati-
tude, at an elevation of 2868 meters. The plantation site is
characterized by summer temperatures of 5°C to 18°C
and winter temperatures of —3°C to 1°C with about 56

"em annual precipitation. The soils in the area are predo-

minantly light-colored, well-drained, acidic, Gray Wooded
soils (Jounson and CLINE, 1965).

The plantation consists of a completely randomized
block with three replications of wind-pollinated progeny
for each seed parent. Some mortality did occur after plant-
ing (summer, 1981), and replacement seedlings were estab-
lished as available. No further replacement planting oc-
curred after the 1981 growing season.

Height measurements began on June 30, 1982 and con-
tinued on a generally weekly basis throughout the growing
season. The height data provided the basis for develop-
ment of growth models for each of the 34 natural popu-
lations represented in the plantation. The basic regression
model which describes growth over a growing season is
(ReureLpT and Wycorr, 1981):

LN (1/Y-1) = —a + b(c/X),
where
Y = amount of growth at a given time relative to the
total amount of growth in the season.
X = time period; days after January 1, 1982
a, b, and ¢ = coefficient for regression.

The major question addressed by this study is whether
or not a difference exists among the 34 populations on the
basis of the growth models. Analyses of variance provide
some insight into the question, and multiple linear re-
gression techniques reveal how much of the variability in
seedling growth the latitude and elevation of the parent
tree seed sources might explain.
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Figure 1. — Location of the 34 natural population samples and of the provenance test plan-
tation site. .

Results

Total terminal shoot growth ranged from 2.3—6.6 cm
for populations 19 and 22, with a mean value over all
populations of 4.4 cm (Table 1). Given the range of 4.6 cm
in the amount of growth attained by the progeny of the
34 populations, analyses of variance do not indicate sta-
tistically significant differences among the populations on
the basis of amount of terminal shoot growth over the
growing season. Evidently, substantial variability exists
within the populations, masking between-population dif-
ferences.

Next, I developed growth models for each of the popu-
lations with the regression techniques discussed above.
Describing these models graphically revealed some inter-
esting patterns. Figures 2, 3, and 4 illustrate the modelled
growth patterns for several of the 34 populations. While
these figures typify all populations, they specifically depict
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the growth patterns of seedlings from natural populations
at several elevations in the southernmost, middle and north-
ernmost latitudes studied, respectively.

The graphs show a gradual transition from an elon-
gated, gradual “S” shape for the southerly populations to
a more distinct and abrupt “S” for the northerly sources.
In other words, southern populations start noticeable ter-
minal shoot growth early in the season, slowly increase
their growth rate, and slowly stop growing. The northern
sources begin noticeable shoot growth later in the season
and then rapidly increase growth before tapering off. Mid-
latitude sources fall somewhere in between. Furthermore,
it seems the populations begin to decrease their growth
rates at about the same time, regardless of the total
amount of growth. No consistent pattern related to eleva-
tion of seed sources within similar latitudinal locations is
evident.



Table 1. — Mean total shoot elongation for the 34 populations of
’ lodgepole pine.

Total
Population Latitude Longitude Elevation Mean
Increment
{°North) {°West) {Meters) (CM)
1 40.6 105.4 2378 5.2
2 40.6 105.5 2588 3.9
3 37.6 105.2 2805 5.1
4 38.4 105.4 2744 4.0
5 38.5 105.4 3049 5.3
6 38.5 106.3 3338 4.5
7 38.8 106.3 3003 3.8
8 38.8 106.4 3079 4.1
9 38.8 106.4 3506 3.7
10 39.4 106.3 3178 4.3
11 39.4 106.3 3201 4.3
12 39.5 106.4 2652 3.5
13 40.3 106.1 2652 4.1
14 40.4 106.1 2835 5.3
15 40.4 106.1 2683 4.6
16 40.6 105.5 2805 4.0
17 46.8 110.8 1875 4.7
18 46.8 110.7 2165 4.5
19 47.0 110.8 1561 2.3
20 48.3 113.4 1555 4.7
21 48.3 113.4 1524 5.0
22 46.7 114.5 1372 6.6
23 45.7 114.0 2134 4.0
24 45.7 114.0 2210 5.3
25 45.7 113.9 1951 4.8
26 45.4 111.2 1783 5.4
27 44.8 111.2 2012 4.1
28 44.9 111.4 2287 4.7
29 44.8 107.4 2287 4.0
30 44.8 107.5 2591 2.9
31 42.7 108.9 2439 4.7
32 42.7 108.9 2591 3.4
33 42.7 108.9 2920 6.2
34 42.6 108.8 2668 3.7
Plantation Mean 4.4
Standard Deviation 3.0

To test whether or not the latitudes and elevations of
the populations could explain the variation in amount of
growth between the several measurement dates, I’ per-
formed multiple regression analyses (Table 2). The mul-
tiple regression correlation*cvoefficients suggest that very
little of the variability in the amount of growth between
measurements, as well as the amount of growth for the
entire season, is explained by the model including latitude
and elevation as independent variables. However, the re-
gression of latitude and elevation on seedling growth is
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Figure 2, — Graphical representations of growth models of south-

ern Colorado populations. R* values for this and subsequent fig-

ures indicate the percentage of variability in growth measure-
ments explained by the model for any given population.
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Figure 3. — Graphical representations of growth models of south-
ern Wyoming populations.
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Figure 4. — Graphical representations of growth models of north-
ern Montana populations.

Table 2. — Regression analysis relating amount of incremental
shoot growth between measurement dates to the independent
variables of latitude and elevation of seed source origin.

Growth Mean Regression Coefficients

Period Re?po?se Constant Latitude Elevation R2
o4

1/1/82~

6/30/82 0.6 3.06 -0.059 0.00002 0.01

6/30/82-

7/6/82 0.2 2.96 -0.038 -0.00046 0.02*

7/6/82-

7/13/82 0.5 3.85 -0.054 -0.00044 0.01

7/13/82-

7/20/82 0.5 2.11 -0.024 -0.00023 0.01

7/20/82~

7/27/82 0.2 0.13 0.007 -0.00008 0.01

7/27/82-

8/17/82 0.3 -3.03 0.060 0.00033 0.01

Season 4.4 11.07 -0.107 -0.00085 0.01

significant (P < 0.05) between June 30 and July 6, the
period between the first two measurements of the growing
season. Evidently, for the progeny of the Gould plantation
during the 1982 season, latitude and elevation of the parent
seed source differentially affected growth only early in the
season.
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Discussion

Experiments can show that seedlings from provenances
of varying geographic origin often display characteristic
patterns of shoot growth when grown under common en-
vironmental conditions (Dormuing, 1979; Renrept and
Wrycorr, 1981; SorenseN, 1979). However, what is not always
easy to show is that such differences reflect genetically
based adaptations to, presumably, the environment of the
parent seed source origin. In fact, the analysis of vari-
ation in growth-related traits of some species may indicate
that adaptive differentiation into distinct populations may
not be as successful a strategy as phenotypic (including
phenological) plasticity (RenreLpt, 1979). Nevertheless, evi-
dence from past studies supports the view that tree popu-
lations develop adaptations that synchronize phenology
with the annual environmental changes determining
growth season characteristics (HesLor-HARrisoN, 1964).

Temperature and photoperiod are two critical factors
associated with annual cycles which probably exert strong
selective pressure on tree populations (CampseLL and SoREN-
seN, 1978). While photoperiod differences between seed
source origins included in the present study can be envi-
sioned to change gradually from north to south, the tempe-
rature factor could vary dramatically over short distances.
In general, as one goes higher in elevation in the central
Rockies, temperatures decrease. But the abrupt topography
of this area can create a myriad of micro-climates that
can mask the general trend.

Other environmental factors which can change dramati-
cally over short distances in the Rocky Mountains include:
soil moisture and temperature; precipitation types, timing,
and amounts; and precipitation/evaporation ratios. In
light of the changeable and often unpredictable conditions
associated with elevational changes in the central Rockies,
the lack of a discernable trend in differential growth of
the seedlings in this study related to the elevation of the
seedling’s origin is not entirely unexpected. Another study,
however, implicates elevation of seed origin as a good pre-
dictor of seedling growth periodicity (RenreLpT and WYCOFE,
1981).

The analyses used in this study do not support the case
for significant differences in growth between populations
of lodgepole pine from different latitudes when planted
in a common plantation about midway between the ex-
tremes of the sampled latitudinal range. But, a gradual
change in the shape of growth models typifying the popu-
lations is evident. This change suggests clinal variation in
growth in a latitudinal context. Furthermore, the generali-
zations that southern seed sources, when compared to
northern sources of the same species, grow faster, break
bud later in the spring, and grow later into the fall
(WricHT, 1976) are not substantiated here.
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Overall, a great deal of variation in growth characteris-
tics is seen for the seedlings of the Gould plantation. Very
little of that variation can be explained by the latitude or
elevation of seed source origin, alone. However, the lack
of great differences among the populations may be an in-
dication of phenotypic plasticity of lodgepole pine. Such
plasticity would be of adaptive value in the heterogeneous
environments of the species’ range in the central Rocky
Mountains. )

Subsequent evaluations of the trees at Gould, as well as
other plantings of similar material, should help to quan-
titatively and qualitatively characterize the genetic struc-
ture of lodgepole pine in the central Rocky Mountains, and
allow for more informed management decisions concerning
the growth of lodgepole pine in this region.
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