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Patterns of variation in bud-burst timing among populations in several
Pinus species

By K. C. STEINER!)

(Received July / November 1979)

Summary

Intraspecific variation in bud-burst timing was studied
in range-wide provenance tests of eight north-temperate
Pinus species: P. banksiana Lawms., the P. flexilis James -
P. strobiformis ENceiM. complex, P. nigra AgrnoLp, P.
ponderosa Laws., P. resinosa Air., P. strobus L., P. syl-
vestris L., and P. virginiana M. Only in P. resinosa
were differences among populations statistically non sig-
nificant In all others, variation followed strong geograph-
ic patterns, as shown by the fact that regressions of po-
pulation means in each species on polynomial functions
of latitude and longitude of origin accounted for 69 to 88
percent of total variation.

Variation patterns were similar in all species when in-
terpreted in general terms of the effects of latitude and
proximity to oceans on climate. Populations from north-
ern and continental regions were earlier to burst bud than
populations from southern and coastal regions. The ten-
dency for populations in the direction of coasts to burst
bud late for their latitudes occurred farther inland on
west sides of continents, where prevailing winds move
from the ocean to the continent. Furthermore, this tend-
ency was strongest in Europe, where prevailing winds
are unimpeded by major north-south mountain ranges.
Most of the pronounced departures from major trends
were consistent with more local climatic anomalies caused
by factors other than latitude or proximity to oceans.

There was a close correspondence between variation
patterns in all species (except P. resinosa) and January
mean temperature isotherms over the species’ ranges.
Similarly, consistently high correlations in all species were
obtained between bud-burst timing and January through
March mean temperatures measured near population
origins, but not between bud-burst timing and spring and
summer temperatures or variables related to spring
frosts. Similarities among the species in their variation
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for technical assistance with computer analyses.
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patterns presumably indicate similarity in adaptive re-
sponse to environmental gradients. Other species in other
genera have variation patterns in budburst timing that
differ from those observed here in minor or major re-
spects. This is to be expected, since closely related species
should adapt to environmental gradients in manners more
similar than distantly related species.
Key words: phenology, adaptive variation, provenance testing trend
surface analysis, Pinus banksiana, P. flexilis, P. nigra,
P. ponderosa, P. resinosa, P. strobus, P. strobiformis,
P, sylvestris, P. virginiana.

Zusammenfassung

In weitgestreuten Provenienversuchen wurde an 8 Kie-
fernarten der nérdlich gemiBigten Zone die intraspezifi-
sche Variation im. zeitlichen Austriebsverhalten unter-
sucht. Es handelte sich dabei um: P.banksiana LaMs.,
den P. flexilis James-P. strobiformis Encem. Komplex, P.
nigra ArnNoLD, P.ponderosa Laws., P.resinosa Airr., P.
strobus L., P.sylvestris L., und P.virginiana MiL. Nur
bei P. resinosa waren die Unterschiede zwischen den Pop-
ulationen statistisch nicht signifikant. Bei allen anderen
Arten war eine groBe geographische Variation festzustel-
len, was durch die Tatsache belegt wird, daB3 in jeder Art
die Regression auf polynome Funktionen von georgra-
phischer Linge und Breite der Herkunft mit 69—88%o
der Gesamtvariation zu erkldren waren.

Durch den EinfluB von Breitengrad und Meeresnédhe
auf das Klima waren die Variationsmuster bei allen Ar-
ten #hnlich. Populationen aus nordlichen und kontinen-
talen Regionen trieben frither aus, als Populationen aus
siidlichen und Kiistengebieten. Die Tendenz der kiisten-
nahen Populationen zum spédten Knospenaufbruch setzt
sich weiter ins Binnenland, bis in westliche Teile des
Kontinents fort, da sich die vorherrschenden Winde vom
Meer her auf den Kontinent zubewegen. Am deutlichsten
wird diese Tendenz in Europa, wo die Winde durch keine
groBeren, in Nord-Siid-Richtung verlaufenden Gebirge
aufgehalten werden. Die meisten der wichtigen Abwei-
chungen von diesen Trends gehen mit lokalen klimati-
schen Anomalien einher, werden also durch andere Fak-
toren als geographische Breite oder Meeresndhe verur-
sacht.

Bei allen Arten (auBer bei P. resinosa) besteht eine enge
Verbindung zwischen dem Variationsmuster und den Ja-
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nuar-Isothermen im Verbreitungsgebiet der Arten. Ge-
nauso ergab sich eine libereinstimmend hohe Korrelation
zwischen dem zeitlichen Austriebsverhalten und den von
Januar bis Mirz in der Nidhe der Herkunftsorte gemes-
senen Temperaturen. Es waren aber Kkeine Beziehung
zwischen dem Zeitpunkt des Austriebes und den Frih-
lings- und Sommertemperaturen oder Unterschiede im
Zusammenhang mit Spétfrosten feststellbar. Ahnlichkei-
ten im Variationsmuster der Arten deuten moglicherwei-
se auf eine dhnliche Anpassungsfihigkeit an Umweltfak-
toren hin. Andere Arten in anderen Gattungen haben Va-
riationsmuster, die sich von den hier beobachteten mehr
oder weniger stark unterscheiden. Dies war auch zu er-
warten, da miteinander verwandte Arten sich eher gleich-
artig an eine Umwelt anpassen, als entfernt oder nicht
verwandte.

Introduction

The primary objective in provenance research is usual-
ly to identify populations that yield well-adapted proge-
nies with maximum productivity. To attain this objective,
as suggested by Carranam (1964), provenance research
programs should include studies of adaptive variation and
the relationships between this variation and environ-
mental influences. Knowledge of the probable cause of
existing genetic variation patterns is useful in under-
standing the consequences of manipulating variation to
increase wood production. It is for this reason that much
of what is known about adaptive variation in plants
comes directly from provenance research in forestry.

Thorough comparisons of the geographic variation pat-
terns of different species have been made only infre-
quently, but this approach to interpreting adaptive vari-
ation has potential utility. For example, WricHT (1972)
was able to give a more plausible explanation for genetic
divergence within five tree species occupying both pen-
insulas of Michigan than if the divergence had been noted
in only one species. Similarly, Kunc and WricHT's (1972)
interpretations of variation patterns in Rocky Mountain
species were made much more credible by simultaneous
consideration of four sympatric species. Precise methods
of adaptation to environmental variations probably differ
among species, but gross similarities in geographic vari-
ation patterns suggest that the adaptive strategies of some
species must be very similar (McMiLLaN 1965).

Among economically important traits, bud-burst timing
is a good candidate for genecological research because it
has obvious adaptive significance and is probably under
at least moderately strong selective pressure from clima-
tic factors. The study described here is a comparison of
variation patterns in bud-burst timing among range-wide
populations of several north-temperate species of pine.

The principal objective was to assess the degree of con-
cordance between patterns of different species by simul-
taneously considering the relationships of all patterns to
climatic factors of presumed significance in natural se-
lection. Eight species were studied: jack pine (Pinus bank-
siana Lawms.), the limber pine (P. flexilis James) - border
pine (P. strobiformis ENcewm. = P. flexilis var. reflexa
ENGELM.) complex, European black pine (P.nigra ArNOLD),
ponderosa pine (P. ponderosa Laws.), red pine (P. resinosa
Arr.), eastern white pine (P.strobus L.) Scotch pine (P.
sylvestris L.), and Virginia pine (P. virginiana MiLvr.).

Materials and Methods

Data for this study came from provenance plantations
located at W. K. Kellogg Experimental Forest near Battle
Creek, Michigan. In general, each provenance in these
plantings is represented by seed collected from five to
ten average-sized trees within 1 km. of one another in a
natural population of the species. All parts of the ranges
of most species are well represented by population sam-
ples in these plantations. Most notable is a lack of Scotch
pine populations from its Asian range. Table 1 gives some
details regarding the plantations, all of which follow ran-
domized complete block designs. Further information re-
garding the origin of some of these provenance tests may
be found in the following articles: jack pine—CANAVERA
and Wricnt (1973), limber pine—WricHT et al. (1971), Euro-
pean black pine—Wricut and BuiL (1962), ponderosa pine
—WEeLLs (1964), red pine—WRriGHT et al. (1972), eastern white
pine—Genys et al. (1978), =nd Scotch pine—Wricnt and BuLL.
(1963).

Relative time of bud bursting was estimated spring 1973
by scoring trees shortly after growth initiation according
to the degree their needles protruded beyond the fascicle
sheaths. Each species’ plantation was measured in one day
(Table 1) at a time when new needles on some trees had
not yet emerged from fascicle sheats while those on oth-
ers extended 2 cm. or more beyond fascicle sheaths. For a
typical species, the scoring system was 1 = fascicle sheaths
unbroken and 5 = needles 2.5 cm. longer than fascicle
sheats, with intermediate scores corresponding to appro-
priate degrees of development. Depending upon species,
4 to 6 bud-burst grades were distinguished. Since plot
means were used as data elements, this gave effective
measurement scales of 6 to 21 points for analyses of vari-
ance, depending upon original scale and number of trees
per plot. After analyses of variance were performed, prov-
enance means were linearly transformed for each species
to a scale of 1 = early to 10 = late. This was done to
simplify interpretations when considering many species
in which different numerical scales had been used origi-
nally.

Table 1. — Details of the research plantations at Kellogg Experimental Forest in southern
Michigan in which relative time of bud bursting was measured in 1973.

Age Number Number of
Date of of Number of of trees populations
Species measurement trees replicates per plot represented Origin of experiment
(years)
Pinus banksiana May 28 9 3 4 92 Canadian Forestry Service
Pinus flexilis June 4 12 20 1 48 Michigan State University
Pinus nigra June 5 14 10 4 27 Michigan State University
Pinus ponderosa May 26 13 7 6 54 Michigan State Universitya
Pinus resinosa June 1 13 5 4 63 Michigan State University
Pinus strobus June 6 9 5 4 86 University of Maryland
Pinus sylvestris June 2 14 6 4 108 Michigan State University
Pinus virginiana June 3 16 10 4 19 University of Maryland

a In cooperation with the U. S. Forest Service.
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Figures 1 - 5. — Relative times of bud bursting of natural populations of Pinus species measured in lower Michigan plan-

tations. Shaded intervals represent trend surfaces that are least-squares fits to population means (circeled numbers).

Means plotted outside species’ ranges indicate isolated but natural populations. More darkly shaded intervals and higher

means represent later bud bursting. Figure 1. — P. banksiana, Figure 2. — P. ponderosa, Figure 3. — P. flexilis/P. strobifor-
mis, Figure 4. — P. strobus, Figure 5. — P. virginiana.
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A common approach in the study of geographic variation
patterns is to calculate correlations or simple linear re-
gressions between observed values and latitudes or longi-
tudes of origin. This approach was elaborated upon in the
present study by regressing mean bud-burst values for
all populations in a species on a polynomial function of
X and Y, Cartesian coordinate analogues of longitude and
latitude of origin, respectively. The resulting polynomial
for each species described an imaginary, curved surface
that is a least squares fit to observed population values
plotted (on a third, vertical axis) at population origins on
a two-dimensional range map of the species. Second-or-
der or third-order equations were sufficiently complex to
describe the variation in all species; higher order equa-
tions gave little improvement in fit.

To represent the trend surface of each species on a
two-dimensional map, predicted values at all points with-
in the range were divided into either 4 or 5 classes and the
corresponding ,contour intervals“ on the map were dis-
tinguished by different intensities of shading. Observed
population means, rounded to the nearest unit, were then
plotted at their respective geographic origins. Trend sur-
face analyses thus provided a graphical representation of
patterns underlying the observed variation. No trends
were elucidated by the analysis that had not been previ-
ously identified through close inspection of the data.
However, R? values for the resulting prediction equations
provided useful measures of the extent to which variation
followed a geographic pattern, since geographically ran-
dom variation would yield R? values near zero. Differen-
ces between observed values and predicted values were
presumably caused by adaptations to very local environ-
mental conditions, sampling error in original seed collec-
tions (or genetic drift), or experimental error.

To relate order of bud bursting with variation among lo-
cal habitat climates, 10 climatic variables were examined
in three or more species each: normal mean monthly tem-
peratures for January through July, mean date of the last
spring frost, average length of the growing season (days

with a mean temperature of a least 5.6°C), and average
portion of the growing season (expressed in days) that
occurs before the last frost. Data for these variables from
stations within approximately 50 km. (depending on lo-
cal climatic variability) of the population origins were
extracted from A.E.S. (1973), Houist (1963), various publi-
cations by the U.S. National Oceanic and Atmospheric
Administration (Asheville, North Carolina), WERNSTEDT
(1972), and several minor sources. Growing season data
were not determined directly, but were estimated from
the annual progression of monthly normals. European
black pine was not considered in this part of the study
because reliable climatic data were not available. Several
populations of the other species also had to be eliminated
from consideration because no climatic stations were lo-
cated nearby.

In addition to the above variables, the standard devia-
tion of the date of the last spring frost was estimated for
provenances of jack pine. This was done by extracting
from climatic records the range of observed dates and the
number of years of observation, and then dividing the
range by the corresponding value from a table of mean
ranges of samples of varying sizes for the standard nor-
mal distribution. Temperature data were analyzed for
their relationships with bud-burst timing by multiple re-
gression, factor analysis, and simple correlation. A com-
parison of simple correlation coefficients ultimately pro-
ved to be the most useful technique for elucidating con-
cordant patterns among species. Only those results are
presented here.

Results and Discussion
Geographic Variation Patterns
Differences among populations were statistically signi-
ficant in all species except red pine. This result with red
pine is in accord with that of ReureLpT and LesTER (1966),

who found no variation in time of growth initiation among
18 populations of that species. FowLeEr (1964) and FowLir

Figure 7. — Relative times of bud bursting of natural populations of Pinus nigra measured in a lower Michigan plantation.
See Figures 1—5 for explanation.
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Table 2. — Coefficients of correlation between relative bud-burst timing and climatic and geographic

variables at population origins for several species of Pinus.2

Date of Growing seasonc

Trend last

b

Before

last frost Year Jan __ Feb

Normal mean monthly temperature for:
Mar Apr Ma Jun _ Jul

Species surface Latitude Longitude frost
P. banksiana .87 -.65 -.08‘1 -.54
P. strobus .89 -.86 .12d -.47
P. virginiana .83 -.78 .47 -.70
P. ponderosa .86 -.64 .lﬁd -—
P. flexilis® .87 -.65 -.05% -
P. sylvestris .94 -.62 -.69 -
P. nigra .92 127 -.90

d
.01 .80 JJ5 72 .76 .77 74 73 .75
.49 .78 .86 .87 .8 .85 .81 .71 .59
.50 .79 .83 .87 .83 .83 .80 .78 .64

- .49 66 .60 sz .35 .2al a? Lo

-= - .73 J2 .68 .64 .64 .67 .57

d
- - .76 .77 .80 .73 .60 .28 .17°

o climatic data available

3

apor correlations with climatic variables, coefficients connected by a line are not significantly
different from the highest at P > .85, a level thosen to compromise the probabilities of making
Type I and Type II errors in discriminating among coefficients.

DPR-values from the regression of population means on second- or third-order polynomial functions
of latitude and longitude.

CNumber of days with mean temperatures of 5.6° C or greater.
dNot significantly different from 0 at P > .95; all other coefficients statistically significant
€ Including P. strobiformis.

and Morris (1977) commented on the unusually high ge-
netic uniformity of red pine in other respects. The unifor-
mity of red pine in time of bud bursting is probably not
a function of its geographic range, as suggested by FrLINT
(1974)—populations of other species within this region dif-
fered significantly.

In the seven other species, measured differences rep-
resented a range in bud-burst timing among populations
of a least one to two weeks in the year of study. In all
these, there was a strong geographic component to vari-
ation among population means, as shown by Figures 1—7
and the fact that the trend surfaces are good fits to the
data. Based on R? values for the various species, polyno-
mial functions of latitude and longitude accounted for 69
to 88 percent of the total variation among population
means in bud-burst timing.

In most cases, trend surfaces explained substantial-
ly more of the total variation in bud-burst timing than
did simple correlations with either latitude or longitude
(Table 2). Consequently, variation patterns were generally
more complex than can be described with reference to
either latitude or longitude alone. However, population
means in all species except European black pine were
significantly correlated with latitude of origin—northern
populations burst bud earlier than southern populations.
And there was a strong tendency for deviations from this
trend to occur in regions whose climates are under the
influence of oceans—continental populations burst bud
earlier than coastal populations in the same latitude.
Thus, it is possible to describe the general features of the
patterns in terms of the two geographic factors that have
the greatest influence on world climates: latitude and
proximity to oceans.

This is most easily illustrated by the variation patterns
of North American species (Figures 1-—5). Variation in all
five was predominantly latitudinal, but three of the spe-
cies showed departures from this trend in the directions
of coasts. Departures occurred farther inland in western
than in eastern North America, as is particularly evident
in the pattern for jack pine (Figure 1). Similarly, because
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of the effect of prevailing westerly winds, the oceanic
influence on climate extends much farther inland in west-
ern than in eastern North America. Indeed, the trend sur-
faces for jack pine (Figure 1) and ponderosa pine (Figure
2) closely parallel the isotherms of a number of tempera-
ture variables that are strongly influenced by Pacific air
masses moving eastward (Kenprew 1961, VisHER 1954).

The trend surface in the western portion of the limber
pine range (Figure 3) showed a pattern similar to that for
ponderosa pine. However, the trend surface in this re-
gion was not mapped because it was based on only one pop-
ulation in California. That population was slightly later
than others directly east, but little can be confidently said
about variation in near-coastal vs. interior populations of
this species. The data for limber pine and border pine were
combined for convenience in computing the trend surface
in Figure 3. Most of the latitudinal trend in the map was
actually caused by differences between the two species.
However, less pronounced latitudinal trends were evident
in each species, as shown by the following tabulation:

Populations Mean score
Limber pine (bulk of range) 35
Limber pine (sympatric zone with border pine) 6.5
Border pine (sympatric zone with limber pine) 7.3
Border pine (bulk of range) 9.1

Thus, differences between these species are paralleled by
variation within each, as StesBINs (1950) suggested should
occur with closely related species.

Patterns of variation in eastern North America were
more strictly north to south than in western North Amer-
ica. Tendencies for populations closer to the Atlantic to
burst bud late for their latitudes occurred only when pop-
ulations very near the coast were sampled. Several late
populations of jack pine (Figure 1) from the Canadian
maritime provinces, and one late and very coastal popu-
lation of Virginia pine (Figure 5), tilted the trend surfaces
for those species. However, the one near coastal popula-
tion of eastern white pine (Figure 4) was somewhat late



for its latitude but had little effect on the overall varia-
tion pattern.

Like western North America, the climate of Europe is
also under the influence of westerlies. However, an oce-
anic influence on climate is felt much farther inland (as
far as Siberia with decreased effect) in Europe than in
North America (BieL 1944). Similarly, the tendency for
populations in the direction of the coast to burst bud la-
ter occurred much farther east in Scotch pine (Figure 6)
than in western American species. Asian populations of
Scotch pine burst significantly earlier than European po-
pulations in the same latitudes. The earliest population
in the plantation was native to Siberia, which is climati-
cally the most continental region in Eurasia.

Scotch pine in the European part of its range south of
Scandinavia showed very little variation among popula-
tions in time of bud bursting and virtually no latitudinal
trend (except, as noted later, in southeastern Europe). This
corresponds to the general character of the region’s clima-
te. Europe has no major north-south mountain ranges south
of Scandinavia that can block the eastward movement of
oceanic air masses. As a result, the climate of the region
is mild for its latitude, and north-south temperature gra-
dients are very gradual most of the year and even non-
existent in winter (Kenprew 1961). However, the British
Isles have a distinctly more maritime climate than the
continent (Rumney 1968), and Scottish populations were
significantly later to burst bud than others in the same
latitude.

European black pine (Figure 7) was unique among the
species studied (except red pine) in showing no relation-
ship between latitude of origin and time of bud bursting.
There was, however, a strong tendency for eastern popu-
lations to burst bud earlier than western populations (r
with longitude = —0.90). Again, this deviation from a lat-
itudinal trend is describable in terms of an oceanic ef-
fect on climate. Prevailing winds in the Mediterranean
region are westerly or northwesterly and carry the ame-
liorating influence of the Atlantic eastward to approxi-
mately the longitude of Yugoslavia. East of this longi-
tude, and corresponding with an increase in earliness of
bud bursting, winds are primarily from the north or
northeast, especially in winter, and carry air masses orig-
inating over the cold Balkan highlands and Russion
steppes (BieL 1944, KENDREW 1961).

Thus, there is a west-east gradient of increasing con-
tinentality of climate in the region, and it appears to cor-
respond with the pattern of variation in European black
pine. This climatic gradient is particularly true of win-
ter temperatures. Mild, ,,mediterranean“ climate is found
only on coasts and does not apply to the relatively high
elevations from which the populations of European black
pine originated. The higher mountains in Greece experi-
ence cold winters with much snow, and average winter
temperatures in the interior Balkans are lower than those
in most parts of Norway. This is also true of higher ele-
vations in Turkey and the Caucasus. Similarly, north of
the mountains on the Crimean Peninsula, where one of
the earliest of the populations originated, the climate is
typically Russian with little or no influence from the At-
lantic Ocean (BieL 1944, KENDREW 1961).

Deviations from General Trends
As the figures show, the means of individual popula-
tions often deviated from the general trends as they have

been described. However, surprisingly few deviations in-
volved two or more populations and were otherwise
strong enough to be attributable with confidence to more
than just experimental error. Most of these anomalies
appeared to follow climatic trends similar to those al-
ready discussed.

Several populations of Scotch pine in southern Europe
burst bud significantly earlier than most or all of the
numerous populations in central Europe, contradicting the
usual north-south trend. This had a noticeable effect on
the shape of the trend surface in the Balkan Peninsula
and Asia Minor (Figure 6). As already discussed with re-
spect to European black pine, relatively early bud burst-
ing in the Balkan Peninsula, Turkey, and especially the
Caucasus is reasonable because the higher elevations in
these regions have temperatures substantially lower than
those in most parts of central Europe. Two relatively ear-
ly populations of Scotch pine also occurred in Spain and
southern France. Both were native to the Pyrenees, the
coldest part of the Iberian Peninsula and the coldest area
in western Europe south of Scandinavia, other than the
Alps (SteinHAuser 1970). The earliest of the western popula-
tions of European black pine was also from the Pyrenees
(Figure 7).

The pronounced curvature of the trend surface in the
Lake States portion of the jack pine range (Figure 1) was
caused by the fact that southern Michigan populations
were significantly later (X = 9.5) than all Wisconsin pop-
ulations (X = 7.5) in the same latitude. This corresponds
with the climate of the region--winter temperatures (but
not spring and summer temperatures) are lower in Wis-
consin than in all but the northern tip of southern Michi-
gan (VIisHER 1954). Eastern white pine (Figure 4) should
presumably have followed this pattern also, but it did
not.

Both ponderosa pine (Figure 2) and limber pine (Figure
3) showed essentially random variation in the central and
northern Rocky Mountains, with little relationship with
latitude. This appears to be in agreement with the climate
of the region, although generalizations about the climate
are difficult to make because of the rough topography.
From southern Colorado and Utah northward through the
Rocky Mountains there is little or no relationship be-
tween latitude and mean temperatures (Visuer 1954). South
of there, and corresponding to a gradient in bud-burst
timing, isotherms run east and west as expected.

Despite the absence of a latitudinal trend in the bulk
of the limber pine range, there were two minor features
of the variation pattern that appeared significant. North
of southern Colorado and Utah, among the latest popu-
lations were two in southeastern Wyoming and adjacent
Nebraska (isolated from the main range in Figure 3) and
two in the northern part of the range in Alberta. All four
appeared to have an effect on the shape of the trend sur-
face. The two isolated populations were from an unusu-
ally low elevation for the species at that latitude, and an
area that is warmer than the mountains to the west in all
months. This could perhaps account for their perform-
ance. However, it is difficult to correlate the lateness of
the two nothern populations with any characteristic of
climate.

Relationships with Habitat Climates

Continentality and latitude appear to adequately des-
cribe the major features of the variation patterns ob-
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served here. In addition, the patterns of all species except
red pine are very similar when interpreted in terms of
the combined effects of these factors on climate. This
suggests a close relationship between genetic variation
and climatic variation. Furthermore, similarities among
variation patterns suggest similarities among the species
in adaptive response to environmental gradients. If the
patterns are indeed concordant, then specific climatic var-
iables should exist that are correlated with genetic vari-
ation in all species, regardless of coincidental relation-
ships of the patterns with latitude and longitude.

Climatic maps show that isotherms for January mean
temperatures fit remarkably well with the variation pat-
terns in all species. In contrast, July isotherms depart
from the patterns, especially near coasts (Anonymous
1967. STeINHAUSER 1970, VisHER 1954). This result agrees
well with the major trends in variation: north-early,
south-late; interior-early, coastal-late. Coastal areas have
climates resembling those of southern areas only in win-
ter; in summer they are not warm for their latitudes and
even tend to resemble northern areas in being rather cool.
For example, Scotland is as warm or warmer than most
parts of central Europe in January, but it’s as cool as most
parts of Norway in July. The parts of California where
most of the late, western populations of ponderosa pine
originated are as warm as Arizona and New Mexico in
winter; but have temperatures very similar to those in
the central and northern Rocky Mountains in summer.

Similarly, the highest, or nearly the highest, correla-
tions between bud-burst timing and climatic variables in
each species were obtained with normal monthly mean
temperatures in winter (Table 2). Nearly all correlations
with climatic variables were statistically significant, and
most were larger than correlations with latitude or longi-
tude in each species. However, there was a tendency in
most species for correlations with spring and summer
temperatures, and variables related to spring frost, to be
either nonsignificant or significantly smaller (P>.85) than
correlations with January through March temperatures.
Correlations with length of the growing season (calcula-
ted for four species only) were almost as large or (in jack
pine) slightly larger than most correlations with winter
temperatures. However, this was expected because grow-
ing season data were originally estimated from monthly
normals.

Although climatic data were not available for Euro-
pean black pine populations, there is reason to believe that
variation in this species also is more strongly associated
with winter temperatures than summer temperatures. As
discussed above, variation in European black pine paral-
leled a west-east increase in continentality over the Med-
iterranean region. This climatic gradient is pronounced
in winter, when temperatures decrease eastward because
of the increasing influence of Eurasian continental air
masses. However, in summer there is little change in
mean temperatures from west to east, and this is true
both in continental Europe and along the Mediterranean
coast (BieL 1944). Elevations of origin were similar for
all populations, so this generalization is probably true for
the native habitats as well.

VEeeN (1954), BurLey (1966), and others have suggested
that selection for late bud bursting occurs in maritime
climates because they have a long and uncertain period
of rise in spring temperatures above freezing. This expla-
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nation does not adequately account for the variation pat-
terns common to the species studied here. True maritime
climates do not extend nearly as far inland as did the de-
viations from strictly latitudinal variation in jack pine,
ponderosa pine, and Scotch pine. Furthermore, the data
suggest that this interpretation of maritime climates may
not be universally applicable.

Two variables that are measures of the rapidity of tran-
sition from frost-prone to frost-free growing conditions
are (1) the portion of the growing season that occurs be-
fore the last frost (examined in three species, Table 2)
and (2) the standard deviation of the date of the last frost
(examined in jack pine only). None of the four correla-
tions between bud-burst timing and these variables was
very high, and correlations between both variables and
bud bursting in jack pine were near zero (r = 0.01 and
0.03, respectively). In the jack pine data, which showed
a strong tendency for maritime populations to burst bud
late, I could find no evidence that maritime climates
(Prince Edward Island and southwestern New Bruns-
wick) actually do have a longer period of late frosts
than continental climates (Manitoba and Saskatchewan).
Although maritime habitats experience mild tempera-
tures considerably before the danger of frost is past, very
warm weather, permitting rapid heat accumulation and
vegetative growth, frequently precedes the last frost in
continental areas.

Correlations between bud-burst timing and date of the
last spring frost were statistically significant in all three
species in which they were calculated (Table 2). However,
this variable did not account for more than half of the
variation in bud-burst timing in any species. It is unlike-
ly that spring frosts play more than a minor role in se-
lection for bud-burst timing in the pines. In contrast to
some other conifers, visible late-frost injury on pines is
rare, even when they are planted outside their native
habitats. Furthermore, at least some of the species are
known to be resistant at the time of growth initiation to
temperatures considerably below freezing (DeHavrs 1977,
GLERUM 1973, MarONEK and FLINT 1974).

Bud bursting in the pines and most other woody plants
is believed to be primarily a response to rising tempera-
ture (FrinT 1974, PeErry 1971). It is therefore reasonable to
suppose that the response is adapted to the prevailing
temperature regime at the time it occurs, as for example
FryEr and Lepic (1972) apparently found with photosyn-
thesis in Abies balsamea. Thus populations native to hab-
itats with cooler growing season temperatures are ex-
pected to have a lower temperature threshold for growth
and begin growing earlier in the spring. Yearman (1966)
found that this is true in jack pine. Observed variation in
the present study generally fit this expectation, except
that correspondence with winter temperatures was better
than with temperatures at the time bud bursting actually
occurs. However, since pines are photosynthetically active
in winter, adaptive responses to temperatures during the
cold months could be more important for the processes
that culminate in bud bursting than responses in months
when temperatures are generaly favorable.

No measure of the apparent similarities among these
species in adaptive response was as consistently good as
monthly mean temperatures in winter. The patterns tend
to be dissimilar in their relationships with latitude and
longitude and in their relationships with other climatic



variables investigated, with the possible exception of
growing season length. As discussed above, winter tem-
peratures could have a direct role in natural selection
for bud-burst timing. More likely, however, winter tem-
peratures are merely good expressions, at least partly in-
direct, of a climatic gestalt to which all species except
red pine responded similarly. Winter temperatures are
correlated with many other variables, such as length of
growing season, that could also have adaptive influence
on bud-burst timing. The fact that climate is both spa-
tially and temporally continuous and variable suggests
that any evolutionary response to it must have an ex-
ceedingly complex cause. Furthermore, it is unlikely that
all populations of all species have evolved modes of bud
bursting in response to exactly the same climatic factors;
and of course temperature may not be the only aspect of
climate that is adaptively important.

Agreement with Other Studies

Results obtained at Kellogg Forest in 1973 are consist-
ent with data taken from some of the same provenance
experiments at other ages and locations (DeHayes 1977,
Reap 1971, WEeLLs 1964, YEATMAN 1966). For at least Scotch
pine, ponderosa pine, and jack pine, the major features
of the variation patterns appear to be true regardless of
the year of measurement, and regardless of whether time
of bud bursting is measured directly or indirectly, by the
method I used.

A north-early, south-late pattern of genetic variation
in bud-burst timing is common to a number of north-
temperate tree species (NIEnsTAEDT 1974). Nevertheless,
patterns of variation in species other than pines often
differ in minor or major respects from those reported
here. In Betula alleghaniensis, which has a range very
similar to that of eastern white pine, Steiner (1975) found
that southern populations burst bud later than northern
populations, but all populations from maritime areas
(Nova Scotia and southeastern Maine) burst bud earlier
than interior populations from the same latitudes. In
contrast, variation in time of bud bursting in Picea
sitchensis showed no relation to latitude of origin, but
populations nearer the Pacific Coast were later than those
away from the coast (FALKENHAGEN 1977). KRIEBEL et al.
(1976) found that variation in time of bud bursting in
Quercus rubra was geographically complex and had no
simple relationship with latitude or longtitude. Popula-
tions of Prunus serotina collected throughout the eastern
United States exhibited random variation in this trait
(Genys and Cecu 1975). The pattern of variation in
Pseudotsuga menziesii var. glauca was found by STEINER
(1979) to be virtually the opposite of the patterns in pon-
derosa pine and limber pine, even though the three spe-
cies are sympatric.

Thus, the similarities among the variation patterns in
Figures 1—7 are emphasized by their differences with
those of some other species. This is to be expected, of
course, since closely related species should adapt to en-
vironmental gradients in manners more similar than dis-
tantly related species. It is likely that very similar en-
vironmental factors are important in selection for the
same trait in species whose physiological responses to
the environment are closely related.
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Dry Matter Accumulation in Twenty Wind-Pollinated Pinus pungens
Families from Southwest Virginia

By P. P. Feret, D. WM. SMiTH and H. M. RAUSCHER?)

(Received June

Summary

Twenty wind-pollinated families of Pinus pungens
LamB. were greenhouse grown under two soil types, a
Muskingum fine sandy loam and a Groseclose silt loam.
Seedling survival and growth were significantly different
between soils and significant family effects on survival
and growth were also observed. Genotype X environment
interaction between families and soil type was also signi-
ficant. The implications of these results were discussed.

Key words: Genotype- environment interaction, seedling survival,
Muskingum, Groseclose.

Zusammenfassung

Zwanzig frei abgebliihte Familien von Pinus pungens
Lawms. wurden im Gewdichshaus auf zwei verschiedenen Bo-
dentypen angezogen: einem feinen sandigen Lehm der
Muskingum-Serie und einem tonigen Lehm der Grose-
close-Serie. Das Uberleben und Wachstum der Simlinge
auf beiden Bodentypen waren signifikant verschieden,
ebenso wurden signifikante Familieneffekte auf das Uber-
leben und das Wachstum beobachtet. Die Genotyp x Um-
welt-Interaktion zwischen Familien und Bodentypen war
auch signifikant. Die Bedeutung dieser Ergebnisse wurde
diskutiert.

Introduction

Table-Mountain pine (Pinus pungens LawMs.) is an Appa-
lachian endemic (LitTLE, 1971) usually found on extremely
droughty sites of southwesterly exposure. It often occurs
in relatively small and scattered populations; the genetic
relationship among these populations is ambiguous (FEreT,
1974).

In an attempt to understand more of the genetics of P.
pungens a greenhouse experiment was established to test
genotype-environment interaction of wind-pollinated fa-
milies grown on different soil materials. It was envisioned
the study results might provide insight into the adaptive
genetic mechanisms that permit the species to regenerate
and grow on extremely poor sites in the Appalachian
mountains of Virginia.

Material and Methods

Twenty wind-pollinated families were grown from seed
collected and kept separate by mother-tree, from 20 trees
growing on Brush Mountain in Montgomery and Craig
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Counties, Virginia. The elevational range exhibited at pa-
rent tree sites was 580—915 meters. All parent trees were
growing within a 3 km radius.

Seed was extracted from cones and germinated in repli-
cate petri dishes on filter paper. When cotyledons were
developed and primary needles just visible, seedlings were
transplanted into plastic 13 cm pots.

Two soil materials were used as a growing medium. Soil
one (1) was the A horizon from a P. pungens site on Brush
Mountain, VA. The soil is representative of the Muskin-
gum Soil Series and is classified as a fine-loamy, mixed,
mesic, Typic Dystrochrept. It is derived from fine sand-
stone and siltstone and because of the steep slope position
it is shallow and quite droughty. The natural fertility is
low (Table 1) and the mixed pine-hardwood stands that
dominate the area are of very poor quality. The second
soil material was the surface horizon from a cultivated
field in Blacksburg, Va. The soil is representative of the
Groseclose series and is classified as a clayey, mixed, me-
sic, Typic Hapludult. It is a deep, well drained soil derived
from residuum of dolomitic limestone and shale breccia.
The soil is common on broad ridges and uplands. It is
high in natural fertility (Table 1) and has been modified
by agricultural activity. Where the soil has not been di-
sturbed good forest stands of predominantly white oak are
prevalent. These two series closely represent the extre-
mes of soils that dominate in the natural range of P. pun-
gens in Southwest Virginia. Both soils were inoculated 8
weeks after seedling transplanting with 8 gm of ground
litter root mat from the P. pungens mother tree site.

Plants were grown for 8 months in a replicated design
consisting of five blocks, each with three complete repli-
cations. Each replication contained forty pots; each pot

Table 1. — Soil analysis data for soil materials
used to grow seedlings of P. pungens. Charac-
teristics for Sojl 1 (Muskingum) and Soil 2

(Groseclose).
ph 5.5 6.4
Soluble Salts (ppm) 256 269
Elemental Avail (kg/ha)
Ca0 740 2100
Mg0 151 336
P05 6 90
K0 79 202
Nitrates (ppm) 5 25
Organic Matter (%) 1.5 1.9
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