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Genotypic Differentiation at PGM in Engelmann Spruce from Wet
and Dry Sites

By J. B. MittonY), H. P. STUTZ!)?), W. S. SCHUSTER?)
and K. L. SuEAY)

(Received 18th July 1988)

Summary

Microgeographic variation of PGM allozymes was ex-
amined in 999 Engelmann spruce from 6 population samples.
Field sites were categorized as wet or dry, and genotypic
frequencies were compared between adjacent wet and dry
sites. Dry sites had higher proportions of heterozygotes than
wet sites, and the value of F at dry sites was geherally
lower than at wet sites. Comparisons of genotypic fre-

quencies between age classes suggests that PGM heterozy-

gotes have lower viability than homozygotes in wet sites.

Key words: Engelmann spruce, microgeographic differentiation,
allozymes, natural selection.

Introduction

The high levels of outcrossing and the wind pollination
common to all conifers produces the opportunity for high
levels of gene flow among populations. Radioactively-
labelled pollen has been observed to travel more than one
kilometer, and pollen traps on ships 50 or more kilometers
from shore capture conifer pollen (WOLFENBARGER, 1946).
The great distances traveled by pollen lead us to expect
relatively little geographic differentiation in conifers, and
this expectation is usually consistent with empirical re-
sults. For example, Hamrick (1983) examined modes of
reproduction and patterns of population structure in dif-
ferent groups of plants, and found relatively little dif-
ferentiation of populations in conifers. Despite the expec-
tation of little differentiation among populations of coni-
fers, biologists have found microgeographic differentiation
among stands differing in elevation, aspect, or moisture

1) Department of Environmental, Population, and Organismic Bio-
logy, University of Colorado, Boulder, Colorado 80309, USA

) Swiss Federal Institute of Forestry Research, Birmensdorf, Swit-
zerland

3) Department of Biology, St. Olaf College, Northfield, Minnesota
55057, USA

Silvae Genetica 38, 5—6 (1989)

availability. For example, white fir, Abies concolor, in the
mountains of Colorado and New Mexico is polymorphic
for female cone color. Some trees produce exclusively
green cones, while others produce exclusively purple cones.
Populations at low elevations (2000 meters to 2500 meters)
have predominantly trees bearing green cones, while the
most common trees at the upper edge of the elevational
distribution bear purple cones. Strong shifts in phenotypic
frequencies have been documented over elevational dis-
tances of 1200 meters, and lateral distances of 10 km (Stur-
ceoN and MitTon, 1980; Farris and Mirron, 1985). There are
also examples of differentiation of sites with respect to
allelic frequencies for protein polymorphisms. For ex-
ample, the peroxidase locus in ponderosa pine is differen-
tiated both along elevational gradients and between adja-
cent north- and south-facing slopes (Mitton et al., 1977;
BeckmanN and Mirron, 1984), and peroxidases in both En-
gelmann spruce (Picea engelmannii) and subalpine fire
(Abies lasiocarpa) are differentiated among krummbholz,
flag and spire trees at tree line (Grant and MrrToNn, 1977).

The high potential for gene flow in conifers helps us to
identify the causes of microgeographic variation. Hetero-
geneity on a small scale that is not associated with en-
vironmental variation and is not replicable from site to
site might well be attributed to familial structure in stands
of forest trees (LiNHART ef al., 1981). However, microgeo-
graphic patterns of differentiation that are repeatedly as-
sociated with environmental variation can be attributed
to natural selection among heterogeneous environments.

This study of microgeographic variation follows com-
prehensive studies of inheritance, mating systems and
microgeographic variation in both Engelmann spruce,
(Picea engelmannii), and subalpine fir, (Abies lasiocarpa)
SHEA, 1985, 1987, 1988). Suea used six polymorphic allozyme
loci in spruce to document variation in the mating system
between sites and over years, and to reveal microgeogra-
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phic variation between a wet and a dry site. From that
array of six polymorphic loci we chose one polymorphism,
phosphoglucomutase, for its striking pattern of differen-
tiation between sites and within the life cycle. We have
expanded the studies of microgeographic variation in En-
gelmann spruce, and here we report patterns of genetic
differentiation at the phosphoglucomutase polymorphism
between wet and dry sites.

Materials and Methods

Tissues of Engelmann spruce were sampled from six
different locations within the Colorado Rocky Mountains.
At three of these sites adjacent wet and dry habitats made
it possible to compare spruce growing in contrasting en-
vironments across a relatively short distance (Figure 1I).
Two additional sites were sampled which represent spruce
in relatively dry habitats, and one other site representing
spruce in a wet habitat.

Sample Localities

Both seedlings and adult trees were sampled from ad-
jacent wet and dry sites on the south slope of Niwot Ridge
at an elevation of 2800 m (SuEea, 1985). These sites will be
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referred to as the Cabin Clearing sites and are within 30 m
of one another. The wet site has a braided stream running
through it which flows throughout the spring, summer, and
fall. The dry site is on higher ground, has a layer of need-
les and assorted litter, and a south-facing aspect. Spruce
in both of these sites is co-dominant with subalpine fir,
Abies lasiocarpa. More extensive description of the site,
extensive genetic analyses of microgeographic variation,
and quantitative mating system estimates for both Engel-
mann spruce and subalpine fir are presented in Suea (1985,
1987).

Mature Engelmann spruce were sampled from adjacent
wet and dry sites at Hidded Valley, elevation 2800 m to
2950 m, on the eastern slope of the Continental Divide in
Rocky Mountain National Park (Figure 1). The dry site
is a steep slope with a south-eastern exposure. The wet
site contains a marsh, a braided stream and a complex cf
beaver dams. These sites are approximately 30 m apart.
Trees with diameters at breast height exceeding 20 cm
were categorized as large, while all other trees (3 cm to
20 cm diameter at breast height) were listed as small.

Mature Engelmann spruce were sampled in Rocky Moun-
tain National Park on the western slope of the Continental
Divide, at an elevation of 2750 m to 2900 m, near the head-
waters of the Colorado River (Figure 1). We refer to this
site as Colorado Headwaters. The dry site is a scree slope
covered with large boulders and lacking surface soil. The
wet site is a marsh with a system of beaver ponds below
the scree slope. The wet and dry sites are separated by
approximately 100 m. Once again, trees at these sites were
designated either large (> 20 cm diameter at breast height)
or small.

A set of mature trees was sampled on Niwot Ridge in a
relatively larger geographic area west of the mountain
research station on Niwot Ridge, and will be referred to as
MRS Camp. These trees were not sampled randomly, but
were chosen for large size in comparison to the trees
around them. The majority of these trees are in very wet
microsites, either in swampy areas or at the edges' of
streams.

A sample of mature trees was taken near tree line on
the south slope of Niwot Ridge. One portion of these trees,
labeled Tundra, were krummholz or elfinwood trees,
growing above tree line. Another sample, labeled Snow
Trail, was taken approximately 200 m below tree line and
just over 1 km away, and these were all of the normal
spire form typical of subalpine forests. Tundra and Snow
Trail are steep or well-drained sites, generally at the dry
end of the range of sites occupied by Engelmann spruce.

Sample Preparation and Electrophoresis

PGM genotypes were observed either in undifferentiated
tissue dissected from dormant buds or from mature leaf
tissue ground in liquid nitrogen and mixed with a grind-
ing solution (Mirton et al., 1979). Homogenates from either
buds or needles were stored at —70°C for several days
before electrophoresis. Material from buds and needle tis-
sues give identical results, but buds are available only
from October through March.

The PGM scored here is the PGM-1 of Suea (1985, 1988).
This locus segregates 1 rare and 2 common alleles, and
segregation of alleles in haploid megagametophytes in
heterozygous trees fits Mendelian expectations (SHea, 1988).



Statistics

Heterogeneity of allelic frequencies was tested by the
method of Workman and Niswanper (1970). The fit of ob-
served to expected frequencies under the assumptions of
the Hardy-Weinberg law were tested with a Chi-square
test. F, the inbreeding coefficient, was calculated as
observed heterozygosity

expected hetrozygosity
The standard error of F is the square root of the variance
of F, calculated as in Brown (1970). Heterogeneity of geno-
typic proportions was tested with a test of equality of
proportions (Zar, 1984, pp. 395—397).

F=1-—

Results

The PGM polymorphism segregates two common alleles
and one rare allele. The rare, fastest-migrating allele does
not exceed 0.01 in any of the population samples examined
here, and it is not present in all of them. To simplify the
analyses of the data, the rare allele has been pooled with
allele 2, which has the most similar electrophoretic mobi-
lity.

Allelic frequencies do net differ between krummholz
trees and the normal spire-shaped trees typical of the
subalpine forest. The frequency of the 2 allele is 0.53 in a
sample of krummholz trees at Tundra, and 0.52 in a ran-
dom sample of spire trees taken about 200 m below tree
line at Snow Trail. Neither allelic frequencies nor geno-
typic proportions differ between these two population
samples, so they have been pooled and are referred to as
Tree Line in subsequent analyses.

Wet and dry sites from a locality tend to have similar
allelic frequencies. The available comparisons include wet
and dry sites at Cabin Clearing, MRS Camp (wet) and Tree
Line (dry), and wet and dry sites at both Hidden Valley
and Colorado Headwaters (Figure 1). In these 4 compari-
sons, allelic frequencies differ between wet and dry sites
only at Cabin Clearing (Table 1). The frequency of the 2
allele is higher at the dry site at Cabin Clearing (P < 0.05),
but there is no hint of this pattern at other localities.

In contrast to the relative homogeneity of allelic fre-
quencies, genotypic frequencies show a reliable pattern
with moisture regime (T'able 1). In each of the comparisons,
the proportion of heterozygous genotypes (H) is higher in
the dry site than in the wet site. These contrasts are sta-

tistically significant (P < 0.05) in the comparison of MRS
Camp (H = 0.344 * 0.044) and Tree line (H = 0.512 * 0.038)
and in the comparison of the wet (H = 0.448 + 0.044) and dry
(H = 0.581 * 0.053) at Hidden Valley. This repeated pat-
tern of microgeographic differentiation is also reflected in
the pattern of F among wet and dry sites; in each com-
parison, F is greater in the wet site than in the dry site.
Once again, this pattern reaches statistical significance in
the comparison of MRS Camp (F = 0.306 * 0.088) with

Tree Line (F = —0.026 * 0.077) and in the comparison of
wet (F = 0.067 * 0.090) and dry (F = —0.216 + 0.102) sites
at Hidden Valley.

Further insight into the pattern of genotypic differen-
tiation with moisture regime can begained by comparing
individuals from separate age classes. The degree of dif-
ferentiation between wet and dry sites differs with the age
class at Cabin Clearing (Table 2, Figure 2). At both sites,
seedlings have a moderate value of F, consistent with a
small amount of inbreeding in Engelmann spruce (SHEa,
1987). While the values of F are similar in seedlings (wet
F = 0.062 * 0.127; dry F = 0.088 * 0.161), the values are
significantly different in mature trees (wet F = 0470 *
0.172; dry F = —0.020 * 0.132).

A comparison of age classes reveals a similar shift in
genotypic frequencies at Colorado Headwaters. Small and
large trees on the dry site have nearly identical values of
F. But on the wet site, there is a significant difference in
the value of F between small and large trees. Small trees
have a value of F of —0.234, but this increases to 0.004 in
the large trees (P < 0.05).

Discussion

We conclude that selection differs between wet and dry
sites in Engelmann spruce. Patterns of genotypic differen-
tiation are similar between wet and dry sites at collection
localities; in each comparison of wet and dry sites, the
proportion of heterozygous genotypes is higher, and the
inbreeding coefficient is lower in dry sites (T'able 1). Com-~
parisons of genotypic frequencies among age classes reveal-
ed similar patterns at Cabin Clearing (Figure 2) and Colo-
rado Headwaters (Table 2); in wet sites, older trees were
more homozygous than younger trees, suggesting selection
against heterozygotes in wet sites. At Hidden Valley, al-
though trees from the wet site were less heterozygous than

Table 1. — Allelic and genotypic frequencies and proportions of heterozygotes at PGM in Engelmann spruce from wet and dry

sites.

PGM Genotype

N p + SE H + SE F + SE

Site Environment 22 23 33 + + +
Cabin Clearing Wet 26 36 27 89 494 .037 404 052 .191 .104
Cabin Clearing Dry 39 44 14 97 629 .035 454 .051 .028 .102
“MRS Camp Wet 44 41 34 119 .542 .032 . 344 044 .306 .088
Tree Line Dry 46 87 37 170 .526 .027 .512 .038 -.026 .077
Hidden Valley Wet 47 56 22 125 . 600 .031 448 .044 .067 -090
Hidden Valley Dry 27 50 9 86 .605 .037 .581 .053 -.216 .102
Colorado Headwaters Wet 49 98 33 180 . 544 .026 . 544 .037 -.098 .074
Colorado Headwaters Dry 30 77 26 133 .515 »031 579 .043 -.159 .086

Note: p is the frequency of the 2 allele, H is the proportion of heterozygous genotypes, F is the inbreeding coefficient, and SE's

are standard errors.
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Table 2. — PGM genotypic frequencies in wet and dry -environments, and in trees differing in size.

PGM Genotype

Locality Type Size 22 23 33 N P + SE H + SE F + SE
Cabin Clearing wet seedlings 18 29 15 62 <524 + .045 +468 + .063 .062 + .127
wet adult 8 7 12 27 -426 + .067 +259 + .084 470 F 172
Cabin Clearing dry seedlings 19 16 5 40 <675 + .052 .400 + .077 .088 + .161
dry adult 20 28 9 57 +596 + .046 <491 + .066 -.020 E 132
Hidden Valley wet small 20 27 11 58 <578 + .046 +466 + .065 2046 + ,131
wet large 27 29 11 67  .619 ¥ .042  .433 ¥ .06l  .082 F .123
Hidden Valley dry small 18 33 5 56 <616 + .046 .589 + .066 -.246 + .124
dry large 9 17 4 30 .583 ¥ .064  .567 * .090 ~-.166 * .178
Colorado Headwaters wet small 19 47 11 77 <551 + .041 .610 + .056 -.234 + .110
wet large 30 51 22 103 .539 + .035 .495 * .049 004 + .093
Colorado Headwaters dry small 17 42 14 73 -520 + .041 «575 + .058 =+153 + 116
dry large 13 35 12 60 -508 + .046 -583 + .064  -.167 + .127

Note: see Table 1.

on the dry site (Table 1), we found no significant differen-
ces between small and large trees. Our sampling design at
Hidden Valley contrasted trees smaller and larger than
20 cm dbh. This sampling design would not detect differen-
ces if the events differentiating wet and dry sites occurred
early in the life cycle.

Small trees (< 20 cm dbh) on the dry site at Hidden Val-
ley and from both sites at Colorado Headwaters have high-
er proportions of heterozygotes than would be expected
with random outcrossing (Table 2). These excesses of
heterozygotes ‘may have been produced by selection act-
ing upon seadlings and young trees, but there are other
possibilities as well. For example, if the pollen producing
these trees originated in stands with distinctly different
allelic frequencies, seedlings would be expected to exhibit
excesses of hetrozygotes. That is, when males and females
have different allelic frequencies, their offspring will have
heterozygosity in excess of Hardy-Weinberg expectations.
This is always a possibility in a wind- pollinated species
with the potential for long-distance gene flow.

27
4 - WET
F
2 <
629 T 40
0 A ) 57
DRY
_.2 -
SEEDLINGS ADULTS
Figure 2. — The inbreding coefficient, F, in Engelmann spruce

from adjacent wet and dry collection sites at Cabin Creek, on

Niwot Ridge. Values of F are similar in seedlings, but are signi-

ficantly different in mature trees. Vertical bars indicate + 1
standard error.

220

The distances between sites at Cabin Clearing, Hidden
Valley, and Colorado headwaters are all less than 50 m,
while the distance between MRS Camp and Snow Trail is
less than 2 km. Gene flow mediated by wind-borne pol-
len is expected to prohibit genetic differentiation between
these sites. The consistent differences that we observed
were probably produced by selection.

Selection may be acting directly upon the PGM locus,
or it may be acting upon loci in linkage disequilibrium
with PGM. Although we have successfully identified sites
perceived by Engelmann spruce to be different selective
environments, the gradient which we perceive as a wet
versus dry gradient may not be the factor that is important
in determining genetic differentiation. Wet and dry sites
would also differ with respect to temperature, amount of
oxygen in the soil, and pH. Any of these variables indivi-
dually or in combination might be more important than
soil moisture in producing the observed patterns of dif-
ferentiation.

Apparently, enzyme polymorphisms such as PGM and
peroxidase in Engelmann spruce exhibit independent pat-
terns of microgeographic variation. Engelmann spruce is
strikingly differentiated across tree line for a peroxidase
locus, with allelic frequencies of 0.78, 0.51, and 0.35 in
samples of krummbholz, flag trees, and spire trees respecti-
vely (Mrrron and GranT, 1977). Peroxidases play an anti-
fungal role in many species of plants (Leurer, 1969), and
WarbpLe (1968) discussed the importance of snow molds in
the formation of the krummholz growth form in Engel-
mann spruce. These observations led Grant and MirTon
(1977) to propose that the peroxidase differentiation across
tree line was a response to selection imposed by snow
molds. In contrast to this striking pattern of differentiation,
allelic frequencies at PGM, UDPG pyrophosphorylase,
glutamate dehydrogenase, and isocitrate dehydrogenase
do not differ across tree line (Mirron, unpublished). While
the PGM locus is not differentiated across tree line, it
exhibits a pattern of microgeographic variation associated
with moisture.
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Summary

Genetic variation at allozyme loci and outcrossing rates
were estimated in three natural populations and two seed
orchards of Pinus sylvestris L. in Finland. For the seed
orchards, effective population sizes were estimated based
on male strobilus and cone production, and predictions
were made regarding levels of genetic variability and in-
breeding in the offspring generation. The seed orchard
crops had as much variation as the natural stands despite
decreased effective population sizes due to variation in the
number of ramets per clone and variation in gamete pro-
duction between clones. Multilocus estimates of outcros-
sing in natural stands (i, = 0.94) and seed orchards (i, =
0.98) were higher than have been found using single locus
methods. The level of inbreeding as measured by average
fixation indices was low both in natural stands and seed
orchards.

Key words: Pinus sylvestris, seed orchard, mating system, effec-
tive population size.

Zusammenfassung

Genetische Variabilitit wurde in zwei Samenplantagen
und drei natiirlichen Bestidnden von Pinus sylvestris stu-
diert. In den Samenplantagen wurde die effektive Popula~
tionsgréBe auf Grund der Bliihvariation geschétzt. Es gab
keine Unterschiede in der Variabilitit zwischen Samen-
plantagen und natiirlichen Bestinden mit Allozymloci ge-
messen, trotz kleiner effektiver PopulationsgrofBe, jedoch
wegen groBer Unterschiede zwischen Klonen in der Ga-
metenproduktion. Die Fremdbefruchtungsraten in natiir-
lichen Bestinden (f, = 0,94) und Samenplantagen (t, =
0,98) waren hoher mit der Multilokusmethode als mit Ein-
zellokusmethoden. Es gab auch weniger Inzuchteffekte,

Silvae Genetica 38, 5—6 (1989)

sowohl in natiirlichen Besténden als auch in Samenplanta-
gen, als dies friither gefunden worden ist.

Introduction

Many commercially important tree species are still
found primarily as natural stands and are only in the
early stages of domestication. This is also true of most of
Scots pine (Pinus sylvestris L.). For instance, in Finland
more than 80% of the extant stands have originated
through natural regeneration. At present, seedlings derived
from seed orchards are used only for a small part of the
regeneration, but the proportion is increasing. This repre-
sents a considerable change from the natural system of
reproduction. The possible dangers of reduction in genetic
variability or increases in the level of inbreeding have
been discussed frequently (e.g. FAULKNTR, 1975; Apams, 1981).

Scots pine is wind pollinated and in natural stands pro-
duces heavy flower crops. Pollen migration is considerable
(Koski, 1970), and effective population sizes are expected
to be large. Consequently Scots pine, like many other
conifers, harbors large amounts of genetic variability at
enzyme loci (MirTon, 1983; Muo~na and Szmipt, 1985; and
references therein, GuLLeerG et al., 1985). Some seed is the
result of fertilization by self-pollen (see Sarvas, 1962, for
a description of the reproductive cycle), and despite em-
bryonic mortality (see Koski, 1971), some selfs occur even
among mature seed. Using rare isozyme markers, the per-
centage of viable selfed seed in the progeny of natural
stands has been found to be low, varying between 5% and
10% (MULLER, 1977; Yazpani et al., 1985a; RupiN et al., 1986;
and references therein). In the juvenile stages of develop-
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