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Abstract. Fluctuating asymmetry (FA), or random non-directional deviations from perfect symmetry in bilaterally or radially symmetrical traits, has recently been proposed to
be a useful indicator of genetic and environmental stress. However, the factors underlying
fluctuating asymmetry, especially in plants, remain poorly understood. We sampled leaf
fluctuating asymmetry among and within three species of even-aged birch ( Betula pubescens, B. nana, and B. pendula) and their interspecific hybrids growing in common gardens
of northern Finland to determine whether hybridization and environmental stress are associated with increased developmental instability. Our predictions were that: (1) interspecific hybrids among B. pubescens, B. nana, and B. pendula would have enhanced leaf FA
compared to the parent groups because of a possible disruption of coadapted genomes; (2)
intermediates between Betula pubescens ssp. tortuosa and B. pubescens ssp. pubescens
would have a slight decrease or no difference in leaf FA compared to the parent group;
and (3) fluctuating asymmetry would increase between a low-elevation and a tree-lineelevation site, and this increase would be greater in B. pubescens, which forms the major
subarctic community below the tree line, than in B. nana, which is common above the tree
line.
As predicted, leaf FA was higher in the tree-line common garden than in the lower
elevation garden, but the amount of increase was not significantly different between B.
pubescens and B. nana. Leaf asymmetry was also higher in hybrids than in parental taxa,
and this response was fairly consistent among the three crosses. This suggests that interspecific hybridization resulted in higher developmental instability. Furthermore, in the
intraspecific studies with B. pubescens, there was no relationship between tree height (an
intraspecific hybrid index) and leaf asymmetry. Thus, these data support the ideas of Markow
(1995) that the changes in asymmetry observed from hybridization will be a function of
how closely related parental taxa are. Since leaf FA in Betula pubescens increased with
elevation and hybridization, and both are important in tree-line dynamics, FA might be a
useful indicator of stress and distributional limits in this and possibly other plant species.
Key words: Betula; developmental instability; environmental stress; Fennoscandia; fluctuating
asymmetry in leaves; hybridization; subarctic ecology.

INTRODUCTION
Fluctuating asymmetry, or random non-directional
deviations from perfect symmetry in bilateral or radially symmetrical traits, is increasingly being discussed as a potential indicator of genetic and environmental stress in animals (e.g., Leary and Allendorf
1989, Parsons 1991, Palmer 1996). Since the same
genes code for proteins in each half of symmetrical
traits, differences between halves is a measure of developmental noise, and the organism’s inability to correct for developmental noise, or developmental instability (Mather 1953, Soulé 1979, Parsons 1991, Palmer
1996). Fluctuating asymmetry (FA) is higher in some
(but far from all) inbred, environmentally stressed or
Manuscript received 25 March 1997; revised 26 June 1997;
accepted 3 October 1997.
1 Present address: Department of Biology, McGill University, 1205 Ave. Dr. Penfield, Montreal, Quebec, Canada H3A
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hybrid populations in animals (reviewed by Palmer and
Strobeck [1986], Parsons [1991], and Palmer [1996]).
Fewer studies have been conducted with plants, but
increased levels of FA have been associated with pollution (Freeman et al. 1993, Kozlov et al. 1996, Kryazheva et al. 1996), inbreeding (Sherry and Lord 1996),
and herbivory from leaf miners (Møller 1995). Freeman
et al. (1993) found that pollution led to higher leaf FA
in plants from the genera Acer, Robinia, Convolvus,
Aegopodium, Epilobium, and Fucus. Kozlov et al.
(1996) found that leaf FA in Betula pendula and B.
pubescens decreased with distance away from sources
of pollution and that the extent of increased FA was
greater around sources that produced more emissions
(also see Kryazheva et al. [1996]). However, the biological factors underlying fluctuating asymmetry, especially in plants, remain poorly understood (Freeman
et al. 1993, Markow 1995, Sherry and Lord 1996). For
example, whether heterozygosity and genomic coadaptation affect FA, and if FA is related to fitness, remains unclear (Palmer and Strobeck 1986, Markow

2092

FLUCTUATING ASYMMETRY IN BIRCH

September 1998

1995, Palmer 1996). Various potentially confounding
effects, such as antisymmetry (lack of symmetry in
normally developing leaves) and differential shading
effects have also not always been taken into account
(Palmer 1996). For example, in some species, leaves
are typically asymmetrical, and the degree of asymmetry can change with ontogeny (McLellan 1993,
1990).
One situation in which the effects of genetic stress
on FA can be assessed is in the analysis of hybrids.
Hybridization is common in plants, with a large percentage of plant species formed through hybridization
events (Grant 1981). Although researchers have shown
that hybrid zones between plant species sometimes
have increased or decreased concentrations of some
herbivorous insect and fungal species (e.g., Whitham
1989, Boecklen and Spellenberg 1990, Floate and Whitham 1993, Fritz et al. 1994, Gange 1995) and are areas
of potential speciation and evolution (Floate and Whitham 1993, Moorehead et al. 1993), little is known
about how leaf asymmetry is affected by hybridization
between plant species. Freeman et al. (1995) found
little difference in 28 asymmetry characters in hybrids
formed in a hybrid zone between two subspecies of
Artemisia tridentata.
We tested the hypotheses that hybridization and elevation stress would lead to higher FA by comparing
natural hybrids to pure birch trees, and by comparing
B. pubescens trees growing in a tree-line common garden at the very margin of its distribution to trees from
a lower elevation garden in Northern Finland. Our objectives were to test whether: (1) interspecific hybrids
among B. pubescens, B. nana and B. pendula have
enhanced FA compared to the parent groups; (2) intermediates between B. pubescens ssp. tortuosa and B.
pubescens ssp. pubescens have a difference in FA compared to the parent group, i.e., whether the effects of
hybridization on FA would depend on how closely related the parents are; and (3) FA increases between a
low-elevation and a tree-line elevation site, and if this
increase would be greater in B. pubescens, which forms
the major subarctic forest community below the tree
line, than in B. nana, which is common above the tree
line.
METHODS

Birch experimental system
Three species of birch are common in Fennoscandia:
(1) Betula pubescens, which varies from short (1–2 m)
trees with many trunks/ramets in the north (subspecies
tortuosa), to taller (.2 m) trees with fewer main trunks/
ramets in the south (subspecies pubescens), and occurs
in many parts of Europe below the tree line; (2) B.
pendula (silver birch), which occurs commonly in Finland up to 698209 N and is usually a tall, upright tree
with usually one main trunk; and (3) B. nana (dwarf
birch), which is restricted to moist soils (e.g., bogs) in
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the south, but is much more common in the northern
part of Fennoscandia and especially above the tree line;
it is characterized as being a short, prostrate shrub with
many ramets/trunks (Kallio and Mäkinen 1978). In central Europe and southern Fennoscandia, an efficient incompatibility system and differences in timing of flowering prevent frequent hybridization between species,
but in northern Europe, this incompatibility system
breaks down, and hybridization is common (Elkington
1968, Kallio et al. 1983, Erikkson and Jonsson 1986).
Crosses between B. nana and B. pendula, which both
have 28 chromosomes, occur in both directions, whereas crosses between B. pubescens (56 chromosomes) and
the other two species occurs mostly from pollination
by B. pubescens (Kallio et al. 1983, Erikkson and Jonsson 1986). Interspecific hybrids between B. pubescens
and the other two species have 42 chromosomes (Anamthawat-Jonsson and Tomasson 1990). Introgressive
hybridization between B. pubescens and B. nana is especially common in northern Fennoscandia and is
thought to be responsible for the subspecies tortuosa
(Elkington 1968, Kallio et al. 1983, Anamthawat-Jonsson and Tomasson 1990).

Experimental design and data analysis
Trees were sampled from two common gardens belonging to the University of Turku at the Kevo Research
Institute in northern Finland. Common-garden birches
were established by planting nursery-reared, 2-yr-old
seedlings evenly spaced (1 m apart) into natural soil
in 1976–1978, 18–20 yr before our sampling in the
summer of 1996. The tree-line garden is at the line
between birch forests and tundra (280 m above sea level
[a.s.l.]); the lower garden is located in the mountainbirch forest zone (100 m a.s.l.).
For the interspecific hybridization experiment, measurements were made on trees from the lower common
garden. We made measurements on 12 trees (3 randomly selected trees from each of 4 half-sib families)
for each of the following groups: (1) pure Betula pendula, (2) B. pendula 3 B. nana, (3) pure B. nana, (4)
B. nana 3 B. pubescens, (5) pure B. pubescens, and
(6) B. pendula 3 B. pubescens. The F1 status of hybrids
has been verified by chromosome counts (M. Sulkinoja,
unpublished data), and in most cases F1 hybrids are
readily distinguished by leaf morphology (Fig. 1), and
especially by color. The hybrid groups represent the
most common form of interspecific hybridization found
in these birch species (Kallio et al. 1983, AnamthawatJonsson and Tomasson 1990). Trees were from seeds
from open-pollinated parent trees from several origins:
B. pubescens, B. nana, and hybrids were from around
Kevo, near Utsjoki, Finland (698459), and B. pendula
pure parents and hybrids from near Inari (69 819–119
N).
Birches have two types of shoots: short shoots, which
flush early in the spring and expand with resources from
the previous year, and long shoots, which extend from
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FIG. 1. Representative leaves from the following Betula
taxa: (a) B. nana, (b) B. pendula 3 nana, (c) B. pendula, (d)
B. pendula 3 pubescens, (e) B. pubescens, and (f) B. nana 3
pubescens. Leaves are actual size.

a bud in the short shoots and develop throughout the
growing season with resources from the current year
(Kozlowski and Clausen 1966, Haukioja et al. 1990).
For leaf asymmetry, we collected 10 mature leaves
from short shoots throughout the canopy of each tree
(trees were short enough to sample all branches), and
mounted them on herbarium paper for later measurements. For each leaf, we measured the width of the
right and left halves from the midrib to the leaf margin
at the mid-point (half-way between the base and tip),
perpendicular to the midrib (Kozlov et al. 1996). Leaf
fluctuating asymmetry was then calculated as: FA 5
zL 2 Rz/size, where L 5 width of the left side, R 5
width of the right side, and size 5 (L 1 R)/2 (Palmer
and Strobeck 1986). Within-plant fluctuating asymmetry, which can be reasonably high in some species
(Sherry and Lord 1996), was accounted for by basing
tree-wide estimates on 10 leaves per tree. Also, there
is no evidence that leaf FA varies systematically among
leaves within short shoots, or in specific leaves over
time within a single growing season in B. pubescens
tortuosa (B. J. Wilsey, unpublished data). Measurements were averaged across leaves within trees before
statistical analyses were done (i.e., trees were the experimental units).
The presence of directional asymmetry (a consistently larger left or right side) and antisymmetry can
complicate the interpretation of asymmetry as a measure of developmental stability (Van Valen 1962, Palmer and Strobeck 1986). We tested for their presence in
leaves by testing L 2 R against 0 with t tests (for
directional asymmetry). We also tested for antisymmetry, which is a lack of symmetry in leaves that might
have a genetic basis (e.g., McLellan 1993, 1990), with
the Shapiro-Wilk test for normality of L 2 R (SAS
Institute 1988).
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A second measure of developmental instability was
based on variation in ramet (trunk) angles within trees.
Measures of within-plant variance have also been used
as measures of developmental instability in plants (Paxman 1956, Levin 1970, Bagchi and Iyama 1983, Barett
and Harder 1992, and Sherry and Lord 1996). We measured the angle of each main ramet (up to five measurements per tree) by comparing the ramet to an upright ruler (908) for each tree. Ramet angle variance
(RV) was then calculated as: RV 5 S zx 2 mz/n, where
x 5 observation, m is the mean of all observations per
tree, and n is the number of ramets per tree.
One-way ANOVA with a priori contrasts were used
to test whether differences existed among the six Betula
groups. An overall hybrid vs. pure contrast was made
to see if there was a hybrid effect across taxa, and then
the pure parents were compared to each hybrid between
them for the three groups to test if a hybrid effect was
found for each cross. Family was considered to be a
random effect in the statistical model, and thus, family(group) was used as the error term for group effects
and contrasts. For each tree, the mean FA for the 10
leaves was used in the analysis.
For the intraspecific analyses within B. pubescens,
we included the 12 trees used in the interspecific hybridization comparison, plus 15 other preselected trees
with a range of characteristics associated with the tortuosa and pubescens subspecies level (origins ranged
from near Rovaniemi, Finland [668339] to Utsjoki
[698459]). A hybrid index (Grant 1981, Moorehead et
al. 1993) was created by measuring (1) tree height to
the nearest centimeter, (2) number of main ramets, and
(3) mean ramet angle, with ‘‘tortuosa-like’’ trees having many main ramets, being relatively short and prostrate, and ‘‘pubescens-like’’ trees having the opposite
characteristics. Data from these measurements were
then analyzed with principal components analysis to
create a hybrid index, and the relationships between
FA and the hybrid index were analyzed to determine
if trees with intermediate characteristics between the
two subspecies had different leaf FA compared to trees
at ends of the gradient. Nested ANOVA (with variation
within families as the error term) on each of the three
characters was also performed to verify that the three
characters had a genetic origin (i.e., that it was a legitimate hybrid index).
For the test of environmental stress on leaf asymmetry, we sampled 9 trees per taxa—3 trees from each
of three half-sib families in both the upper and lower
gardens for pure B. nana, pure B. pubescens, and B.
nana 3 B. pubescens hybrids (a total of 18 trees for
each taxa; all origins were from different sites around
Utsjoki, Finland 698459). In all cases, the same families
were sampled in both gardens. Sampling was performed in a similar manner to that of other data sets.
RESULTS
Interspecific hybridization
Leaf asymmetry was higher in hybrids than in parental taxa, which suggests that interspecific hybrid-
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TABLE 1. Results of ANOVAs of leaf fluctuating asymmetry among three pure (Betula pubescens, B. nana, and B. pendula)
and three hybrid (B. pendula 3 B. nana, B. pendula 3 B. pubescens, and B. nana 3 B. pubescens) birch taxa.
Source of variation

df

F

P

Taxa
Family (Taxa)†
Error (within families)
Contrasts
All hybrids vs. all pure
B. pendula 3 B. nana vs. pure
B. pendula and B. nana
B. pendula 3 B. pubescens vs. pure
B. pendula and B. pubescens
B. nana 3 B. pubescens vs. pure
B. nana and B. pubescens

5
18
48

0.0133
0.0017
0.0017

7.91
1.03

0.0001
0.4511

1

0.0410

24.41

0.0001

1

0.0081

4.85

0.0325

1

0.0266

15.82

0.0002

1

0.0205

12.22

0.0010

MS

† Error term for taxa and contrasts.

ization resulted in higher developmental instability (Table 1), and this response was fairly consistent among
the three crosses. Leaves of Betula nana 3 pubescens
were approximately twice as asymmetrical as either of
the parental taxa (Fig. 2). Pure B. pendula had higher
leaf FA (fluctuating assymetry) than did pure B. nana
and B. pubescens—possibly because the common garden was 100 km north of the northern limit of the range
for B. pendula, but well within the natural range of the
other two species. Nevertheless, B. pendula 3 B. pubescens hybrids were much higher in leaf FA than either parent (i.e., there was a clear hybrid effect). Betula
nana 3 B. pendula hybrids were also significantly
higher than the mean of the two parents, but the difference was not as large as with the other crosses. There
was no significant variation among families within taxa
(Table 1).
We did not detect either directional asymmetry or
antisymmetry (e.g., the asymmetry found by McLellan

FIG. 2. Leaf fluctuating asymmetry (FA), adjusted for leaf
size, in three Betula species and three interspecific hybrids
(as in Fig. 1) in trees growing in a common garden in northern
Finland. Data are means and 1 SE, for 12 trees per taxa. FA
5 zL 2 Rz/size, where L 5 width of the left side, R 5 width
of the right side, and size 5 (L 1 R)/2.

1990, 1993) in either pure (t tests for each taxa: 0.31
, P , 0.61; Wilks-Shapiro tests for each taxa: 0.52
, P , 0.91) or hybrid taxa (t tests: 0.09 , P , 0.98;
Wilks-Shapiro tests: 0.44 , P , 0.64). This means that
the difference between left and right sides followed a
normal distribution with a mean close to zero. Therefore, the asymmetries observed were primarily from
fluctuating asymmetry.
Our estimate of ramet-angle variance was also greater in hybrids than in pure taxa (F 5 14.1, df 5 5, 18,
P , 0.001, Fig. 3). In each of the three specific comparisons, the hybrids all had higher variation in ramet
angle than the pure taxa (all contrasts, P , 0.001).

Intraspecific hybridization
The principal component that we created from plant
characteristics (i.e., the hybrid index) accounted for
72% of the variation in the data set and created a gradient of B. pubsescens trees that ranged from short,
prostrate trees with a number of main ramets (‘‘ tor-

FIG. 3. Ramet/trunk angle variance in three birch species
and three interspecific hybrids. Data are means and 1 SE; the
numbers above histogram bars are the number of trees per
group.
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TABLE 2. Variables and loadings for the hybrid index within
Betula pubescens.
Variable
Mean ramet angle per tree
Number of ramets per tree
Tree height
Eigenvalue
Proportion of variance

PC1†
0.61
20.60
0.52
2.16
0.72

† Principal components analysis, axis 1.

tuosa-like’’) to taller, upright trees with few or one
main ramets (‘‘pubescens-like’’). Trees with tortuosalike characteristics had the highest leaf fluctuating
asymmetry, and leaf FA declined as trees became more
pubescens-like (rs 5 20.53, P , 0.008; Table 2, Fig.
4a). However, tree height was the only variable for
which significant genetic/maternal variation existed ( F
5 family mean square error [MSE] divided by the individual nested within family MSE; F 5 5.1, P 5
0.023). Since the other two variables were primarily of
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TABLE 3. Results of ANOVAs of leaf fluctuating asymmetry
between a tree-line and lower elevation garden and among
pure (Betula pubescens, B. nana) and hybrid (B. nana 3
B. pubescens) birch taxa.
MS

F

P

1
2
2
12
36

0.013
0.006
0.002
0.002

8.0
3.5
1.1
1.7

0.015
0.066
0.381
0.100

1

0.008

4.8

0.048

Source of variation

df

Garden
Taxa
Garden 3 taxa
Family (Garden 3 taxa)†
Error (within families)
Contrast
Hybrid vs. pure

† Error term for garden, taxa and garden 3 taxa and contrast.

environmental origin in our data set (ramet angle, F 5
1.33, P 5 0.290; number of ramets, F 5 1.2, P 5
0.349), we then reran the analysis on tree height, which
should be a better index of true introgression. This
relationship was not significant, and thus intermediates
between the subspecies had leaves that were not different in the amount of asymmetry (Fig. 4b).

Elevation stress and asymmetry
As hypothesized, leaf FA was higher in the tree line
than the lower elevation garden (Table 3, Fig. 5), and
again, hybrids had higher leaf FA than did the pure
parents, although the difference was not quite as large
as in the first data set (Table 2). There was some indication that B. nana was less effected by elevation
stress (20% increase) than B. pubescens (47%) and that
the hybrid effect was greater in the upper garden, but
this interaction was not significant.
Ramet-angle variance did not differ between gardens
(F 5 0.06, df 5 1, 12, P 5 0.82) and there was no
interaction between garden and taxa (F 5 0.16, df 5
1, 12, P 5 0.85). However, ramet variance was significantly higher in hybrid trees compared to the two

FIG. 4. Relationship between leaf fluctuating asymmetry
(FA) and plant characteristics in intraspecific hybrids of Betula pubescens. (a) PC1 represents a principal component that
encompasses tree height, number of main ramets, and ramet
angle and represents a gradient from tortuosa-like plants that
are short, prostrate, and with many ramets to pubescens-like
trees with opposite characteristics. (b) Relationships between
leaf FA and tree height, which is the only variable in PC1
with a significant genetic component and is therefore the best
hybrid index.

FIG. 5. Leaf fluctuating asymmetry (FA), adjusted for leaf
size, in Betula nana, B. pubescens, and B. nana 3 pubescens
hybrid trees from the tree-line and lower elevation common
garden (n 5 9).
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pure taxa (taxa main effect, F 5 5.0, df 5 2, 12, P ,
0.03; contrast, hybrid vs. pure, F 5 9.59, P , 0.01).
DISCUSSION
Predictions of how fluctuating asymmetry (FA) will
be affected by hybridization fall under two general hypotheses (reviewed in Palmer and Strobeck [1986] and
Markow [1995]). The heterozygosity hypothesis predicts that hybrids will have reduced fluctuating asymmetry compared to their parents because of increased
heterozygosity in hybrids (Soule 1979, Mitton 1993).
The coadaptation hypothesis predicts that FA arises
from the disruption of coadapted gene complexes,
which occurs in response to hybridization, and as a
result hybrids should have higher fluctuating asymmetry (Clarke 1993). These two hypotheses may not
be mutually exclusive, but may operate at different
levels, depending on how closely related the parents
of the hybrids are (Markow 1995). For example, hybrids of closely related parents (e.g., intraspecies crosses) may have little or decreased asymmetry (from reduced inbreeding depression), whereas hybrids of distantly related parents (e.g., interspecific crosses) may
have higher FA (Markow 1995). The length of time
since the hybridization event is also potentially important, because the organism may re-evolve coadapted
gene complexes (Felley 1980, Graham and Felley
1985).
Our study was the first (as far as we know) to test
for the effects of interspecific hybridization and elevation stress on plant leaf asymmetry. We did this by
sampling leaves from trees growing within common
gardens. The major advantages of common gardens included (1) the origins of seeds were known, (2) trees
were growing in natural soil, and (3) the effects of
phenotypic plasticity in trees caused by differential
shading from neighbors (e.g., Solangaarachi and Harper 1989), which may complicate interpretations of
asymmetry (Palmer 1996), should have been minimized because plants were evenly spaced 1 m apart
and 2 m from the next row, and therefore received little
differential shading. By knowing the origin of seeds,
we were able to partition the variance associated with
the environment (i.e., upper vs. lower gardens) from
genetic variance (i.e., between hybrid and pure taxa).
In all cases, we found that interspecific hybrids had
higher FA than did parental taxa. Furthermore, in the
intraspecific studies with B. pubescens, there was no
relationship between tree height (intraspecific hybrid
index) and leaf asymmetry. Thus, these data, and the
data of Freeman et al. (1995) who found little difference in asymmetry of hybrids between two subspecies
of Artemesia tridentata, supports the ideas of Markow
(1995) that the changes in asymmetry observed from
hybridization will be a function of how closely related
the parental taxa are, with increases in asymmetry
found from interspecific hybridization but limited effect in asymmetry from intraspecific hybridization. We
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also found a smaller hybrid effect between B. nana and
B. pendula, which both have 28 chromosomes, than we
did in the other two crosses, which involved crossing
parent taxa with 28 and 56 chromosomes. Thus, the
similarity of chromosome numbers between taxa may
also be of importance.
Within B. pubescens, individuals with environmentally derived tortuosa-like characteristics (i.e., shorter,
more prostrate trees with many ramets) had higher leaf
FA than did trees with more pubescens-like characteristics. Trees with tortuosa characteristics are also the
most likely to encounter outbreaks from the autumnal
moth (Epirrita autumnata), which in some years completely defoliates and sometimes kills trees in an area
(Tenow 1972, Kallio et al. 1983, Haukioja et al. 1988).
This suggests that leaf FA may be negatively correlated
with some aspect of resistance of these plants to herbivory. However, Hanhimäki et al. (1994), who studied
the same B. nana 3 pubescens hybrid trees, did not
find significant differences in herbivore performance
between hybrid and pure taxa, and this suggests that
forage quality was not affected by hybridization in Betula.
There was no additive genetic variation in leaf or
ramet FA (no family within taxa interaction), and this
was in agreement with another analysis of nine families
of birch from the upper garden (B. J. Wilsey and I.
Saloniemi, unpublished data). Thus, since all of these
taxa except B. nana are close to the northern/altitudinal
limit of their range, it suggests that families do not
vary in their ability to buffer themselves against the
severity of the environment. As a result, there may be
little or no variation in leaf developmental stability for
natural selection to act upon if environments change
and become more or less stressful.
Trees growing in the tree-line garden, which is at the
very limit for the B. pubescens altitudinal distribution,
had higher leaf FA but similar levels of ramet asymmetry than did trees growing in the lower garden, which
is located in typical B. pubescens tortuosa habitat. B.
pubescens trees growing in high-elevation sites probably encounter more severe conditions when compared
to trees in the lower garden, including higher winds
and lower spring and early summer temperatures. These
factors, together with the reduced ability of birch to
obtain the limiting nutrient nitrogen (Hinneri 1974)
from cold soils (Karlsson and Nordell 1996) could have
had a negative effect on current leaf growth and development. Kozlov et al. (1996) found that leaf asymmetry increased with pollution load in B. pubescens
and B. pendula, and this further suggests that leaf asymmetry might be a general indicator of the severity of
the environment in Betula, and perhaps other plant species (e.g., Freeman et al. 1993). Ramet asymmetry,
which develops over several years early in the life of
the tree, was not as sensitive to elevation stress. This
suggests that leaf asymmetry may be a better indicator
of stress than measures of ramets.
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In conclusion, leaf FA increased in Betula as a result
of hybridization and elevation stress. Since both of
these factors are important in the tree-line ecology of
B. pubescens, it suggests that this measure might be a
useful indicator of environmental stress and distributional limits of this and possibly other plant species.
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