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Abstract

Ecotypic specialization among populations within plant species can result in adaptational
lag when the climate changes directionally. However, disturbances, whether caused by
direct effects of human activities or indirect effects such as climate change, may repre-
sent zones within which natural selection is relaxed. We compared the genetically based
variation in leaf morphology in Dryas octopetala within three natural populations arrayed
along a snowbank gradient, to that found in a recently colonized gravel pad less than 100
m away (1600 total leaf lengths measured; 4 sites x 10 transects/site x 4 plants/transect
x 10 leaves/plant). Elevated among-clone leaf length variation within the disturbed site
supported the idea that disturbances may represent “hotspots” of evolutionarily significant
genetic variation. In the Arctic, where colonization of disturbances is primarily by native
species, adaptive evolution may be more rapid than previously thought due to relaxation
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of selection and subsequent mixing of previously isolated gene pools in such areas.

Introduction

In organisms such as plants that are stationary for much of their
life cycle, limited gene flow and sharp spatial environmental gradients
have often led to genetically distinct populations, or ecotypes, over
remarkably short distances (Linhart and Grant, 1996; Joshi et al.,
2001; Savolainen et al., 2007). In the Arctic, such ecotypes have
allowed species to occupy a broader niche space than would be
possible in the absence of such differentiation (McGraw, 1995). One
well-documented example of such differentiation across a gradient
from moist snowbed to rocky fellfield is that of Dryas octopetala
ecotypes (McGraw and Antonovics, 1983a, 1983b; McGraw,
1985a, 1985b, 1987a, 1987b; Max et al., 1999; Bennington et al.,
2012). Reciprocal transplants of pollen, seeds, seedlings, and adults
revealed multiple stages of selection favoring local populations at
both ends of the gradient, with intermediates (presumed hybrids)
occupying a narrow band of vegetation between the two. After thirty
years, selection was so effective within reciprocal transplant gardens
that alien ecotypes were completely absent from the fellfield and
snowbed gardens (Bennington et al., 2012).

Dryas octopetala ecotypes are recognized taxonomically as
subspecies (ssp. alaskensis and ssp. octopetala, for snowbed and
fellfield ecotypes, respectively; Hultén, 1959, 1968; Max et al.,
1999). The presence of “octopetala scales” on the underside of the
fellfield ecotype’s pubescent leaves, and distinct glands with largely
glabrous leaf surfaces in the snowbed ecotype, distinguish the two
subspecies. In addition, mature leaves senesce on fellfield plants
prior to winter, whereas snowbed plants retain a cohort of leaves
through winter. In their home sites, leaf sizes are dramatically
different, with snowbed leaves typically 2—10 times longer than
fellfield leaves (McGraw and Antonovics, 1983a). Reciprocal
transplanting revealed that leaf size responded differentially to the
snowbed-fellfield gradient; the snowbed ecotype had more plastic
leaf morphology, while the fellfield ecotype was unable to grow large
leaves in response to the snowbed environment. Two independent
common environment studies showed that leaf size differences were
maintained within environments, implying a genetic basis to those
differences (McGraw and Antonovics, 1983a; Max et al., 1999).
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Local genetic specialization confers an advantage to a
population in stable environments, but in directionally changing
environments, such specialization may rapidly become a
disadvantage (Holt, 1990; Davis and Shaw, 2001; Jump and
Pefiuelas, 2005). Climate change, and warming in particular,
represents a dramatic directional environmental shift with
important expected consequences for ecological and evolutionary
processes (Davis and Shaw, 2001; Parmesan, 2006). Constraints
on migration and the rate of adaptive change within populations
increase the probability that a species will go extinct in a rapidly
changing environment (Davis and Shaw, 2001). As directional
climate change occurs, a mismatch between ecotypes and the
environment will emerge, resulting in “adaptational lag” (Jump
et al., 2006; Aitken et al., 2008). Thus, even though range shifts
have already been observed for some plant species (Kelly and
Goulden, 2008; Lenoir et al., 2008) and dispersal itself may not
be limiting in the long-term in the Arctic (Alsos et al., 2007),
establishment may be limiting, and migration of populations is
therefore unlikely to be fast enough to keep up with their optimum
environments (Davis and Shaw, 2001).

The fragmentation of landscapes by human activities
could provide significant barriers to migration of ecotypes that
are responding to climate change (Pitelka, 1997), reinforcing
adaptational lag. Alternatively, an increased frequency of
disturbances across the landscape, due to direct human causes, or
indirectly caused by climate change, might allow movement of
species and ecotypes at greater than historical rates. Disturbances
allow recruitment of new individuals dispersed from nearby sites.
Indeed, within such disturbances, increased levels of resources
associated with low levels of competition (Wilson and Tilman,
1993) may result in relaxation of natural selection, allowing a
mixing of ecotypes, along with formation of new adaptive gene
complexes. Incorporating genetic variation and rates of adaptation
into species distribution models used to predict responses to
climate change is acknowledged as a major challenge (Thuiller et
al., 2008).

In the present study, we observed invasion of a disturbed area
adjacent to a snowbed-fellfield gradient containing spatially sorted
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ecotypes of Dryas octopetala. We assessed the genetically based
phenotypic variation within this disturbed area relative to that
observed in the adjacent tundra communities to test the hypothesis
that such disturbed zones would allow a relaxation of selection
and, potentially, more rapid evolution in response to environmental
change.

Methods
STUDY SITE

The study took place near Mile 106 on the Steese Highway
in central Alaska northeast of Fairbanks. The study site consisted
of Arctic alpine tundra above timberline at an elevation of 1035
m. The fellfield community was characterized by 10%—-50%
vegetative cover, presence of frostboils, and dominance by
Dryas octopetala ssp. octopetala (Miller, 1982). The snowbed
community was dominated by Dryas octopetala ssp. alaskensis
and had 80%—-100% vegetative cover. The intermediate zone was
a narrow band of vegetation located between the snowbed and the
fellfield, and contained a mix of Dryas morphs ranging from ssp.
octopetala morphs to alaskensis morphs, but also intermediate
morphs that exhibited attributes of both subspecies; most notably,
they were intermediate in leaf length. The site was the same one
studied by McGraw and Antonovics (1983a) and re-examined
more recently to characterize D. octopetala ecotypes (Bennington
etal., 2012).

The Gravel Pad was adjacent to the rocky fellfield that had
high cover of D. octopetala ssp. octopetala, but was also within
20 m of intermediate environments, and within 50 m of snowbed
environments containing intermediate and snowbed ecotypes,
respectively. The Gravel Pad was left behind following highway
construction activities in the mid-1980s. The mineral soil there
originated on the formerly fellfield site, but the organic matter
had been bulldozed off. Over the ensuing 30 yr, the area was
gradually reinvaded by colonizing tundra species (McGraw,
personal observation, 1977-2012). Mineral soil contains few
viable seeds (McGraw and Vavrek, 1989); therefore, it is likely
that most colonization was from establishment of new individuals.
The center of the pad has remained disturbed by vehicle traffic
and is vegetation-free. Qualitatively, the Gravel Pad resembled
long stretches of the Steese Highway road shoulder and extensive
nearby gold mine tailings; bare mineral soil on these sites is slowly
recolonized by willow shrubs and other wind-dispersed native
species. Although microenvironmental gradients existed within
the Gravel Pad, the site was relatively flat and uniform, so within
the transects used for sampling, variation among phenotypes was
considered primarily genetically based, consistent with prior
common garden studies (McGraw and Antonovics, 1983a; Max
etal., 1999).

SAMPLING

On 15-17 July 2012, ten 10 m transects were haphazardly laid
out within each of three “undisturbed”” community zones delineated
as fellfield, intermediate, and snowbed zones. The short length of
the transects and the criteria for designating the zones ensured
that each transect occurred in a relatively uniform environment,
such that phenotypic variation among individuals represented
primarily genetically based variation. Ten additional transects
were haphazardly located within the revegetating perimeter of a
disturbed Gravel Pad.

LEAF PHENOTYPE MEASUREMENTS

On each transect, the nearest D. octopetala individuals to
four random points on the transect were chosen and the length
of the longest leaf was measured on ten haphazardly chosen
shoots within each clone. Along a shoot, D. octopetala leaves
are exserted sequentially, reaching a maximum size; within a
particular environment, this maximum size characterizes the
individual phenotype in that environment. Mean maximum leaf
length was calculated for each individual. In total, we measured
1600 leaf lengths (4 sites x 10 transects/site x 4 plants/transect X
10 leaves/plant).

PHENOLOGICAL SEPARATION IN THE GRAVEL PAD

Even if ecotypes were found growing together on the Gravel
Pad, gene flow may not be enhanced if flowering phenology
remained separate, as it is along the snowbank gradient (McGraw
and Antonovics, 1983a). As a test for this, we analyzed 50 images
containing 32 separate seed-producing D. octopetala individuals
on the Gravel Pad, classifying them as snowbed, intermediate,
or fellfield phenotypes, then classifying the dispersal stage of
their infructescences as predispersal (achenes green and twisted
together) or postdispersal (achenes dried and at least some missing).
The dispersal stage was taken as an indicator of phenological stage
of reproduction.

STATISTICAL ANALYSIS

Leaf length data were first analyzed with a three-level
nested ANOVA (Site, with random effects of Transect[Site]
and Clone[Transect(Site)]) to compare sites in terms of mean
leaf length and to verify that the snowbank gradient showed the
expected pattern documented three decades previously.

To test the hypothesis that the Gravel Pad site contained
higher levels of phenotypic variation among clones than the
undisturbed sites, we performed two analyses. First, we estimated
the coefficient of variation (CV) among clones within transects.
The within-transect measure of the CV estimated the among plant
leaf size variation. Using transect as the sampling unit within sites,
we performed a one-way ANOVA to test for differences among
sites in the CV. Although the first analysis examined variation at
the 10 m scale, a second analysis was performed for the whole
site. In this second analysis, we ignored transect and calculated
1000 bootstrapped estimates of the CV at each site as a whole, and
estimated sitewide mean and standard deviation of the CV.

To test for differences in phenological stage among ecotypes
in the Gravel Pad, we performed a G-test.

Results and Discussion

The phenotypic expression of maximum leaf length data in
undisturbed communities reflected the previously documented
differences in leaf length (McGraw and Antonovics, 1983a; Fig.
1), with fellfield plants having the smallest and snowbed plants
having the largest leaves (F, = 106.3, p < 0.0001; F_, = 83.9,
p < 0.0001 for log transformed data to correct for heterogeneity
of variances). Only plants in Intermediate and Gravel Pad
environments were not significantly different in mean leaf length
(Tukey-Kramer HSD). The standard deviations of leaf lengths
were positively related to overall leaf length (Fig. 1), so it was
appropriate to examine the CVs as a way to standardize the
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FIGURE 1. Mean leaf length (+1 s.d.) across the snowbank
gradient from fellfield to snowbed, and in the adjacent gravel
pad disturbed site for Dryas octopetala. A total of 1600 leaves
were measured (4 sites x 10 transects/site x 4 plants/transect x
10 leaves/plant). Standard deviations around the mean are shown
to illustrate the correlation between mean and variance. Means
with the same letters are not significantly different according to
the Tukey-Kramer HSD a posteriori test.

comparison of variation among individuals for the four sites
(Sokal and Rohlf, 2012).

The CV of maximum leaf length among individuals within
transects differed significantly among sites (F, = 4.6343, p =
0.0077). Both fellfield and snowbed sites had significantly lower
CVs than the Gravel Pad site. These differences in level of variation
were confirmed by the bootstrapped estimates of mean CV and
standard errors of CV, by site (Fig. 2).

Indeed, other than the extensive patches of bare ground in
the Gravel Pad, the diverse assemblage of phenotypes found there
resembled that in the narrow Intermediate environment. Fellfield,
intermediate, and snowbed ecotypes could be found growing in
close proximity within the Gravel Pad, often within centimeters of
each other (Fig. 3).

Although much less is known about ecotypic differentiation
of other species found on the disturbed Gravel Pad, at least twenty
other species were noted. Many of these were also found in more
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FIGURE 2. Coefficient of variation (CV) of maximum leaf
length of Dryas octopetala in four sites; mean and standard error
of the CV determined from 1000 bootstrapped samples drawn
with replacement.

Fellfield
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than one adjacent natural community type. Therefore, although
our measures focused on Dryas octopetala because of its well-
understood pattern of ecotypic variation, the opportunity for
ecotypes of other species to intermix in the disturbance existed
as well.

In Arctic tundra, two classes of disturbance are increasing
globally in spatial extent and temporal frequency. Anthropogenic
disturbances have spread due to expanding human populations and
resource exploitation (Forbes et al., 2001). Accompanying these
increasing activities are more road corridors, such as the north-
south—-running Dalton highway paralleling the Alaska oil pipeline
(Alexander and Van Cleve, 1983), as well as increased off-road
vehicle traffic (Slaughter et al., 1990). Resource exploitation such as
oil field development (Maki, 1992) and mining (McLeay et al., 1987)
directly disturbs tundra soils and downstream waters. The second
class of disturbance is “natural” and encompasses a wide range of
factors including forest fires, landslides, glacial retreat, thermokarst
erosion, erosion by streams and rivers, animal activity, and a wide
variety of soil-ice related disruptions. In a warming climate, many
such natural disturbances are occurring at accelerated rates. General
circulation models of the atmosphere predict that climate change,
and warming in particular, is predicted to be greater in Arctic regions
than elsewhere (Holland and Bitz, 2003; IPCC, 2007), a prediction
that has been borne out by observed warming over the past two
decades (Serreze et al., 2000). For example, the unprecedented 2007
Anaktuvuk fire on the north slope of Alaska was set by lightning and
burned 1039 km? (Jones et al., 2009; Mack et al., 2011). Lightning
is likely to be an increasingly common weather phenomenon in
northern climates (Hu et al., 2010). Retreating glaciers worldwide
are exposing weathered mineral soils (Jones and Henry, 2003; Paul
et al., 2004). Permafrost thaw is followed by thermokarst erosion,
resulting in increased N availability and enhanced plant growth
(Schuur et al., 2007).

Disturbances in the Arctic are colonized primarily by native
plant species with effective dispersal mechanisms (Forbes et al.,
2001; Jones and Henry, 2003). If such disturbances generally
represent zones where strong natural selection is relaxed, as
appears to be the case with Dryas octopetala in the disturbance
adjacent to the snowbank gradient in Alaska, several population
genetic consequences may follow. First, disturbances may
represent corridors for rapid migration (Neilson et al., 2005).
Recruitment from seed in “closed” tundra communities occurs at
low rates, while seed germination and establishment are enhanced
in disturbances (Forbes et al., 2001). Once established, recruited
seedlings will likely grow to maturity much more rapidly than in
closed communities for two reasons: (a) competition is reduced,
and (b) growth-limiting nutrients are enhanced (Moulton and
Gough, 2011). In the Gravel Pad site, diameter growth of clones
was much greater than that observed in adjacent tundra (McGraw,
personal observation, 2012). In a directionally changing climate,
rapid migration along disturbance corridors, particularly those
traversing latitudinal or elevational gradients, may allow re-
equilibration of ecotype-environment matching.

The precise cause of the phenotypic differences in the
“common environment” of the disturbed Gravel Pad is not known,
although previous growth chamber and experimental work suggest
they are genetically based. Epigenetic differences could also be
partly responsible (Brautigam et al., 2013), though virtually nothing
is presently known about the level or functional significance of
epigenetics in Dryas octopetala.

Regardless of the cause of phenotypic differences among
clones, the enhanced phenotypic variation present in the Gravel
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Pad demonstrates that progeny of ecotypes that were formerly
separated, both spatially and temporally, are now growing together.
This new juxtaposition will likely promote formation of hybrid
swarms, including novel combinations of genes that would be rare
in undisturbed communities (Rieseberg et al., 2003). Although
some crossing among D. octopetala ecotypes can occur along
natural gradients, isolation in the closed community was shown
to be reinforced by sharp phenological separation of flower times
(McGraw and Antonovics, 1983a) as well as by distance. In the
disturbed zone, both distance and phenological isolation were much
reduced, allowing high levels of gene exchange among previously
isolated populations. We found no difference in phenological stage
among phenotype classes (G = 0.877, p > 0.05) and inferred that
flowering time overlap would have been great as well, allowing
for much greater cross-pollination than previously observed for
ecotypes in the undisturbed communities (McGraw and Antonovics,
1983a). This pattern differed from the adjacent fellfield and snowbed
communities, in which plants were predominantly in postdispersal
and predispersal phases, respectively, indicating largely separate
flowering times. A similar promotion of crossing between previously
isolated gene pools by anthropogenic disturbance has been observed
before in Banksia species, where a breakdown of phenological
isolation appeared to be the root cause (Lamont et al., 2003).

Conclusion

A full account of the potential evolutionary consequences of
enhanced hybridization is beyond the scope of this study (see Arnold,
1997; Abbott et al., 2013). However, one salient aspect is that the
enhanced genetic variance associated with mixing of previously
isolated ecotypes is likely to result in new combinations of traits that
could be crucial for adaptation to a changing climate (Pease et al.,
1989). Offspring with unique combinations of characters, or pollen

]

FIGURE 3. Snowbed (below)
and fellfield (above) Dryas
octopetala clones growing next
to each other in the Gravel Pad
site—a  juxtaposition rarely
seen in undisturbed tundra.
This image also shows identical
fruiting stage of the two
ecotypes.

of progeny produced in the disturbance, could disperse back into
adjacent undisturbed tundra, thereby ultimately increasing genetic
variance within established communities as well. This could be
particularly important as climate change produces “no analogue”
communities in the future (Williams and Jackson, 2007). A
theoretical example in D. octopetala ecotypes would be production
of a long-leaved, but deciduous phenotype through hybridization
that would be both more competitive against neighbors, yet avoid the
destructive effects of winter snowblast in the fellfield environment;
such a phenotype does not currently exist, but might confer selective
advantages in a future fellfield environment with more competition
between neighbors. A second example would be the transmission
of genes enhancing growth at warm temperatures from snowbed
to fellfield forms. With mechanisms such as these, directional
climate change accompanied by increasing levels of disturbance in
the Arctic may stimulate the rate of evolution in these hotspots of
genetic diversity beyond what would be predicted by current levels
of genetic variation and selection within extant communities.

While an account of enhanced inter-ecotype mixing at one site
in one species cannot definitively demonstrate that disturbances
will generally act as hotspots of genetic variation, Dryas
octopetala ecotypes and, indeed, species (Dryas drummondii and
Dryas integrifolia) have been observed to be growing in close
proximity in other disturbed sites (McGraw, personal observation,
2010-2012). If the phenomenon is widespread both spatially and
taxonomically, this could have important evolutionary implications
for the tundra flora as climate continues to change over the next
century and beyond.
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