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Polyploidy and ecological adaptation in wild yarrow
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Chromosome evolution in flowering plants is often punctuated by
polyploidy, genome duplication events that fundamentally alter
DNA content, chromosome number, and gene dosage. Polyploidy
confers postzygotic reproductive isolation and is thought to drive
ecological divergence and range expansion. The adaptive value of
polyploidy, however, remains uncertain; ecologists have tradition-
ally relied on observational methods that cannot distinguish
effects of polyploidy per se from genic differences that accumulate
after genome duplication. Here | use an experimental approach to
test how polyploidy mediates ecological divergence in Achillea
borealis (Asteraceae), a widespread tetraploid plant with localized
hexaploid populations. In coastal California, tetraploids and hex-
aploids occupy mesic grassland and xeric dune habitats, respec-
tively. Using field transplant experiments with wild-collected
plants, | show that hexaploids have a fivefold fitness advantage
over tetraploids in dune habitats. Parallel experiments with neo-
hexaploids—first-generation mutants screened from a tetraploid
genetic background—reveal that a 70% fitness advantage is
achieved via genome duplication per se. These results suggest that
genome duplication transforms features of A. borealis in a manner
that confers adaptation to a novel environment.

biogeography | ecological speciation | range boundary

Polyploidy is a conspicuous and recurrent form of genetic vari-
ation in flowering plants (1-3). Since its discovery in the early
20th century, polyploidy has been postulated to mediate ecological
differentiation, for three reasons. First, experimental polyploids in
crop species exhibit altered morphological and growth character-
istics (4-7). Second, in nature, closely related diploid and polyploid
species have distinct geographic ranges (8, 9). Third, the occurrence
of polyploidy varies across geographic regions, with highest inci-
dences reported in alpine and arctic floras (10). Many evolutionists
believe that polyploidy imbues plants with novel features that
allow them to invade new environments or expand their geographic
range (11-14). This hypothesis, however, has not been tested rig-
orously. Ecological studies have traditionally focused on simple
comparisons of diploids and naturally occurring polyploids that di-
verged in the distant past (15-20). This approach confounds phe-
notypic differences caused by polyploidy with those caused by genic
changes arising since the time of polyploid formation (21-23).

Here I use an experimental approach to untangle the con-
tributions of polyploidy per se to ecological divergence. Although
sometimes regarded as a macroevolutionary event, genome du-
plication is an ongoing process in many plant populations (6, 24).
First-generation polyploid mutants (“neopolyploids”) form at
rates equal to or exceeding the per locus mutation rate, and can
thus be identified by en masse screening using flow cytometry (25,
26). Because neopolyploids share a common genetic background
with their diploid progenitors, the comparison of these cytotypes
provides a direct measure of the phenotypic effects of genome
duplication as influenced by cell size, cell geometry, and gene
dosage (6, 7, 27). In contrast, comparison of neopolyploids with
established polyploid populations reveals the contributions of
allele substitutions, gene silencing, and other genic changes that
evolved subsequent to genome duplication.

I performed field experiments with neopolyploids and wild-
collected polyploids of wild yarrow. Achillea borealis (Aster-
aceae) is an autopolyploid complex of tetraploid (2n = 4x = 36)
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and hexaploid (2n = 6x = 54) populations that is endemic to
North America (28-30). These cytotypes are reproductively
isolated by partial inviability and sterility of pentaploid (2n =
5x = 45) hybrids (31, 32). Hexaploids reside in Mediterranean
environments (winter wet, summer dry) on the western coast of
North America, including sand dunes and oak woodlands, but
tetraploids inhabit more mesic environments, like coastal grass-
lands, coniferous forest, and alpine meadows (28, 33). The two
cytotypes occur in close proximity in parts of California, Oregon,
and Washington state (Fig. 14) (30, 32, 34).

My studies were conducted on a 200-km stretch of California’s
north coast and had three primary components. First, to provide an
ecological context for field experiments, I characterized the spatial
distributions and habitat associations of tetraploid and hexaploid
A. borealis. Second, I compared survivorship of wild-collected tet-
raploids and hexaploids that were experimentally transplanted
to a dune environment normally inhabited only by hexaploids. Fi-
nally, I transplanted related tetraploid and neohexaploid plants
to the dune environment previously used to compare wild-collected
tetraploids and hexaploids. This research tests the contributions
of polyploidy per se to ecological divergence, although it does
not evaluate the performance of neohexaploids in the grassland
environments from which they originate.

Results

Spatial Distribution of Cytotypes. No sympatric occurrences were
found among 540 cytotyped plants at 18 sites: populations were
comprised of either tetraploids or hexaploids. Tetraploid and
hexaploid populations were found primarily in the northern and
southern portions of the study region, respectively (Fig. 1B).
Interdigitation was observed, however, with three hexaploid sites
extending north of the most southerly tetraploid population, and
two tetraploid sites occurring south of the most northerly hexa-
ploid population (Fig. 1B).

Soil, Vegetation, and Habitat Associations. Soils in tetraploid sites
had more organic matter (12.7 vs. 1.1%) and gravel (54.1 vs.
2.8%) but less sand (71.8 vs. 96.0%) than soils in hexaploid sites
(n = 18 sites, Mann Whitney U tests, P < 0.001; see Methods). A
total of 172 vascular plant taxa were surveyed within the 18 study
populations, with tetraploid sites harboring more species than
hexaploid sites (mean 62.1 vs. 49.1; n = 18 sites, Mann-Whitney
U test, Z = =3.007, P = 0.001). In vegetation ordinations, tet-
raploid and hexaploid A. borealis were allied with different plant
taxa. Hexaploid A. borealis was associated with sand dune spe-
cialists, including Tanacetum camphoratum (dune tansy; eight of
nine hexaploid sites), Camissonia cheiranthifolia (beach evening
primrose; eight of nine hexaploid sites), Abronia latifolia (yellow
sand verbena; seven of nine sites), and Ambrosia chamissonis
(beach bur; seven of nine hexaploid sites) (35, 36). Tetraploid
A. borealis was associated with grassland and forest edge species,
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Fig. 1.

Cytotype distribution and habitat associations. Numbers correspond to population designations in the text. (A) Geographic distribution of A. borealis

cytotypes in western North America. (B) Distribution of tetraploid and hexaploid populations in study region, 200 km of California’s northern coast. (C)
Discriminant function analysis based on soil texture, organic content, and vegetation; the model correctly classified ploidy level of all sites. Tetraploid and
hexaploid sites represent grasslands and dune habitats, respectively. (D) Flowering phenology of study sites. Icons indicate times of peak reproduction and
lines show dates when >50% of plants were flowering. Tetraploid populations flowered 1 mo after hexaploid populations.

including Angelica hendersonii (sea watch; nine of nine tetraploid
sites), Equisetum telmateia (giant horsetail; nine of nine tetraploid
sites), Lupinus rivularis (riverbank lupine; nine of nine sites), and
Heracleum lanatum (cow parsnip; eight of nine tetraploid sites).

Discriminant function analysis indicated that tetraploid and
hexaploid sites were distinguished by soil factors and vegetation
composition (Wilk’s A=0.093, F5,4 = 45.269, P < 0.001) (Fig.
1C). Vegetation composition and soil texture were correlated
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with the discriminant function’s primary axis, which explained
100% of the variance between cytotype habitats. Tetraploid sites
were densely vegetated coastal grasslands, associated with rocky
headlands and sea cliffs; hexaploid sites were sandy, sparsely
vegetated beaches and dune systems (Fig. 2 A and B). Flowering
phenology differed between the ploidy levels, with tetraploid
populations reaching peak flowering 29 d after hexaploid pop-
ulations (n = 13 sites, Mann Whitney U test, Z = -3.095, P =

Fig. 2. Photographs of study sites and experimental trans-
plants. (A) Coastal headland and associated grassland in-
habited by tetraploid A. borealis (Patrick’s Point, CA; study
site 12). (B) Dune system inhabited by hexaploid A. borealis
(Lanphere Dunes, CA; study site 16). (C) Neohexaploid
transplant to dune environment [three stems (arrows);
coin for scale]. (D) Established hexaploid transplant to dune
environment [six stems (arrows); coin for scale].
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0.001) (Fig. 1D). There was no apparent relationship between
latitude and flowering phenology in the study area (Fig. 1).

Transplantation Experiments (Wild-Collected Plants). To test if
hexaploid A. borealis is intrinsically adapted to dune environ-
ments, | performed a 3-year field transplant experiment using
seedlings from multiple populations of both cytotypes (Figs. 2
and 3 4 and B) (see Methods). On average, hexaploids had
fivefold higher survival than tetraploids (mean survivorship 26.4
vs. 4.4%; n = 2,150 transplants, logistic regression, likelihood-
ratio test, y*> = 33.155, P < 0.001) (Fig. 34 and Table 1). Hex-
aploids native to the transplant site exhibited the highest survi-
vorship (35.9%) but tetraploids originating furthest from the
transplant site exhibited the lowest survivorship (2.6%). Mor-
tality of dune transplants coincided with the summer months,
when many plants succumbed to water stress. For example,
survivorship through the rainy season (November to April) and
the dry season (May to October) averaged 95.0 and 44.7% per
year, respectively. On average, hexaploid transplants flowered 3
wk earlier in the season than tetraploid transplants, which were
rarely reproductive (n = 68 flowering stems, Mann Whitney U
test, Z = —2.327, P = 0.001) (Fig. 3B). Transplant flowering
phenology was similar to that observed in natural tetraploid and
hexaploid populations (Figs. 1D and 3 B and D).

Transplantation Experiments (Neopolyploids). To determine the
contribution of polyploidy per se to adaptation, I performed
transplant experiments in the aforementioned dune environment
with neohexaploid plants (Figs. 2 and 3 C and D) (see Methods).
Neohexaploids experienced a 70% survival advantage over their
tetraploid siblings, accounting for almost one-third of the fitness

difference between naturally occurring tetraploids and hex-
aploids that were planted as experimental controls (mean sur-
vivorship 20.4% vs. 34.7% vs. 70.4%; n = 1,023 transplants;
logistic regression, likelihood-ratio test, X2 = 8.605, P = 0.003)
(Fig. 3C and Table 1). On average, neohexaploid transplants
flowered 9 d earlier in the season than tetraploids and 12 d later
than hexaploids (n = 95 reproductive stems; Mann Whitney U
tests, P < 0.01) (Fig. 3D).

Discussion

Polyploidy has occurred repeatedly during the evolutionary his-
tory of vascular plants (1-3). Among angiosperms, whole-genome
duplication is thought to have happened twice before the diver-
gence of Eudicots and Monocots in the late Jurassic, and there-
after one or more times independently within many flowering
plant lineages between the late Cretaceous and mid-Tertiary (37,
38). Polyploidy is regarded as a primary mechanism of speciation
among modern-day angiosperms, with as many as 15% of recent
speciation events associated with polyploidization (3, 39-41).
Cultivated wheat, maize, cotton, potato, tobacco, cabbage, and
strawberries are polyploids, and many diploid crops have poly-
ploid relatives of agronomic importance (1, 42). Because its in-
cidence varies by latitude and elevation, polyploidy is thought to
imbue plants with novel features that allow them to occupy new
environments, expand their geographic range, or achieve new
species interactions (5, 11, 12, 43). The adaptive significance of
polyploidy remains untested, however, because ecological re-
search has historically involved comparisons of diploids and pol-
yploids that diverged tens or hundreds of thousands of years in the
past (9). Such studies cannot distinguish the effects of polyploidy
per se (cell size, DNA content, gene dosage) from genic evolution
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Fig. 3.

Date of first flowering

Fitness and phenology of experimental transplants to dune (hexaploid) environment. Numbers correspond to population designations in the text. (A)

Survivorship of seedlings from natural tetraploid and hexaploid populations (mean + 2 SEM). On average, hexaploids had a fivefold fitness advantage (Table
1). (B) Transplant flowering phenology. Hexaploids flowered earlier than tetraploids and more frequently. (C) Survivorship of neohexaploids and experi-
mental controls planted as vegetative cuttings (mean + 2 SEM). Neohexaploids had 70% greater survivorship than tetraploids, accounting for almost one-
third of the fitness difference between tetraploids and established hexaploids. (D) Flowering of neohexaploids and experimental controls. Neohexaploid
flowering phenology was intermediate to that of tetraploids and established hexaploids.
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Table 1. Statistical analyses of survivorship in dune transplant experiments

Comparison Result Effect test XZ (df) P

Tetraploids vs. hexaploids Likelihood ratio test, y* = 446.197, df = 16, P < 0.0001 Ploidy 33.155 (1) <0.0001
Population [Ploidy] 38.360 (7) <0.0001
Plot 193.558 (8) <0.0001

Tetraploids vs. neohexaploids Likelihood ratio test, y2 = 105.115, df = 14, P < 0.0001 Ploidy 8.605 (1) 0.0034
Maternal parent 21.060 (4) 0.0003
Plot 79.284 (9) <0.0001

that occurs in all lineages, irrespective of ploidy (allele sub-
stitution, gene silencing, gene duplication) (6, 7). Consequently,
studies of natural-occurring polyploids tend to overestimate the
phenotypic and ecological consequences of genome duplication
(22, 27, 44).

Achillea borealis belongs to the Achillea millefolium aggregate,
a circumpolar group of 15 species (30, 45). Phylogenetic analyses
indicate that Achillea colonized the New World in the recent
geologic past (Pleistocene) via the Alaskan land bridge (30). The
tetraploid colonists spread rapidly throughout North America,
evolving into an assemblage of ecological races adapted to
grasslands, salt marshes, open coniferous forests, alpine mead-
ows, and other habitats (28-30, 46). Despite this broad ecological
distribution, only hexaploids occur in Mediterranean habitats of
the Pacific Coast (coastal dunes, oak woodlands, bottomlands of
the Central Valley) (28, 32, 34, 46). Tetraploids and hexaploids
appear to have strong ecological boundaries despite cooccur-
rence in zones of sympatry, with cytotype populations segregat-
ing between xeric and mesic environments (Fig. 1).

In the experiments reported here, neopolyploids recapitulated
ecological adaptations of naturally occurring polyploids, sug-
gesting that genome duplication facilitated the colonization of
Mediterranean environments. This finding corroborates the
long-standing belief that polyploidy per se can mediate ecologi-
cal divergence in plants (4, 11). Nonetheless, performance dif-
ferences between tetraploids and naturally occurring hexaploids
exceeded those between tetraploids and neohexaploids. Pheno-
typic characteristics of hexaploids thus appear to have been
shaped by genic evolution after the time polyploid formation, in
the context of reinforcement (selection to avoid production of
sterile intercytotype hybrids), character displacement (selection
to minimize competition with progenitors), or fine-scale adap-
tation to the environments in which they now occur (6, 7, 17, 21).

The physiological mechanisms underlying the performance of
established hexaploids probably involve water relations, drought
resistance, and seasonal dormancy. Because DNA content
affects the size and geometry of guard cells and xylem elements,
polyploidy is hypothesized to alter transpiration rates and water-
use efficiency in plants (44, 47). It is also possible that hexaploids
have an intrinsic fitness advantage over tetraploids because the
addition of chromosome complements masks the effects of re-
cessive deleterious alleles (2, 6, 7). In this scenario, polyploidy
may facilitate colonization of novel environments by increasing
mean population fitness rather than conferring specific “pre-
adaptive” traits. Common garden studies are now underway to
compare physiological and life-history features of neohexaploids
and established hexaploids in A. borealis.

Despite the viability of neohexaploid plants—and the spatial
proximity of tetraploid and established hexaploid populations—
hexaploids have not been recovered from tetraploid sites except
when screening spontaneous neopolyploid mutants (26, 30). The
establishment of hexaploids is probably prevented by minority
cytotype exclusion, positive frequency-dependent selection caused
by reproductive incompatibility between plants of differing ploidy
level (19). Theoretical models suggest that, in the absence of self-
fertilization, polyploid establishment occurs only when rates of
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formation are unusually high (>5%) and polyploids have a marked
fitness advantage (48, 49). Although the experiments reported here
indicate that neohexaploids outperform their tetraploid relatives
in a dune habitat, it is unclear if this advantage extends to grass-
land habitats where neohexaploids form. Thus, the absence of
hexaploids in tetraploid populations may reflect minority cytotype
exclusion, the intrinsic physiological and life-history character-
istics of hexaploid plants, or both factors.

Ecological investigation of neopolyploids is in its infancy, and to
my knowledge, there are no comparable field experiments from
other plant taxa. Greenhouse and garden studies report qualita-
tively similar findings as those described here (22, 23, 44). Colchi-
cine-induced neotetraploids of fireweed (Chamerion angustifolium,
Onagraceae), for example, have hydraulic conductivities (Kz) and
time-to-wilt values intermediate to diploids and established tet-
raploids. On the other hand, neotetraploids have significantly
larger leaves and stomatal length than either diploids or estab-
lished tetraploids (44). Genome duplication transforms phenotypic
features of C. angustifolium yet, as reported here for A. borealis,
neopolyploids exhibit numerous phenotypic differences to estab-
lished polyploids.

Experimental studies of neopolyploids provide critical insights
into the relationship between polyploidy and adaptation. The ap-
proach is not perfect, however, and several caveats are acknowl-
edged. First, polyploidy may originate in a genetic background that
responded to genome duplication somewhat differently than cur-
rent-day populations that are selected for study. Second, competi-
tion with progenitor cytotypes may “sieve” neopolyploids such that
only the most divergent individuals contribute to demographic es-
tablishment. Thus, the phenotypic divergence of randomly-selected
neohexaploids could underestimate the divergence of ecologically
successful neohexaploids. Finally, genetic features of neopoly-
ploids may contribute to their evolvability over time. For example,
polyploid populations may exhibit a more rapid response to nat-
ural selection than diploid populations because of multisomic
inheritance or epigenetic processes (2, 6, 7). Increased sampling
of neopolyploid genotypes—within and between populations, and
across multiple generations—are needed to address these issues.

Methods

Geographic Variation in Ploidy. Eighteen study sites were established in
natural habitats along a 200-km stretch of the California coastline that
previous sampling suggested would contain tetraploids and hexaploids (30,
32, 34). Ploidy determinations were made by flow cytometry analysis of
greenhouse-grown seedlings, using previously described methods (26). One
seedling was cytotyped from 30 randomly selected maternal parents per
study population.

I collected soil samples using a corer (5 x 5 x 20 cm) at 30 positions per study
site. Samples were air-dried and pooled into single collections for analysis.
Gravel and rock content was measured using #10 sieves and summarized as
the proportion of total sample weight comprised of particles >2 mm in di-
ameter. Particle size distribution of sieved soil was measured using mechan-
ical (sedimentation) analysis, with sample composition reported as percent
sand (2-0.05 mm), silt (0.05-0.002 mm), and clay (<0.002 mm). Loss-at-ignition
was determined as weight loss following 6 h heating at 500 °C (50). Because
multiple trait comparisons were made for soils, | used a Bonferroni correction
to identify an appropriate significance level (P = o/n = 0.0125).
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Presence-absence inventories of vascular plants were made in 50 x 150-m
plots that circumscribed the study populations of A. borealis. Inventories
were conducted biweekly from April to August. Plant identifications were
based on The Jepson Manual of the Higher Plants of California (35). Site and
species ordinations were generated using detrended correspondence anal-
ysis (51) with rescaled axes, calculated with the PC-Ord software package (v.
5.0; MjM software). | used discriminant functional analysis to test whether
tetraploid and hexaploid sites were distinguished statistically by soil features
and vegetation. The number of taxa in the vegetation matrix exceeded the
number of study sites, so | included the primary axis score of the vegetation
ordination in the discriminant model (52). Loss-at-ignition and one measure
of soil texture (percent sand) were also included in the model, which was
performed using the JMP statistical package (v. 9.0; SAS Institute).

Flowering phenology of 13 populations was monitored in randomly-
positioned quadrats at 10-d intervals (April to August). Total quadrat area per
site was ~1,500 m? and contained 1,000 to 3,500 flowering ramets. | sum-
marized flowering phenology by dividing the number of plants flowering at
each census date by the total number of flowering stems present in quadrats
at each study site.

Plant Materials. Experimental studies of tetraploids and hexaploids included
eight populations, including populations 4, 6, 9, 10, 11, 12, 16, and 17, that
spanned the latitudinal range of the study region (Fig. 1). | sampled 10
maternal families from each population; transplant studies of this material
were established using seedlings. Studies of neopolyploids included plants
from two populations (populations 9 and 12). Tetraploids (41 genotypes)
and neohexaploids (six genotypes) were previously identified (26) among
progeny of five tetraploid maternal parents from population 12; hexaploids
from six maternal families (21 genotypes) in nearby population 9 were also
included to represent characteristics of naturally occurring hexaploids.
Transplant studies of neohexaploids and experimental controls were
established using vegetative clones. All transplant experiments were con-
ducted at site 9, a representative dune (hexaploid) habitat located in the
middle of the study area (Fig. 1).

All transplant materials were grown in the greenhouse. Seeds were sown
into peat-perlite soil mix in plug trays and misted daily until germination. |
irrigated seedlings daily in complete nutrient solution (100 ppm nitrogen).
Supplemental lighting was provided by high-pressure sodium lights with an
average intensity of 60 W per square meter. Transplant experiments with
tetraploids and hexaploids were performed with seedlings (6-wk old) that
had four or five true leaves and an established root system. Because trans-
plant experiments with neohexaploids and controls used vegetative clones,
this material was moved to larger pots (12 x 12 x 12 c¢m) and serially
propagated. Plants were then trimmed to synchronously induce growth of
lateral meristems. | matched harvested shoots for size (three or four leaves)
and planted them in rose pots (5 x 5 x 5 cm). Rooting of cuttings was highly
successful (>80%) and did not differ among cytotypes.

Transplant Experiments. | initiated both field transplantation experiments
during the wet season (early February). Transplants were randomized and
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directly planted into native soil on a 50-cm grid system. To reduce early below-
ground competition, | mechanically stirred soil in a 10-cm radius around each
transplant position before planting. Transplants were planted 2 cm below
grade and surrounded with bark chips (Douglas fir) for mulch. | performed
weekly irrigations (no nutrient additions) for 2 mo to assist establishment.
Early mortality was low in both experiments (<10%, February to May).

For experiments with tetraploids and hexaploids, nine plots of ~240 plants
(three seedlings in 10 maternal families from eight populations) were
established (2,150 total seedlings). For experiments with neohexaploids and
controls, 10 plots of ~100 plants were established (409 tetraploid, 322
neohexaploid, and 292 hexaploid cuttings). A. borealis is a long-lived pe-
rennial, so both experiments were maintained for a 3-y period. | monitored
survival and clonal growth of transplants by seasonal examination of below-
ground rhizome connections, which were marked with plastic toothpicks to
facilitate future identification. Surrounding vegetation competed with
transplants but was pruned each spring to facilitate stem identification. |
covered inflorescences of reproductive stems with bridal veil to prevent pol-
len flow with native populations at the transplant site, as per requirements
of permits issued by California State Parks. Wild yarrow is self-incompatible,
and the covering of inflorescences prevented the measurement of trans-
plant fertility and fecundity.

Transplants exhibited high mortality and slow biomass accrual, so fitness
was summarized as survivorship to the conclusion of experiments (tetraploids
and hexaploids: 329 survivors of 2,150 planted seedlings; neohexaploids and
controls: 409 survivors of 1,023 planted cuttings). | monitored flowering
phenology of the few surviving plants in the third year of the experiment
from April to July, corresponding to the normal flowering period in dune
habitats (Fig. 1). Date of first flowering was determined for reproductive
stems by censuses conducted on 3-d intervals (tetraploids and hexaploids: 68
flowering stems on 40 reproductive transplants; neohexaploids and controls:
95 flowering stems on 72 reproductive transplants). Statistical analyses of
survivorship were performed with JMP and used logistic regression. For
comparison of tetraploids and hexaploids, | included ploidy, population
(nested under ploidy), and plot as factors. For comparison of tetraploids and
neohexaploids, | included ploidy, maternal family, and plot as factors.
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