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RESEARCH ARTICLE
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Niche divergence between diploid and autotetraploid
Tolmiea1
Clayton J. Visger2,3,5, Charlotte C. Germain-Aubrey3, Maya Patel3, Emily B. Sessa2,4, Pamela S. Soltis3,4, and Douglas E. Soltis2-4

PREMISE OF STUDY: Polyploidy is common in eukaryotes and is of major evolutionary importance over both short and long time-scales. Compared to
allopolyploids, autopolyploids remain understudied; they are often morphologically cryptic and frequently remain taxonomically unrecognized, although
there is increasing recognition of the high frequency of autopolyploidy in angiosperms. While autopolyploidy can serve as an instant speciation mechanism, little is known about the ecological consequences of this process. We describe the ecological divergence of a diploid-autotetraploid species pair in
Tolmiea.
METHODS: We investigated whether abiotic niche divergence has shaped the current allopatric distribution of diploid T. diplomenziesii and its autotetraploid derivative, T. menziesii, in the Pacific Northwest of North America. We employed field measures of light availability, as well as niche modeling and a
principal component analysis of environmental space. Within a common garden, we also investigated physiological responses to changes in soil
moisture.
KEY RESULTS: Diploid and autotetraploid Tolmiea inhabit significantly different climatic niche spaces. The climatic niche divergence between these two
species is best explained by a shift in precipitation availability, and we found evidence of differing physiological response to water availability between
these species.
CONCLUSIONS: We found that spatial segregation of T. diplomenziesii and T. menziesii was accompanied by adaptation to changes in climatic regime.
Tolmiea menziesii is not a nascent autotetraploid, having persisted long enough to be established throughout the Pacific Northwest, and therefore both
polyploidization and subsequent evolution have contributed to the observed differences between T. menziesii and T. diplomenziesii.
KEY WORDS polyploidy; genome doubling; whole-genome duplication; autopolyploidy; niche modeling; niche divergence

Estimates of the frequency of polyploidy in angiosperms have
ranged from 30% (Stebbins, 1950) to 70% (Masterson, 1994; see
Grant, 1981, for range of values), with analyses of genomic data
demonstrating that all angiosperms have undergone at least one
round of whole-genome duplication (Jiao et al., 2011; Amborella
Genome Project, 2014; see also Cui et al., 2006; Soltis et al., 2009;
Van de Peer et al., 2009; Van de Peer, 2011). Despite the wide recognition of the prevalence of polyploidy, both its evolutionary role
and the importance in angiosperm diversification have remained
subjects of debate (e.g., Arrigo and Barker, 2012; Mayrose et al.,
2011; Scarpino et al., 2014; Tank et al., 2015; for review see Soltis
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et al., 2014a). The evolutionary fate of polyploidy rests on the assumption that, following formation, polyploids diverge from their
progenitors with respect to ecology, geography, or other factors, or
a combination of these properties (e.g., Fowler and Levin, 1984;
Levin, 1983, 2002).
Two types of polyploidy have generally been recognized: autopolyploidy and allopolyploidy (Kihara and Ono, 1926; Muntzing,
1936; Darlington, 1937; Clausen et al., 1945; Grant, 1981). Traditionally, autopolyploidy was considered extremely rare in nature
and maladaptive (Stebbins, 1950; Grant, 1981). Stebbins (1950), for
example, recognized only one unambiguous autopolyploid, Galax
urceolata. Accompanying the recent revival of research on polyploidy has been an increasing recognition of the frequency and importance of autopolyploidy in nature (reviewed in Soltis and Soltis,
1993; Ramsey and Schemske, 1998, 2002; Tate et al., 2005; Soltis et
al., 2007; Parisod et al., 2010). Autopolyploids are now considered
much more frequent than previously thought, with ~25% of all investigated plant species containing multiple cytotypes (races of different
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ploidy, generally presumed to be of autopolyploid origin) (e.g., Soltis
et al., 2014a; Barker et al., 2015; Rice et al., 2015).
While autopolyploidization can serve as an instant sympatric
speciation mechanism, it is also a double-edged sword, potentially
yielding an isolated polyploid individual surrounded by a population of closely related diploid organisms, subjected to a frequencydependent mating disadvantage (minority cytotype exclusion or
MCE—Levin, 1975; Fowler and Levin, 1984). Ramsey and Schemske (1998, 2002) estimated the rate of unreduced gamete formation
in angiosperms (~0.5–2%), concluding that autopolyploids must
form at relatively high frequency in natural populations, while also
inferring a high rate of failure to establish. To succeed as a new species, the nascent autopolyploid must reach establishment by one of
several (nonmutually exclusive) methods: supplanting the progenitor population, achieving a chance colonization of disturbed or recently opened habitat, or shifting its optimal niche conditions
(Fowler and Levin, 1984; Levin, 1983, 2002).
Several studies have investigated the niche differences between
autopolyploids and their diploid progenitors, with mixed results. In
some cases, autopolyploidy was accompanied or followed by niche
divergence from the parental diploid (Glennon et al., 2012;
McIntyre, 2012; Theodoridis et al., 2013; Thompson et al., 2014). In
contrast, diploid and autotetraploid cytotypes of Heuchera cylindrica, for example, do not have divergent niche requirements, despite occupying largely allopatric ranges (Godsoe et al., 2013). In
another example, reciprocal transplanting of diploid and autotetraploid Ranunculus adoneus revealed that niche divergence did not
contribute to autotetraploid establishment (Baack and Stanton,
2005). These seemingly contrasting results may be explained by
lineage-specific effects of polyploidy on plant physiology and abiotic stress response. Unfortunately, however, the immediate physiological effects of polyploidy in an ecological context remain
unclear in all but a few systems (e.g., Maherali et al., 2009; Ramsey,
2011; del Pozo and Ramirez-Parra, 2014). The effects of polyploidy
are by no means expected to be consistent across angiosperms, and
therefore, the role of stochastic establishment vs. niche divergence
in the facilitation of neopolyploid establishment needs to be evaluated on a case-by-case basis. To begin assessing the lineage-specific
effects of autopolyploidy on niche divergence, there is a need to
investigate additional autopolyploid systems, both on a broad climatic scale, and from a more narrow experimental perspective.
The angiosperm genus Tolmiea Hook. (Saxifragaceae) is an excellent system for the study of naturally occurring autopolyploidy.
Tolmiea includes only two species, which until recently were considered cytotypes within a single species (Soltis, 1984; Judd et al.,
2007). Tolmiea is now circumscribed as the autotetraploid T. menziesii (Pursh) Torr. & A. Gray (2n = 28) and its diploid progenitor,
T. diplomenziesii Judd, D. Soltis & P. Soltis (2n = 14) (Judd et al.,
2007). Both species inhabit coastal understories of the Pacific
Northwest of North America (hereafter referred to as the Pacific
Northwest), but they occupy distinct, nonoverlapping latitudinal
ranges, with T. menziesii occurring from central Oregon to southeastern Alaska, and T. diplomenziesii from northern California to
central Oregon (Fig. 1).
Factors that commonly confound inference of the mode of polyploid origin are not factors in Tolmiea. Tolmiea is morphologically,
genetically, and phylogenetically distinct from all other genera in
Saxifragaceae (Soltis, 1984; Soltis and Kuzoff, 1995; Soltis et al.,
1989, 2001), and it has no close relatives that may have contributed
a second genome to the formation of the tetraploid (reviewed in

Judd et al., 2007). Furthermore, T. menziesii exhibits tetrasomic
inheritance (Soltis and Soltis, 1988), which is an expectation of autotetraploids but not allotetraploids (which maintain disomic inheritance). All of these features make T. menziesii one of the most
clear-cut autopolyploids in nature (Soltis and Soltis, 1989; Judd
et al., 2007). In addition, whereas many polyploids seem to have
formed multiple times (Doyle et al., 2004; Mavrodiev et al., 2015;
Soltis and Soltis, 2009), both previous and ongoing research, including restriction-site analyses (Soltis et al., 1989) and phylogenetic
analyses of plastid sequences, ITS sequences, and transcriptome
data (C. Visger, University of Florida, unpublished data), indicates
fewer origins of T. menziesii than other well-documented autopolyploids (e.g., Servick et al., 2015); it has formed once or perhaps only
a few times during a limited time frame.
Here, we investigate the factors contributing to the nonoverlapping geographic ranges of T. menziesii and T. diplomenziesii. Specifically, we ask whether their spatial separation can be explained by
climatic niche divergence, rather than chance geographical isolation. In a review spanning both auto- and allopolyploids, Glennon
et al. (2014) found that polyploid species most often occupied niche
spaces that were a subset of their progenitors’ niches, indicating
that ecological novelty might not be the most common mode of
establishment. Rather, as observed between diploid and autotetraploid cytotypes of Heuchera cylindrica (Godsoe et al., 2013) and
Ranunculus adoneus (Baack and Stanton, 2005), spatial separation
unaccompanied by niche divergence can serve as a mechanism for
escape from minority cytotype disadvantage. Although allopolyploids may exhibit a range of niche spaces relative to those of their
parents (Marchant et al., 2016), given the results for Heuchera
cylindrica (a species closely related to Tolmiea; Soltis et al., 2001)
(Godsoe et al., 2013) and the autopolyploid nature of T. menziesii,
niche equivalency (conservatism) between T. diplomenziesii and
T. menziesii is our null expectation, with subsequent divergence
occurring only in spatial distribution.
To address whether spatial separation between T. menziesii and
T. diplomenziesii is accompanied by abiotic niche divergence, we
integrated comparisons of climatic niche, field-based measurements, and physiology within a common garden. We applied niche
modeling to estimate the climatic niche spaces of T. menziesii and
T. diplomenziesii, followed by an ordination-based analysis of climatic variables to provide an independent assessment of shifts in
environmental space between T. diplomenziesii and T. menziesii.
Both species are shade-loving understory plants, therefore, we used
measures of canopy transmittance to identify whether divergence
in shade preference has occurred. Finally, we integrated physiological comparisons with our investigation of climatic niche divergence
by simulating drought conditions in a common garden to experimentally test the hypothesis that T. menziesii and T. diplomenziesii
differ in response to drought stress.
MATERIALS AND METHODS
Sampling—Thirty-one populations of Tolmiea were sampled
across northern California and the Pacific Northwest in June 2013.
Leaf tissue was collected in silica desiccant from multiple individuals spaced at least 5 m apart to minimize the possibility of resampling clonal genotypes. Two live plants per population were
transported to the greenhouses at the University of Florida, where
they were clonally propagated and raised in a common garden.

AU G U S T 2016 , V O LU M E 103

• V I S G E R E T A L. — N I C H E D I V E R G E N C E I N TO L M I E A

• 3

Becton, Dickinson and Company, Franklin
Lakes, NJ, USA) was used to strain the solution. After straining, 140 µL of filtrate were
treated with 1 µL of RNaseA (1 mg/mL) and
350 µL of a propidium iodide staining solution (0.4 M NaPO4, 10 mM sodium citrate,
25 mM sodium sulphate, 50 µg/mL propidium
iodide) and incubated on ice for approximately
3 h. An Acuri C6 (BD Biosciences, USA) was
used to analyze the stained solutions until
10,000 events were captured, and genome size
and ploidy were inferred relative to the internal standard.
Ecological niche modeling (ENM)—Occurrence data for both Tolmiea species (359
points) were mined from the Consortium
of Pacific Northwest Herbaria (http://www.
pnwherbaria.org) and added to the localities
of the 31 field-sampled populations. Given the
recent description of diploid Tolmiea as T.
diplomenziesii (Judd et al., 2007), many diploid specimens in herbaria are still referred to
as T. menziesii because of insufficient time for
annotation of specimens. Therefore, herbarium data from central Oregon (where ranges
of T. diplomenziesii and T. menziesii abut)
were excluded: only populations from this
region for which ploidy was verified via flow
cytometry were used (see Fig. 1). Duplicate
specimen records were removed from the data
set. Additionally, occurrence data were examined visually, and any cases of clear misidentification were removed (e.g., an occurrence
was reported in eastern Oregon where Tolmiea does not occur). In total, 310 data points
were used, 72 for T. diplomenziesii and 207 for
FIGURE 1 Sampling map of the Pacific Northwest. All data points, excluding those in green, were
T. menziesii.
used for niche model generation. Circles represent data mined from herbaria, while stars repreBioclimatic and elevation layers were obsent field-collected accessions with ploidy verified by flow cytometry (FCM).
tained from Worldclim (Hijmans et al., 2005)
at 30 arcsec resolution. In some cases, information on soil type can provide valuable information for ENM;
Additionally, two voucher specimens were collected from each
however, for this study we found the resolution of publically availpopulation and deposited in the California State University, Sacraable soil layers to be too coarse-grained to be informative at the
mento Herbarium (SACT) (Table 1 for voucher information).
geographic scale investigated here. Additionally, the ability of both
T. diplomenziesii and T. menziesii to thrive on both rich soil and
Flow cytometry—Flow cytometry was used to infer the ploidy of
bare, rocky seeps suggests that soil type is not likely to be a major
two individuals per population. Given the nonoverlapping ranges
determinant of habitat suitability. We therefore opted to investigate
of T. diplomenziesii and T. menziesii, as well as previously pubonly the climatic and elevation layer sets.
lished evidence supporting the absence of mixed-ploidy populaElevation and all 19 Bioclim layers were tested for correlation
tions (Soltis, 1984; Soltis and Soltis, 1989), this sampling strategy
within the Pacific Northwest, and a cutoff of 0.7 Pearson’s correlawas considered sufficient to estimate the ploidy of each population.
tion coefficient was imposed to reduce the number of layers for
Flow cytometry methods were modified from Hanson et al. (2005).
subsequent analyses. Eight layers were retained for the final analyApproximately 2.5 cm2 of silica-dried leaf tissue were suspended in
sis: Bio2 (mean diurnal range), Bio5 (max temperature of warmest
500 μL of ice-cold extraction buffer (0.1 M citric acid, 0.5% v/v Trimonth), Bio8 (mean temperature of wettest quarter), Bio11 (mean
ton X-100, 1% w/v PVP-40) and co-chopped with 1 cm2 of standard
temperature of coldest quarter), Bio15 (precipitation of driest
[Pisum sativum ‘citrad’; 9.09 pg (Doležel et al., 1998)] in a plastic
month), Bio16 (precipitation of seasonality), Bio17 (precipitation
petri dish over a chilled brick with a fresh razor blade. Tissue
of driest quarter), and Bio18 (precipitation of warmest quarter).
was chopped ~45–60 s, until it resulted in a fine slurry. The resultNiche models were generated using the logistic output from
ing slurry was swirled by hand until the extraction buffer obMaxEnt (ver. 3.3.3k; Phillips et al., 2004, 2006). With the exception
tained a light-green tinge. A 100-μm mesh filter (BD Falcon;
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TABLE 1. Population locality, ploidal level, elevation, and canopy transmittance of diploid and tetraploid Tolmiea. Population vouchers are housed in the
California State University, Sacramento herbarium (SACT).

Percent Canopy Transmittance
Population
13-1
13-2
13-3
13-4
13-5
13-6
13-7
13-8
13-9
13-10
13-11
13-12
13-13
13-14
13-15
13-16
13-17
13-18
13-19
13-20
13-21
13-22
13-23
13-24
13-25
13-26
13-27
13-28
13-29
13-30
13-31

SACT herbarium ID

Ploidy

Latitude

Longitude

Elevation (m)

Measure 1

Measure 2

Measure 3

Measure 4

Measure 5

C. Visger 13-1
C. Visger 13-2
C. Visger 13-3
C. Visger 13-4
C. Visger 13-5
C. Visger 13-6
C. Visger 13-7
C. Visger 13-8
C. Visger 13-9
C. Visger 13-10
C. Visger 13-11
C. Visger 13-12
C. Visger 13-13
C. Visger 13-14
C. Visger 13-15
C. Visger 13-16
C. Visger 13-17
C. Visger 13-18
C. Visger 13-19
C. Visger 13-20
C. Visger 13-21
C. Visger 13-22
C. Visger 13-23
C. Visger 13-24
C. Visger 13-25
C. Visger 13-26
C. Visger 13-27
C. Visger 13-28
C. Visger 13-29
C. Visger 13-30
C. Visger 13-31

2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
4x
4x
4x
4x
4x
4x
4x
4x
4x
4x
4x
4x
4x
4x
4x
4x
4x
4x
2x
2x
2x

40.824°
40.524°
40.374°
41.680°
41.335°
42.112°
43.297°
43.291°
43.786°
43.811°
44.070°
44.404°
44.400°
44.602°
44.763°
45.025°
45.043°
45.303°
45.817°
46.053°
46.635°
47.158°
47.403°
47.728°
48.370°
48.902°
47.790°
45.180°
44.398°
42.826°
42.119°

−123.692°
−122.941°
−123.364°
−123.568°
−123.395°
−123.410°
−122.909°
−122.565°
−122.550°
−122.425°
−122.230°
−122.086°
−122.340°
−121.963°
−122.111°
−121.956°
−122.063°
−121.868°
−121.881°
−121.971°
−121.710°
−121.727°
−121.568°
−121.407°
−121.505°
−121.913°
−122.925°
−123.818°
−123.860°
−124.008°
−124.196°

1175.6
761.4
844.0
1356.1
311.2
1020.5
269.4
471.9
388.3
417.0
610.5
1053.7
395.0
799.5
574.5
630.3
463.3
666.3
307.8
389.5
499.9
476.7
451.7
298.7
224.0
336.8
138.1
70.1
26.8
173.7
36.0

14.60
9.96
16.19
na
na
9.79
14.61
9.28
7.38
10.09
12.41
25.94
7.22
14.02
11.93
12.28
8.13
9.32
14.41
8.79
9.86
13.08
8.38
11.66
10.25
6.01
9.42
16.72
8.79
12.13
na

21.76
7.26
6.11
na
na
8.37
5.22
6.10
8.58
13.65
12.26
22.82
9.85
11.08
10.63
9.39
13.93
7.93
12.45
6.16
9.13
11.44
7.70
9.27
9.93
14.75
9.48
11.07
6.63
8.89
na

15.56
10.64
22.37
na
na
7.92
6.93
6.97
7.43
10.06
12.56
10.12
15.54
11.13
10.27
10.61
10.55
7.34
12.78
5.08
11.09
10.74
8.03
8.93
11.30
15.79
8.98
11.32
9.86
8.17
na

11.15
7.67
20.44
na
na
7.73
6.79
7.15
6.26
10.28
14.85
7.52
12.36
12.01
9.05
10.18
7.30
10.02
17.16
5.90
8.84
14.10
7.93
7.79
10.92
12.32
7.77
10.65
9.08
9.67
na

11.46
9.53
5.97
na
na
6.96
na
8.98
7.42
10.12
15.79
12.73
7.87
12.37
6.01
8.56
6.30
11.27
14.99
5.19
9.81
9.62
10.05
8.23
12.84
9.51
8.75
9.59
8.90
9.55
na

of using 15 subsampled replicates, a 25% random test percentage,
and 5000 maximum iterations, default settings were used. The
model accuracy was evaluated by the area under the curve (AUC)
statistic, which reflects the ability of the model to correctly predict
the occurrence of training points, as well as visual comparison of
the training and testing output curves and our expert knowledge on
the habitat map.

for each occurrence point. The resulting matrix was then transformed into principal components using JMP pro (version 12; SAS
Institute, Cary, NC, USA), and visual inspection of a scree plot was
used to assess the number of components to retain. Using R (R Development Core Team, 2015), occurrence points were plotted
against the optimal number of principal components best explaining the data set.

Niche overlap—Overlap between the niche space of T. diplomenziesii and T. menziesii was summarized using Schoener’s D from 0
(no similarity) to 1 (complete similarity) (Warren et al., 2008;
Broennimann et al., 2012). We then compared our observed niche
overlap against null distributions of niche overlap scores generated
under both the assumptions of niche equivalency and similarity
within environmental space (following Broennimann et al., 2012)
using an ordination-based approach shown to be less prone to biases associated with model-based tests of niche divergence (see
Glennon et al., 2014). Background environmental space was defined using climate data extracted from 10,000 random points
(both 500 and 1000 background points were also used and did not
yield differing results) across the realized range of T. menziesii and
T. diplomenziesii using the QGIS point sampling tool, and the similarity and equivalency tests were implemented in the R package
ecospat (Broennimann et al., 2014) with 100 replicates each.

Physiological response to changes in soil moisture—Twelve clonally propagated plantlets (six T. diplomenziesii and six T. menziesii)
were grown in a soil mix containing 1/8 sand, 1/8 fine gravel, and
3/4 Professional Growing Mix (Sun Gro Horticulture, Agawam,
MA, USA) under common conditions in the greenhouses at the
University of Florida. Over a 17-d period, watering was ceased, and
soil moisture (percent volumetric water content), leaf water potential (ΨLEAF), and intrinsic water-use efficiency (WUE—the ratio between CO2 assimilation (A) and stomatal conductance (gs)) were
measured on five separate days (1, 3, 10, 15, and 17 d after water
cessation) using a soil moisture meter (10HS; Decagon Devices,
Pullman, WA, USA), Scholander pressure chamber (Model 600D;
PMS Instrument Company, Albay, OR, USA), and an open gasexchange system (Li-Cor 6400; Li-Cor, Lincoln, NE, USA), respectively. Additionally, leaf punches of standardized area were
collected from each individual plant on days 1, 3, 10, 15, and 17
postwatering, and weighed. The leaf punches were then dried at
70°C overnight and reweighed for dry weight. Leaf water content
was calculated on a fresh weight basis using the formula (fresh

Environmental principal component analysis (PCA)—Climatic val-

ues from each minimally correlated climatic layer were extracted
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weight–dry weight)/fresh weight × 100. Each data set was checked
for normality and log transformed if it significantly deviated from a
normal distribution. A linear mixed-effect model was implemented
in JMP pro to assess the effects of ploidy, soil moisture, and ploidy
by soil moisture, with individual as a random effect, on leaf water
potential, leaf water content, and WUE.
Guard cell measurements—The abaxial leaf surface was painted

with a thin layer of clear nail polish and allowed to dry, and the nail
polish was carefully peeled away from the leaf, yielding a negative
epidermal impression. These negative epidermal impressions were
measured using a phase microscope under a 40× objective and
photographed using a Nikon Coolpix 950. Image analysis was conducted using Fiji (Schindelin et al., 2012), and length/width of
guard cells was recorded using pixels as the unit of measure, allowing for comparisons of relative size differences. The effect of ploidy
on length, width, and area of guard cells was tested using a t test
implemented in JMP pro.
Canopy transmittance—The percentage of total light transmitted

through the canopy was assessed using methods modified from
Sessa and Givnish (2014). Digital hemispherical photographs were
taken above a plant, with five plants per population across 31 populations using a camera with a fisheye lens attachment (Nikon
Coolpix 950 with FC-E8 fisheye). Data for five populations were
removed because of equipment failure (see Table 1). Given the potential for clonality in Tolmiea, we scattered our data collection locations within each population, with no image being taken within
10 m of an already photographed location. The camera was oriented due North using a compass and leveled with a bubble level.
Images were analyzed using the Gap Light Analyzer (GLA) software (Frazer et al., 1999), and saturation levels were adjusted by eye
by a single researcher (CJV). A linear mixed-effect model was implemented in JMP pro 12 to assess the effects of ploidy and elevation, with population as a random effect, on the per-population
average canopy transmittance.
RESULTS

Flow cytometry—Ploidy estimates using flow cytometry readily
distinguished T. diplomenziesii and T. menziesii (populations for
which ploidy was verified using FCM are identified using stars in
Fig. 1). Populations south of central Oregon were confirmed to be
diploids (2n = 2x = 14), and those samples north of central Oregon
were tetraploid (2n = 4x = 28). No triploid individuals were found
using this approach, supporting the findings of Soltis (1984) and
Soltis and Soltis (1989) regarding the rarity or nonexistence of triploid Tolmiea in nature.
ENM and niche overlap—Over 15 replicate runs, the niche models
generated for T. diplomenziesii and T. menziesii yielded mean ± SD.
AUC scores of 0.962 ± 0.015 and 0.929 ± 0.012, implying very low
rates of false negative and false positive suitability predictions (for
response curves see Appendix S1, see Supplemental Data with the
online version of this article). The climatic niche spaces of both species closely mirror their realized ranges, with the climatic niche
space of T. diplomenziesii slightly expanded northward beyond the
realized range (Fig. 2). The niche overlap of T. diplomenziesii and T.
menziesii within environmental space (Schoener’s D = 0.140; Fig. 3
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dashed line) was significantly lower than the null distribution under niche equivalency (Fig. 3A solid histogram; p = 0.0198). Using
the niche similarity test, we found that T. diplomenziesii and T.
menziesii are neither more nor less similar than expected by chance
within environmental space (T. diplomenziesii vs. T. menziesii, and
T. menziesii vs. T. diplomenziesii, p = 0.267 and p = 0.376, Fig. 3B
and Fig. 3C, respectively; for the related PCA plots, see Appendix
S2). We therefore reject the null hypothesis that T. menziesii inhabits a climatic niche space equivalent to T. diplomenziesii, while acknowledging that the climatic regimes they occupy may be only
subtly divergent.
Environmental PCA—Two principal components explain the ma-

jority of the environmental variation across the distribution of the
entire Tolmiea data set (Fig. 4), with an eigenvalue of 3.1368, which
dropped dramatically when a third component was included (eigenvalue = 0.6402). Principal component 1 (PC1) represented
43.6% of the variation and was most explained by mean temperature of the wettest quarter (eigenvector 0.507) and mean temperature of the coldest quarter (eigenvector 0.501). Principal component
2 (PC2) represented 39.2% of the variation and was most explained
by precipitation of the driest quarter (eigenvector 0.518) and precipitation of the warmest quarter (eigenvector 0.534). Neither of
the major contributing variables of PC1 was strongly correlated
with any precipitation variables removed prior to model generation, and neither of the PC2 major contributors was correlated
strongly with removed temperature variables. The PCA reveals a
large overlap in environmental space between T. diplomenziesii and
T. menziesii along the temperature-related axis (PC1), with the tetraploid showing greater breadth. However, along the precipitationrelated axis (PC2), there is very little overlap between the two
species, with T. diplomenziesii inhabiting drier conditions than
T. menziesii (Fig. 4).
Physiological response to changes in soil moisture—Soil moisture,

leaf water content, and leaf water potential collected over the course
of the 17-d dry down in the common garden deviated from normal
distributions and were log transformed prior to statistical analysis.
Leaf water content was not significantly affected by any of the investigated variables (ploidy, soil moisture, and ploidy by soil moisture); ploidy by soil moisture was nearly significant with p = 0.07).
Soil moisture had a significant effect on leaf water potential (p <
0.0001) (Table 2, Fig. 5). Conversely, WUE was significantly affected by soil moisture (p = 0.0372) and the ploidy by soil moisture
interaction (p = 0.0368) (Table 2, Fig. 5).
Guard cell measurements—Guard cell dimensions did not differ

between T. diplomenziesii and T. menziesii (t test; Table 3). Mean
±SD guard cell length, width, and area for diploids were 135.7 ±
19.0 pixels, 108.0 ± 12.6 pixels, and 14,808.7 ± 3601.3 pixels2,
whereas corresponding guard cell dimensions for tetraploids were
130.7 ± 19.6 pixels, 104.5 ± 13.5 pixels, and 13,802.0 ± 3500.7
pixels2.

Canopy transmittance—Canopy transmittance across the data set

showed high levels of variation within and between populations of
both species, overwhelming any small differences that might be
present between species (Table 1). The range of canopy transmittances for diploid populations was 5.2–22.4% (mean ± SD = 9.9 ± 3.9%),
and was very similar to the range for the tetraploid populations of
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FIGURE 2 Niche suitability across the Pacific Northwest for T. diplomenziesii (blue) and T. menziesii (red) categorized by climatic suitability score as low
(0.15–0.3), moderate (0.3–0.5), and high (> 0.5). The dashed line indicates the realized North/South range break for T. diplomenziesii and T. menziesii.

5.1–25.9 (mean ± SD = 10.8 ± 3.7%). Neither ploidy alone (p =
0.2056) nor ploidy by elevation (p = 0.9023) had a significant effect
on canopy transmittance, although increasing elevation did have a
significant positive effect on canopy transmittance (p = 0.0242)
(Table 2).
DISCUSSION
Autotetraploids in general tend to represent a discrete subset of the
genetic variation encompassed by all of the populations of their
diploid progenitor, which, barring any polyploidy-derived changes,
should translate initially to a conserved physiology and niche preference. Using a novel integration of niche modeling, field measurements, and physiological investigations, we found evidence for both
abiotic niche differentiation and corresponding physiological divergence between a diploid parent and its autopolyploid derivative.
Tolmiea diplomenziesii and T. menziesii are highly similar in
morphology, flavonoids (Soltis and Bohm, 1986), allozymes (Soltis

and Soltis, 1989), rDNA restriction sites (Soltis and Doyle, 1987),
and ITS sequences (C. J. Visger, University of Florida, unpublished
data). Despite their similar morphology and genetics, we found evidence that T. menziesii inhabits a unique climatic niche relative to
that of its diploid progenitor. One possible explanation for the
niche divergence of T. menziesii compared to T. diplomenziesii is
that despite very high genetic similarity, T. menziesii may exhibit
transgressive levels of gene expression as a consequence of carrying
four alleles per locus. However, whether climatic niche divergence
between the diploid and autotetraploid was an immediate effect of
polyploidy per se, a product of subsequent evolution, or a combination of both is beyond the scope of this study and is under investigation. Therefore, it is important to consider our findings as
representing niche divergence following a combination of both autopolyploidy and subsequent evolution.
Selection on nascent polyploids should favor factors that
facilitate escape from MCE. That is, traits that encourage a shift
in geographic space or niche space should be subjected to strong
positive selection (Levin, 1975; Fowler and Levin, 1984). While
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of the equivalency test, we conducted the less stringent test of
niche similarity and were unable
to find support for either more or
less similar niche space between
T. diplomenziesii and T. menziesii.
The niche identity/equivalency test
is an extremely sensitive test, and
sister taxa will most often reject
the null expectation of niche
equivalence (e.g., Kalkvik et al.,
2012). The similarity test is far less
stringent and rarely finds sister
species to be significantly dissimilar, reflecting the tendency
for the niches of closely related
species to be more similar than
expected by chance (e.g., Burns
and Strauss, 2011). However,
Warren et al. (2008) argued that
investigation of niche conservatism should be treated as a continuum, with most sister taxa
falling somewhere between equivalent and dissimilar. We stress
that for autopolyploidy, which
provides no unique alleles and
often results in morphologically
identical progenitor-derivative
pairs, the null expectation should
fall closer to equivalence than
dissimilarity. Even a slight deviation from niche equivalency following autopolyploidization may
be important for escape from
MCE.
Our modeling and environmental PCA indicates that niche
divergence in Tolmiea occurs
largely along an axis of precipitation, with T. diplomenziesii inhabiting regions with lower
FIGURE 3 Observed niche overlap (red dashed line – 0.140) vs. a distribution of 100 niche overlap scores generated under the null assumption of niche equivalency (A) and similarity (T. diplomenziesii vs. T. menziesii, and T. precipitation and T. menziesii
occurring under high-precipitamenziesii vs. T. diplomenziesii, B and C, respectively).
tion regimes. Our experiment
testing response to reduced water availability supports this conclusion. There appears to be a
some autopolyploids (e.g., Heuchera cylindrica; Godsoe et al.,
trade-off, or adaptive crossover, at high and low soil moisture be2013) appear to have shifted from their diploid progenitor in
tween the two species, with T. menziesii photosynthesizing more
geography alone, it appears that T. menziesii and T. diplomenzieefficiently with respect to water loss through transpiration during
sii have diverged in geography, climatic regime, and abiotic
times of high soil moisture, while T. diplomenziesii makes more efpreference.
ficient use of water under drought conditions. Significantly, leaf
The climatic niche spaces of T. menziesii and T. diplomenziesii
water potential did not appear to be affected by either ploidy or its
appear to be predominantly non-overlapping geographically (Fig. 2),
interaction with soil moisture, indicating that autopolyploidy and
suggesting that niche divergence has played a role in their allopatric
subsequent evolution have not altered the regulation of leaf water
distribution. We rejected the null hypothesis of a highly conserved
potential.
T. menziesii niche, finding instead that the two species inhabit diGuard cell size has been repeatedly shown to be a strong correvergent climatic regimes. The null model of niche equivalency can
late of genome size (and therefore ploidy) (e.g., Beaulieu et al., 2008;
potentially be biased by geographic autocorrelation (Warren et al.,
Masterson, 1994). Changes in guard cell size could alter the stoma2008), and in some cases may only indicate divergent climatic retal aperture, thereby influencing water dynamics (Mishra, 1997;
gimes. To compensate for any potential biases and/or over-sensitivity
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possible explanation is that unlike most polyploids, T. menziesii
does not have significantly enlarged guard cells. This observation
supports the idea that alteration of stomata size and density may be
important components of the polyploidy-induced drought tolerance
that has commonly been observed. While we did not investigate
the cell size of non-stomatal cells (e.g., pavement cells, mesophyll
cells, vessel elements), other cell size effects could certainly play a
role in the divergent WUE we observed. Ploidy has been shown to
influence xylem diameter (Pockman and Sperry, 1997), which
could influence the relationship between leaf water potential and
leaf water content by requiring increased turgor pressure to maintain a given leaf water content. In the context of our results (no
significant effect of ploidy on leaf water potential and a nearly significant effect of ploidy on leaf water content at p = 0.07), differing
xylem diameter could potentially explain the maintenance of similar leaf water potential under differing leaf water contents; however, this was beyond the scope of our study, but warrants further
investigation.
Although we have shown evidence for climatic divergence with
respect to water availability and a differing response to drought
between T. diplomenziesii and T. menziesii, based on our measures
of canopy transmittance, we found no such differences relating to
FIGURE 4 Tolmiea diplomenziesii (blue) and T. menziesii (red) populations
shade preference. Conservation of shade preference between ploiplotted against temperature-related variables (PC1) and precipitationdal levels makes sense in light of the geographic distribution of the
related variables (PC2). Ellipses represent 90% confidence.
species. Had T. diplomenziesii and T. menziesii diverged primarily
in shade preference, we would not expect the observed north–
Li et al., 1996). Interestingly, we find no evidence for a change in
south allopatric distribution; rather, we might expect a more patchy
guard cell length, width, or area between T. diplomenziesii and T.
or mosaic-like distribution varying with canopy type of differing
menziesii. Although there are a number of examples where polycanopy transmittance (e.g., evergreen vs. deciduous forest, mature
ploidy does increase guard cell size, this is not always the case (e.g.,
vs. new growth forest). However, we found that no individuals ocMishra, 1997; Masterson, 1994). Had significant differences been
curred under greater than 26% canopy transmittance, suggesting
found between guard cells of T. diplomenziesii and T. menziesii, this
that the occurrence of both species are similarly constrained by
would have provided a clear explanation for the differential response
shade availability.
to water availability observed.
The ecological and physiological divergence between an autoA relationship between ploidy and stress tolerance, in particular
polyploid and its diploid progenitor may be explained by several
drought tolerance, has been observed (and in some cases empirifactors. While allopolyploid genomes may undergo fractionation
cally studied) in a number of plant systems (e.g., Li et al., 1996; Hao
(e.g., Langham et al., 2004), reducing redundant gene copies, autoet al., 2013; del Pozo and Ramirez-Parra, 2014). Often the higher
tetraploids should persist with four allelic copies through time, asploidy has been found to be more suited to dry environments. This
suming disomic inheritance is not restored. Increased allelic dosage
trend has usually been attributed to the common observation that
has been shown to affect plant physiologic stress response, includpolyploids have larger stomatal apertures but reduced stomatal
ing drought stress (del Pozo and Ramirez-Parra, 2014). Maintaining
densities, which presumably results in altered transpiration rates
four allelic copies also has a significant population genetic impact in
(a component of WUE; see te Beest et al., 2012). In Tolmiea, we find
the fixing/purging of beneficial/deleterious alleles, slower rates of
the opposite of these trends. Our study revealed that the diploid,
reaching Hardy-Weinberg equilibrium, and higher heterozygosity
and not the autotetraploid, is more suited to drier habitats. One
(Moody et al., 1993). Even if polyploidy per se has had no immediate effect on the ploidy differences described
here in Tolmiea, the increase in allele copy
TABLE 2. Linear mixed-effects model results for canopy transmittance and physiological response.
number could have major effects on the subResponse variable
Effect
F ratio
Prob > F
sequent evolution of autopolyploid populalog Leaf Water Potential
Ploidy
0.13
0.7311
tions. Furthermore, increases in cell volume
log Leaf Water Potential
log(Soil Moisture)
24.59
<0.0001
following polyploidization are typically nonlog Leaf Water Potential
Ploidy*log(Soil Moisture)
3.13
0.0864
linear (e.g., 1.5-fold cell volume vs. 2-fold
Water-use Efficiency
Ploidy
0.64
0.4450
nuclear material), which could influence inWater-use Efficiency
log(Soil Moisture)
4.56
0.0372
tracellular mechanisms under concentrationWater-use Efficiency
Ploidy*log(Soil Moisture)
4.58
0.0368
dependent control (Levin, 1983; Storchova
log Leaf Water Content
Ploidy
2.09
0.1785
log Leaf Water Content
log(Soil Moisture)
0.19
0.6651
et al., 2006). Although guard cell sizes did
log Leaf Water Content
Ploidy*log(Soil Moisture)
3.40
0.0704
not differ, it remains possible that the size of
Canopy Transmittance
Ploidy
1.69
0.2056
other cell types may differ between T. diploCanopy Transmittance
Elevation
5.79
0.0242
menziesii and T. menziesii. A combination
Canopy Transmittance
Ploidy*Elevation
0.02
0.9023
of nucleotypic effects and changes in gene
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TABLE 3. Guard cell size vs ploidy

Measurement
Guard cell length 4× vs. 2×
Guard cell width 4× vs. 2×
Stomatal area 4× vs. 2×

t Ratio

Prob > |t|

−1.01055
−1.06126
−1.10074

0.3176
0.2940
0.2771

dosage following polyploidy could underlie altered water use and/
or a shift in abiotic requirements (reviewed in Soltis et al., 2014b)
and are currently being explored in Tolmiea.
CONCLUSION
To determine the role of polyploidy in features that might lead to
niche divergence, additional studies leveraging resynthesized autopolyploids are necessary (e.g., Ramsey, 2011). In some cases, autopolyploidy has resulted in instantaneous physiological divergence,
including differences in water-use efficiency (Ramsey, 2011; del
Pozo and Ramirez-Parra, 2014), while in other cases, polyploidy
may merely provide the genetic substrate for subsequent evolution
(Levin, 1983). Following autopolyploidization, a presumed combination of polyploidy and subsequent evolutionary pressures drove
T. diplomenziesii and T. menziesii to diverge in climatic niche preference. We therefore suggest caution when interpreting results such
as these relative to the role of polyploidy per se. Our data provide a
convincing example of niche differentiation between a diploid and
its autotetraploid derivative, as well as strong rationale for subsequent studies to tease apart the relative effects of autopolyploidy
and subsequent evolution.
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