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In addition to its role in speciation, whole genome duplication 
can result in changes such as enhanced genetic diversity, ge-
nomic rearrangements, heterosis, and shifts in phenotype that 
place polyploid lineages on new evolutionary trajectories (e.g., 
 Levin, 1983 ;  Song et al., 1995 ;  Levin, 2002 ;  Ramsey and 
Schemske, 2002 ;  Osborn et al., 2003 ;  Adams and Wendel, 2005 ; 
 Leitch and Leitch, 2008 ). These immediate changes combined 
with selection following polyploidization provide ample op-
portunity for further differentiation. 

 Although polyploid lineages are a ubiquitous feature of many 
plant taxa, recent efforts have shown that polyploids have higher 
extinction rates than their diploid counterparts, suggesting an 
evolutionary dead end for many newly formed polyploids 
( Mayrose et al., 2011 ). A likely explanation for this pattern is that 
many polyploid lineages may become extinct at the establishment 
phase ( Thompson and Lumaret, 1992 ;  Arrigo and Barker, 2012 ). 
Newly formed polyploids are at a reproductive disadvantage due 
to pollen swamping by diploids ( Levin, 1975 ), and interbreeding 
between common diploids and rare polyploids can block the 
establishment of the minority cytotype via the production of 
infertile intercytotype hybrids ( Kay, 1969 ;  Van Dijk and Bakx-
Schotman, 1997 ;  Baack, 2005 ). The degree of the minority cyto-
type disadvantage will depend on the strength of selection against 
intercytotype hybrids, selfi ng rates or other mechanisms of as-
sortative mating, the frequency of the minority cytotype, and the 
rate of formation of  2n  gametes by the diploid population (e.g., 
 Felber, 1991 ;  Rodriguez, 1996 ;  Felber and Bever, 1997 ;  Yamauchi 
et al., 2004 ). Consequently, mechanisms that limit intercytotype 

      Polyploidy, or whole genome duplication, is a common mech-
anism of plant speciation that may account for approximately 15% 
of speciation events in angiosperms alone ( Wood et al., 2009 ). 
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  •  Premise of the study:  Polyploidization is a key factor involved in the diversifi cation of plants. Although polyploids are com-
monly found, there remains controversy on the mechanisms that lead to their successful establishment. One major problem that 
has been identifi ed is that newly formed polyploids lack mates of the appropriate ploidy level and may experience severely 
reduced fertility due to nonproductive intercytotype crosses. Niche differentiation has been proposed as a primary mechanism 
that can alleviate this reproductive disadvantage and facilitate polyploid establishment. Here we test whether the establishment 
of tetraploid cytotypes of  Heuchera cylindrica  (Saxifragaceae) is consistent with climatic niche differentiation. 

 •  Methods:  We use a combination of fi eld surveys, fl ow cytometry and species distribution models to: (1) examine the distribu-
tion of diploid and tetraploid cytotypes; and (2) determine whether tetraploid  Heuchera cylindrica  occupy climates that differ 
from those of its diploid progenitors. 

 •  Key results:  The geographic distributions of diploid and tetraploid cytotypes are largely allopatric as an extensive survey of 636 
plants from 43 locations failed to detect any populations with both cytotypes. Although diploids and tetraploids occur in differ-
ent geographic areas, polyploid  Heuchera cylindrica  occur almost exclusively in environments that are predicted to be suitable 
to diploid populations. 

 •  Conclusions:  Climatic niche differentiation does not explain the geographic distribution of tetraploid  Heuchera cylindrica . We 
propose instead that tetraploid lineages were able to establish by taking advantage of glacial retreat and expanding into previ-
ously unoccupied sites.  

  Key words:  habitat differentiation;  Heuchera;  minority cytotype exclusion; niche; plant polyploidy; Saxifragaceae; species 
distribution modeling 
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the rhizomatous perennial  Heuchera cylindrica  Dougl. ex Hook. 
(Saxifragaceae). This species is a member of the Heucherina, a 
well-supported clade that includes the genera  Tolmeia ,  Elmera , 
 Heuchera , and  Tellima  ( Soltis et al., 2001 ). Many of the phylo-
genetic relationships within  Heuchera  are poorly resolved (e.g., 
 Soltis and Kuzoff, 1995 ;  Okuyama et al., 2008 ), and the sister 
species of  H. cylindrica  remains to be determined ( Okuyama 
et al., 2008 ).  H. cylindrica  grows on rocky outcrops in the Pacifi c 
Northwest and both diploid (2n = 14) and tetraploid (2n = 28) 
forms were previously identifi ed via chromosome counts on a 
few samples ( Soltis, 1984 ). The geographic distribution of cy-
totypes is largely unknown in  H. cylindrica . Thus, the goals of 
this study were to: (i) determine the geographic distribution of 
cytotypes across the range of the species; and (ii) test whether 
polyploids show evidence of climatic niche divergence from 
their diploid ancestors. Given that we are using extant poly-
ploid populations, any observed niche differentiation could 
be attributed to a direct phenotypic effect of polyploidy and/or 
selection on polyploids following establishment. Therefore, 
the current study tests whether the establishment of the geo-
graphic distribution of cytotypes is consistent with niche 
differentiation. 

 We accomplished the fi rst goal by assessing plant nuclear 
DNA content using fl ow cytometry, a quick and accurate method 
to determine ploidy level ( Kron et al., 2007 ). The second goal 
was addressed using SDM to test whether the two cytotypes 
have diverged in their climatic niche requirements. If this hy-
pothesis is supported, we expected that tetraploid populations 
should occupy climatic environments that diploids do not oc-
cupy. We tested this hypothesis by fi tting models to the distribu-
tion of each cytotype independently and then used these models 
to predict the distribution of the alternate cytotype. If diploid 
and tetraploid populations have similar climatic requirements, 
we expected the model constructed with diploid climates to 
accurately predict the range of tetraploids and vice versa. 
Together, the results demonstrate that polyploid populations 
occur almost exclusively in climatic environments that are pre-
dicted to be suitable to diploid populations. 

 MATERIALS AND METHODS 

 Study Species —    Heuchera cylindrica  is a common perennial found in rocky 
soils at low to mid elevations in the Pacifi c Northwest of North America ( Fig. 1 ;  
 Hitchcock and Cronquist, 1973 ). The geographic range includes the Cascade 
Mountains of British Columbia and Washington, Idaho, western Montana, 
northwestern Wyoming, Oregon, and as far south as northern California. Some 
 H. cylindrica  populations occur near those of the congener  H. grossulariifolia  
Rydb., making an allopolyploid origin possible; however, sequencing analysis 
suggested that there was no hybridization between these species ( Segraves 
et al., 1999 ). Additionally, preliminary analyses of controlled crosses suggested 
a pattern of tetrasomic inheritance, consistent with an autopolyploid origin 
(Ruppel and Segraves,   Syracuse University, unpublished data). An autopoly-
ploid origin would be similar to that of a number of other members of the Saxi-
fragaceae, including two other  Heuchera  species ( Soltis and Bohm, 1986 ;  Soltis 
and Rieseberg, 1986 ;  Ness et al., 1989 ;  Wolf et al., 1989 ;  Judd et al., 2007 ). 

 Infl orescences are scapose with 50-200 self-incompatible fl owers. The fl ow-
ers are generally pollinated by bumblebees, solitary bees, and the prodoxid 
moth  Greya enchrysa  Davis & Pellmyr, a close relative of the yucca moths 
( Pellmyr et al., 1996 ). Mid- to late summer, the small (< 1 mm), echinulate 
seeds are dispersed by dehiscent capsules and once the scapes have dried, they 
abscise, releasing any remaining seeds. Although the plants outcross via seed 
production, they can also reproduce asexually via rhizomes, forming dense 
clumps up to one meter in diameter. There is considerable variation among 

matings have frequently been sought to explain the establish-
ment of polyploids. For instance, shifts in fl owering phenology 
or changes in fl oral traits that impact pollinator attractiveness 
may prevent cross-fertilization between cytotypes (e.g.,  Van Dijk 
and Bijlsma, 1994 ;  Bretagnolle and Thompson, 1996 ;  Husband and 
Schemske, 1998 ;  Segraves and Thompson, 1999 ;  Husband and 
Schemske, 2000 ;  Husband and Sabara, 2003 ;  Thompson and Merg, 
2008 ), resulting in at least partial reproductive isolation in 
mixed cytotype populations. 

 Spatial segregation of cytotypes via niche differentiation is 
thought to be one of the primary mechanisms involved in alle-
viating the minority cytotype disadvantage ( Fowler and Levin, 
1984 ;  Thompson and Lumaret, 1992 ), and in fact, it has been 
suggested to be a ‘prerequisite’ for polyploid speciation ( Levin, 
2003 ). Polyploids and their diploid progenitors often have dif-
ferent ecological requirements (e.g.,  Levin, 1983 ;  Lumaret 
et al., 1987 ;  Jay et al., 1991 ;  Felber-Girard et al., 1996 ;  Petit 
et al., 1999 ;  Johnson et al., 2003 ;  Raabová et al., 2008 ), and 
sometimes polyploids occupy new or broader niches (e.g., 
 Thompson and Lumaret, 1992 ;  Otto and Whitton, 2000 ; 
 Brochmann et al., 2004 ;  Treier et al., 2009 ). Contrastingly, 
broad surveys of polyploid taxa suggest that ecological breadth 
may not necessarily increase with polyploidy ( Stebbins and Dawe, 
1987 ;  Petit and Thompson, 1999 ;  Martin and Husband, 2009 ), 
and a number of studies of individual species have failed to 
reject the null hypothesis of no differentiation (e.g.,  Baack and 
Stanton, 2005 ;  Buggs and Pannell, 2007 ;  Sampoux and Huyghe, 
2009 ). Indeed, since polyploids are derived from their diploid 
progenitors, the null prediction is one of niche conservatism 
(sensu  Wiens and Graham, 2005 ) where diploids and polyploids 
have similar ecological requirements simply because they are 
close relatives. This pattern might be expected in young poly-
ploid lineages where genome duplication does not directly 
impact ecological requirements. Polyploids, on the other hand, 
may diverge via selection favoring polyploid lineages that 
can survive in environments less favorable for diploids. Thus, 
niche divergence may be a direct result of genome duplication 
( Ramsey, 2011 ), selection, or a combination of these factors. 

 Given the diverse mechanisms that contribute to polyploid 
establishment, it is not surprising that the geographical distribu-
tion of cytotypes varies broadly, from completely nonoverlap-
ping ranges to various degrees of admixture (reviewed by  Levin, 
2002 ). Both adaptive and nonadaptive processes have been used 
to explain these geographical patterns. For example, nonover-
lapping distributions may occur when diploids and polyploids 
have different ecological niches; however, such a distribution 
may also be explained independently of niche differentiation. 
Established populations may be diffi cult to invade by the alter-
native cytotype; therefore, migration and stochastic processes 
may lead to geographic separation of diploids and polyploids 
where the fi rst cytotype to establish in an area is the one that 
persists ( Lewis, 1967 ). Although spatial segregation of cyto-
types has long been recognized (e.g.,  Kay, 1969 ;  Lewis, 1980 ; 
 Van Dijk et al., 1992 ;  Van Dijk and Bakx-Schotman, 1997 ), the 
underlying mechanisms creating these patterns remain poorly 
understood despite repeated calls for study ( Stebbins, 1980 ; 
 Soltis and Soltis, 2009 ). Consequently, there is a strong need to 
evaluate the relative contributions of ecological divergence, mi-
nority cytotype exclusion, and migration to the geographical 
distribution of naturally formed polyploids. 

 Here we use fl ow cytometry and species’ distribution modeling 
(SDM) to determine whether ecological divergence has played 
a role in structuring the geographic distribution of cytotypes in 
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(Ray Hicks, www.FCSPress.com). DNA content was calculated by comparing 
the mean peak fl uorescence for plant nuclei with the mean peak fl uorescence 
for the trout blood internal standard. Rainbow trout nuclei contain 5.05 pg per 
diploid genome ( Vindeløv et al., 1983 ); thus, the mean plant peak/mean trout 
blood peak * 5.05 pg yields the plant DNA content. This provides the 2C value, 
where C is the total amount of DNA per nucleus (e.g.,  Harbaugh, 2008 ). A Welch 
ANOVA correcting for heteroscedasticity was used to determine whether the 
average 2C values differed between cytotypes. Statistical analyses were imple-
mented using JMP 5.0.1.2 ( SAS Institute, 2003 ). 

 The results from the fl ow cytometry analysis were confi rmed with chromo-
some counts on two samples of each ploidy level. We used a modifi ed method 
of  Fukui (1996) . Root tips were fi xed in Farmer’s fi xative (3:1 absolute 
ethanol:glacial acetic acid) for 48 h at 4 ° C and then stored in 70% ethanol. 
Samples were transferred into a hydrochloric acid-acetocarmine solution (10% 
1M HCl, 1% acetocarmine) and heated for 10 min at 60 ° C. The root cap and 
any remaining debris were removed prior to slide preparation. A drop of aceto-
carmine was used during preparation of the slide mounts. Mitotically active 
cells were observed under 1000 ×  magnifi cation. 

 Species distribution models —   We modeled the distribution of  Heuchera 
cylindrica  using climate data from the Pacifi c Northwest, here defi ned as the 
region between 42 to 53 degrees N latitude, 108 to 126.5 degrees W longitude 
( Fig. 2 ).  This region encompasses most of the range of  H. cylindrica . We used 
17 of the bioclimatic variables that are hypothesized to represent features of 
climate most relevant for predicting a species’ distribution at a spatial resolution 
of 30 arc seconds, or approximately one kilometer ( Hijmans et al., 2005 ). 
Although 19 bioclimatic variables are typically used, exploratory analyses re-
vealed an abrupt boundary for Bioclim   8 and 9   in our study area that may be an 
artifact of the way these variables were calculated (R. J. Hijmans  , University 
of California-Davis, personal communication; Appendix S1: see Supplemental 
Data with the online version of this article). As a consequence, we eliminated 
these two variables from subsequent analyses. 

 We modeled the distribution of each ploidy level using two algorithms, 
maximum entropy (Maxent version 3.2.19;  Phillips et al., 2006 ) and generalized 
linear models (GLMs). Maximum entropy is a machine-learning algorithm that 
seeks to use available information on the environment to predict presences for 
species of interest. Maxent fi ts a relatively complex model by minimizing the 
unexplained information in the dataset (i.e., maximizes the entropy of the re-
siduals). Recent, extensive comparisons of available methods indicate that this 
algorithm is a superior choice for modeling the probability that an organism is 
present, and it is particularly robust to relatively small sample sizes such as 
those available in the current study ( Elith et al., 2006 ;  Guisan et al., 2007a ; 
 Guisan et al., 2007b ). Results from previous studies indicate that algorithms 
such as Maxent can produce reasonably strong models with as few as fi ve presences 
( Hernandez et al., 2006 ). We fi t Maxent using default settings, i.e., a logscale 
output which uses a scale similar to the output of logistic regression, regulariza-
tion multiplier of 1 which tunes the complexity of the model output, and a maxi-
mum of 500 iterations to fi nd an optimal solution. We deemed the model to have 
reached an optimal solution using a convergence threshold of 0.00001. 

 The validity of the Maxent results was confi rmed with GLMs. This is par-
ticularly important, as Maxent can be prone to produce poor extrapolations in 
novel biogeographic regions ( Elith and Graham, 2009 ;  Godsoe, 2010b ). GLMs 
require the user to specify how the explanatory variables (climate data) shape 
the probability that a species will be present. We elected to include linear and 
squared terms in our model, implying that a species may do well at high, low, 
or intermediate values for a given climate variable. The squared term allows us 
to examine nonlinear relationships where a species might perform best at an 
intermediate climate (e.g., performance is best at intermediate temperatures and 
lower at both high and low temperatures). We tested three alternative parame-
terizations of GLMs per cytotype. These models included linear and squared 
terms for either the top three, top two, or top climate variable(s) with the highest 
percent contribution in the corresponding Maxent model. We then used the 
Akaike Information Criterion (AIC) to select the most appropriate model from 
this set of candidates. AIC scores provide a ranking of the relative ability of 
each model to explain the observed data and include a penalty term for model 
complexity ( Burnham and Anderson, 2002 ). In this framework, a model with 
the lowest AIC score is retained as it provides the optimal balance between the 
simplicity of the model and the model that best fi ts the data. Conversely, models 
that differ from this best model by  ≥  2 units (hereafter  Δ  AIC) provide an inad-
equate explanation of the data and are rejected. 

 Reliable absence data were unavailable for the Pacifi c Northwest and so we 
fi t each model using randomly selected points from the study area of interest 
that are interpreted as locations in which  Heuchera cylindrica  is unlikely to be 

populations in leaf shape and pubescence ( Hitchcock and Cronquist, 1973 ; 
 Althoff and Thompson, 2001 ). 

 Sample collection —   We collected 662 plants from 43 fi eld sites (mean = 14.8 
plants per site; range of 2-23 plants per site) across the range of  Heuchera 
cylindrica , including Idaho, Washington, Oregon, Montana, and British Colum-
bia ( Table 1 ).  Samples were taken from plants separated by at least one meter to 
avoid collecting clones. Each sample consisted of a 3 cm segment of rhizome 
that was wrapped in a damp paper towel and shipped overnight to Syracuse 
University. Rhizomes were potted in sterile Metro-Mix 360 soil in 335 cm 3  
Panterra pots (ITML Horticultural Products, Middlefi eld, Ohio, USA) and 
grown in a common garden until leaf buds were available to use for fl ow cytom-
etry, an average of 28 d. Plants were fertilized weekly. Of the 662 plants col-
lected, 638 individuals survived for cytological analysis. 

 Determining ploidy level —   Flow cytometry was used to determine ploidy 
level by measuring the DNA content of nuclei ( Kron et al., 2007 ). Five leaf 
buds were fi nely chopped with razor blades ( Galbraith et al., 1983 ) for 20 s 
or less in a magnesium sulfate buffer ( Arumuganathan and Earle, 1991 ), con-
sisting of 10 mM magnesium sulfate heptahydrate (Mallinckrodt, Hazelwood, 
Missouri, USA), 50 mM potassium chloride (EMD Chemicals, Gibbstown, 
New Jersey, USA), 5 mM hepes (EMD Chemicals), 6.8 mM dithiothreitol 
(MP Biomedicals, Solon, Ohio, USA), 1 mM polyvinyl pyrrolidone (PVP-40; 
MP Biomedicals), and a fi nal concentration of 10% w/v Triton X-100 (Alfa 
Aesar, Ward Hill, Massachusetts, USA). New razor blades (American Line Single 
Edge, American Safety Razor Company, Verona, Virginia, USA) were used for 
each plant. Chopped tissue was fi ltered using 30  μ m nylon fi lter membranes 
(Cole-Parmer Instrument Co, Nile, Illinois, USA). Filtered samples were cen-
trifuged at 13 200 rpm for 30 s and the supernatant was discarded. The nuclei 
were resuspended in a solution of 5 mg/ml propidium iodide stain, 10 mg/ml 
RNase (Sigma, St. Louis, Missouri, USA), and fresh rainbow trout blood diluted 
1:11 with Alsever’s solution (MP Biomedicals). The samples were mixed by 
vortexing and immediately analyzed on a LSR II fl ow cytometer (Becton Dick-
inson, San Jose, California, USA). The parameters for the fl ow cytometer re-
quired slight adjustments among runs to obtain the best results (average voltage 
settings: Forward Scatter Fluorescence: 604, Side Scatter Fluorescence: 418, 
and Propidium Iodide Fluorescence: 638). We analyzed a minimum of 10 000 
nuclei per sample and ensured that both sample and standard peaks had a coef-
fi cient of variation (CV)  ≤  10%. In cases where the CV exceeded 10%, the sample 
was reanalyzed from fresh starting material. The average fl uorescence and CV 
of plant and trout peaks were determined using the FCSPress 1.4 software 

 Fig. 1. Distribution of cytotypes among populations of  Heuchera cy-
lindrica.  Closed circles indicate diploid populations and open circles indi-
cate tetraploid populations. The numbers corespond to site information in 
 Table 1 . (BC = British Columbia, Canada; ID = Idaho, USA; MT = Mon-
tana, USA; OR = Oregon, USA; and WA = Washington, USA.)   
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estimate of the probability that an environment is suitable. Rather, these models 
represent a surrogate for these quantities, a function that increases monotoni-
cally with the probability that a species will be present ( Phillips et al., 2009 ). 

 Since each subregion contains different environments, two taxa with non-
overlapping distributions may occur in a different set of environments even if 
their niches are identical ( Godsoe, 2010b ,  2012 ). For this reason, we deter-
mined if differences in the environments occupied by each ploidy were a con-
sequence of differences in the environments available in each subregion 
( Broennimann et al., 2007 ;  Godsoe et al., 2009 ;  Godsoe, 2010a ). We did this 
using two diagnostics designed to identify regions where one cytotype has 
access to climates that are unavailable to the other. First, we computed the entire 
range of climatic conditions (minimum value and maximum value) for each 
environmental variable present in the range of each cytotype. We then identi-
fi ed locations in the range of the other cytotype where the value of at least one 
climatic variable was less than the minimum value or greater than the maxi-
mum, which we scored as locations with nonanalogous climates ( Fig. 2 ). We 
treat extrapolation of SDMs in these locations with caution, and in one of our 
analyses we exclude these sites and compute model accuracy including only 
sites with analogous climates. Second, we generated pairwise scatterplots of the 
three variables that contributed the most to predictions of diploid presence and the 
three variables that contributed the most to predictions of tetraploid presences. 
These plots include presences for each cytotype and a minimum convex polygon 
around the climates available to each cytotype. With this information, we visually 
delineated examples of presences for one cytotype that occur in environments 

found. These points are known as pseudoabsences in GLM or background 
points in Maxent. Models including pseudoabsences work best when a species 
is rare but well sampled. Thus, we designed our background sampling in a way 
to maximize our ability to make inferences about the niches of the two cyto-
types. Recent mathematical work indicates that a distribution model can serve 
as an estimate for the probability that an environment is suitable if presences 
and absences are sampled from environments to which the study organism can 
disperse ( Anderson and Raza, 2010 ;  Godsoe, 2010a ;  Barve et al., 2011 ;  Godsoe, 
2012 ). As a result, we divided the Pacifi c Northwest into two subregions, cor-
responding roughly to locations closer to diploid populations and locations 
closer to tetraploid populations, hereafter referred to as the range of diploid and 
tetraploid populations, respectively ( Fig. 2 ). We then fi t each SDM using 
pseudoabsence or background data from the appropriate portion of the Pacifi c 
Northwest. For GLM, we fi t models using all the presence data for a particular 
ploidy level and an equal number of pseudoabsences selected at random from 
the subregion associated with that cytotype. Assuming that these locations rep-
resent a good approximation of the range of each cytotype, this procedure 
should minimize the chance of confusing unsuitable environments with loca-
tions that are unavailable to one cytotype because of dispersal limitations or the 
presence of the other cytotype. In Maxent, we selected 1000 background points 
from the subregion associated with a particular ploidy level. Models fi tted with 
pseudoabsence data have a slightly different interpretation from models fi tted 
with absence data ( Phillips et al., 2009 ). They do not represent an estimate of 
the probability that a species is present, and as a consequence, they are not an 

  TABLE  1. Site information for  Heuchera cylindrica  samples. Site numbers correspond to the numbers in  Fig. 1 . 

 Site No.   Population   N   N Latitude   W Longitude   Elevation (m) 

1 Spalding, ID 20 46 ° 27.467’ 116 ° 47.005’ 304.5
2 Hilgard, OR 16 45 ° 20.492’ 118 ° 14.205’ 1039.4
3 Red Bridge, OR 13 45 ° 16.069’ 118 ° 21.937’ 1000.7
4 Little Hay Creek, OR 16 44 ° 24.606’ 120 ° 29.014’ 1282.6
5 Ochoco, OR 17 44 ° 24.178’ 120 ° 30.294’ 1232.6
6 Moss Hill, OR 20 44 ° 25.697’ 120 ° 21.618’ 1421.6
7 Kimberly, OR 20 44 ° 31.389’ 119 ° 37.662’ 816.6
8 Durst Creek Road, WA 10 47 ° 19.403’ 120 ° 40.621’ 924.8
9 Alpine Lake, WA 17 47 ° 34.687’ 120 ° 47.795’ 709.3
10 Josephine Crag, WA 16 47 ° 39.260’ 120 ° 43.773’ 534.0
11 Powerline, WA 12 47 ° 47.090’ 120 ° 53.564’ 847.9
12 Lake Kalamalka, BC 17 50 ° 09.628’ 119 ° 22.251’ 536.4
13 Marrow Road, BC 19 49 ° 22.125’ 119 ° 40.816’ 667.8
14 Blue Creek Road, WA 19 48 ° 17.944’ 117 ° 54.246’ 643.7
15 Sherman, WA 10 48 ° 36.217’ 118 ° 30.304’ 1598.7
16 Thirteen Mile, WA 18 48 ° 30.732’ 118 ° 44.204’ 830.6
17 Coeur d’Alene Lake, ID 19 47 ° 37.236’ 116 ° 40.727’ 653.8
18 Petty Creek, MT 20 46 ° 55.833’ 114 ° 26.720’ 1021.4
19 Blackfoot River, MT 17 46 ° 52.447’ 113 ° 51.695’ 1008.0
20 Ashley Lake, MT 21 48 ° 06.646’ 114 ° 34.788’ 1068.3
21 West Glacier, MT 9 48 ° 32.300’ 113 ° 54.672’ 972.6
22 East Glacier, MT 5 48 ° 45.145’ 113 ° 26.763’ 1369.2
23 Gould Creek, MT 21 46 ° 53.174’ 112 ° 23.031’ 1496.3
24 Flesher Pass, MT 20 46 ° 58.403’ 112 ° 20.389’ 1756.0
25 Salmon Lake, MT 20 47 ° 04.308’ 113 ° 23.058’ 1229.6
26 Lolo Creek, MT 20 46 ° 46.855’ 114 ° 24.689’ 1164.6
27 Benewah Lake, ID 20 47 ° 20.843’ 116 ° 41.882’ 653.8
28 Eleven, ID 20 46 ° 23.054’ 116 ° 10.178’ 491.6
29 Santa Creek, ID 12 47 ° 09.169’ 116 ° 31.387’ 842.2
30 Dent Bridge, ID 17 46 ° 35.956’ 116 ° 10.053’ 514.2
31 Calder (Big Creek), ID 14 47 ° 17.712’ 116 ° 07.383’ 707.4
32 Sula, MT 19 45 ° 94.000’ 113 ° 73.000’ 1659.6
33 Orofi no, ID 15 46 ° 30.626’ 116 ° 33.537’ 279.2
34 Blue Mountains, WA 9 46 ° 13.000’ 117 ° 46.000’ 1241.0
35 Teal Springs, Blue Mountains, WA 12 46 ° 12.223’ 117 ° 34.363’ 683.4
36 Beaver Creek, MT 12 47 ° 42.060’ 115 ° 33.513’ 817.5
37 Calder, ID 6 47 ° 16.455’ 116 ° 13.786’ 696.2
38 Albion, WA 3 46 ° 47.244’ 117 ° 15.147’ 770.5
39 Lake Creek Road, Salmon River, ID 4 45 ° 23.967’ 116 ° 12.908’ 543.2
40 Main Fork Salmon River, ID 2 45 ° 18.973’ 114 ° 23.917’ 987.6
41 Panther Creek, ID 3 45 ° 05.041’ 114 ° 14.995’ 1606.6
42 Morgan Creek, ID 13 44 ° 42.526’ 114 ° 16.210’ 1770.6
43 Stanley, ID 23 44 ° 15.561’ 114 ° 47.808’ 1885.5



500 AMERICAN JOURNAL OF BOTANY [Vol. 100

similar environmental requirements, then we should expect these two models to 
produce similar AUC scores within a subregion. We calculated the standard error 
for AUC using the PresenceAbsence package, but note that this standard error 
is conservative ( Freeman, 2007 ) and therefore may miss subtle shifts in envi-
ronmental requirements. In a recent comparison of available methods, this pro-
cedure correctly inferred similar environmental requirements for species with 
identical niches across moderate environmental gradients, but was biased to-
ward inferring different environmental requirements across strong gradients 
( Godsoe, 2010b ), whereas several simulation studies indicate that classical 
methods such as Multivariate Analysis of Variance and Linear Discriminant 
Analysis are prone to erroneously infer ecological differences when analyzing 
species distributions ( Godsoe, 2010b ;  Broennimann et al., 2012 ). 

 RESULTS 

 Distribution of cytotypes —    Chromosome counts of two dip-
loids and two tetraploids confi rmed the presence of 14 chromo-
somes in diploid samples and 28 chromosomes in tetraploid 
samples. The fl ow cytometry results for these four plants 
showed that the diploids had 0.96 and 1.01 pg of DNA whereas 
the tetraploids had 1.99 and 2.08 pg DNA per nucleus. Using 
this information, we defi ned diploids as those plants containing 
approximately one pg DNA per nucleus and tetraploids as those 
plants with about 2 pg DNA. We were able to confi dently assess 
ploidy level in 636 of the 638 samples examined for DNA con-
tent. Flow cytometry indicated that the  Heuchera cylindrica  
included in this survey were either diploid or tetraploid. Com-
parison with the trout DNA standard showed that diploid plant 
cells averaged 1.07  ±  0.006 pg DNA (mean  ±  SD) and tetra-
ploids had approximately 2.04  ±  0.008 pg of DNA. Furthermore, 
diploid and tetraploid plants differed signifi cantly in DNA con-
tent (t = 85.99, df = 312,  P  < 0.0001) and the frequency distribu-
tions did not overlap. 

unavailable to the other cytotype. These scatterplots also allow visual assessment 
of the similarity of the distributions of the two cytotypes and the similarities of the 
environments available to them. We have not assessed statistical signifi cance of 
these relationships using classical uni- or multivariate approaches (e.g., principal 
components analysis), as previous work has indicated that the  P -values generated 
by these methods are suspect ( Godsoe, 2010b ;  Broennimann et al., 2012 ). 

 We tested the accuracy of our distribution models using area under curve 
(AUC) scores, a measure of a model’s ability to correctly distinguish presences 
from absences. This statistic ranges from zero to one with a score of one repre-
senting a perfect ability to distinguish presences from absences and a score of 
0.5 representing a model that makes predictions that are no better than chance. 
We calculated AUC scores using two sets of distribution data: (1) using the loca-
tions of known ploidy; and (2) using an independent dataset of herbarium 
localities of unknown ploidy. We present comparable statistics across our two 
modeling algorithms by reporting the AUC scores calculated in the Presence-
Absence package in R ( R Development Core Team, 2006 ;  Freeman, 2007 ). We 
compared our sampling of the distribution of  Heuchera cylindrica  to the known 
distribution of this taxon using a database of herbarium collections (Appendix S2; 
see Supplemental Data with the online version of this article). This database 
consisted of observations from 139 locations from the University of Washing-
ton herbarium, Seattle, Washington, USA (http://biology.burke.washington.
edu/herbarium/collections/vascular/search.php), 190 records from the Univer-
sity of Idaho herbarium, Moscow, Idaho, USA (obtained from P. Brunsfeld) and 
seven from the herbarium at Washington State University, Pullman, Washing-
ton, USA (http://public.wsu.edu/~wsherb/dbhome.html). We also obtained re-
cords from the University of Montana herbarium, Missoula, Montana, USA 
(http://herbarium.dbs.umt.edu/database/DisplayItem.aspx?id=Heuchera%20
cylindrica&locality=); however, location information was only available at the 
county level so we did not include these data in the fi nal analysis. 

 Evaluating model similarity —   We tested whether the distribution models 
were equivalent by measuring the ability of models developed for one cytotype 
to extrapolate the distribution of the other cytotype. To do this in one subregion 
(e.g., the tetraploid subregion  Fig. 3D ),  we calculated an AUC score for an 
SDM generated by the cytotype occurring in that subregion (in this example, 
the AUC score of a model constructed from tetraploids). We then used an SDM 
generated for the other cytotype (diploids) to predict where we should expect to 
see that cytotype in the focal subregion ( Fig. 3B ). If the two cytotypes have 

 Fig. 2. An overlay of the distribution of  Heuchera cylindrica  samples with the climates available to each cytotype. Diploid populations are yellow, 
tetraploid populations are blue. The white line indicates the boundary between environments closer to diploid populations (to the left) and environments 
closer to tetraploid populations (to the right). The red line shows the continental divide. Gray shading indicates areas with climates available to both cyto-
types. White portions of the map indicate areas with a climate not available to one cytotype. For example, the westernmost part of the diploid subregion has 
a maritime climate moderated by the Pacifi c Ocean. No portion of the tetraploid region has an analogous maritime climate and so this portion of the diploid 
subregion is white.   
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temperature warmest month) and Bioclim 2 (mean diurnal 
range, mean of [monthly max temp-monthly min temp]). The 
best predictors for tetraploids were Bioclim 6 (mean temperature 
coldest month) followed by Bioclim 15 (precipitation seasonality) 
and then Bioclim 4 (temperature seasonality). We note that it is 
often diffi cult to identify the climatic variables mechanistically 
linked to a species’ distribution. Thus, we do not directly com-
pare the variables identifi ed as most important for each cyto-
type. Instead, following ideas from machine learning ( Breiman, 
2001 ), we focus on model predictions. We retained the GLM 
model for diploid populations that used Bioclims 17 and 5, as 
this model had the lowest AIC score. A model including Bioclims 

 A total of 43 sites were examined; 30 populations were ex-
clusively diploid and 13 were exclusively tetraploid ( Fig. 1 ). 
Only single cytotype populations were found, and no triploids 
were observed. Tetraploids were primarily restricted to the 
northeastern portion of the range, and the cytotypes came into 
close proximity in northern Idaho and northwestern Montana. 

 Species Distribution Models —    Our SDMs produced strong 
predictions for the distribution of either diploid or tetraploid 
populations of  Heuchera cylindrica  ( Table 2 ).  The best predictors 
for the distribution of diploid localities were Bioclim 17 (pre-
cipitation for the driest quarter) followed by Bioclim 5 (max 

 Fig. 3. Comparison of the Maxent distribution models for diploid and tetraploid samples of  Heuchera cylindrica . Red colors indicate areas where the 
model predicts a high probability of occurrence, while yellow indicates environments where a particular ploidy is unlikely to be present. Model statistics 
are presented in  Table 2 . (A) A model generated from diploid samples (white squares). (B) The predictions of a model generated from diploid samples in 
the range of tetraploid  H. cylindrica . (C) The predictions of a model generated from tetraploids in the range of diploids. (D) A model generated from tet-
raploid samples (black squares).   

  TABLE  2. Summary of area under curve (AUC) scores  ± SE (measures of model accuracy) for species’ distribution models (SDMs) fi t to the distributions 
of diploid and tetraploid populations of  Heuchera cylindrica . Comparable models are presented in the same row with the model generated from 
the subregion of interest to the left of the model from the other subregion. For these comparisons, similar AUC scores indicate that the SDMs for 
each cytotype perform similarly. Conversely, lower AUC scores for the cytotype not found within the subregion (far right column) indicates that the 
climates used by one ploidy are a poor guide to the climates occupied by the other ploidy. (GLM = generalized linear model.) 

Tetraploid subregion SDM generated using tetraploid presences SDM generated using diploid presences

Maxent entire subregion 0.929  ±  0.061 a 0.928  ±  0.0609 b 
Maxent in analogous climates 0.953  ±  0.038 0.923  ±  0.050
Maxent on herbarium specimens 0.841  ±  0.0363 0.78  ±  0.043
GLM 0.84  ±  0.008 0.91  ±  0.077
Diploid subregion SDM generated using diploid presences SDM generated using tetraploid presences
Maxent entire subregion 0.93  ±  0.032 c 0.64  ±  0.0723 d 
Maxent in analogous climates 0.96  ±  0.0302 0.75  ±  0.0976
Maxent on herbarium specimens 0.698  ±  0.033 0.697  ±  0.033
GLM 0.84  ±  0.0455 0.62  ±  0.0738

 a Model shown in  Fig. 3D ;  b Model shown in  Fig. 3B ;  c Model shown in  Fig. 3A ;  d Model shown in  Fig. 3C. 
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seasonal climates that are outside the range of variation avail-
able in the diploid subregion (e.g., temperature seasonality, sec-
ond row of  Fig. 4 ). Likewise, diploid populations often occupy 
climates that are unavailable to tetraploids. For example, in 
the plot of precipitation seasonality vs. precipitation driest quar-
ter (bottom right plot  Fig. 4 ), there are four outlier diploid oc-
currences (red points) from environments with particularly 
seasonal precipitation. These sites represent some of the west-
ernmost occurrences for diploid  Heuchera cylindrica  (sites 
8-11,  Fig. 1 ). Nonetheless, in a portion of the Pacifi c Northwest, 
comparable climates are available to both cytotypes. All tetra-
ploid presences fall within this category, as do many of the 
westernmost diploid presences. 

 Comparisons of models between subregions —    Nearly all of 
the Maxent models in the tetraploid subregion produced strong 
predictions for the range of tetraploid populations. For example, 
a model fi t with all the tetraploid data accurately predicted the 
distribution of tetraploids in their own subregion (AUC 0.929  ±  
0.061). A similar model generated from diploid data has nearly 

17, 5, and 2 was slightly worse ( Δ AIC = 2.2) and one including 
only Bioclim 17 was markedly worse ( Δ AIC = 7.4). A tetra-
ploid model including Bioclims 6, 15, and 4 had the lowest AIC 
score, though it was only trivially better than a model using 
Bioclims 6 and 15 ( Δ AIC = 0.09). This reduced model was bet-
ter than one that included only Bioclim 6 ( Δ AIC = 2.49). 

 Comparisons of climates between subregions —    The climate 
of the Pacifi c Northwest is quite complex, and as a consequence, 
the subregion associated with each cytotype contains environ-
ments with no equivalent in the subregion associated with the 
other cytotype. This is supported by nonoverlapping sections of 
polygons in individual scatterplots of presences and available 
climates for six of the most important environmental variables 
( Fig. 4 ).  In most plots, a large portion of the climates available 
to diploids (pink polygon) is outside of the range of climates 
available to tetraploids (blue polygon). Conversely, for some 
environmental variables, the range of climates available to tet-
raploid populations exceeds the range of climates available to 
diploids. For example, the tetraploid subregion contains more 

 Fig. 4. Pairwise comparisons of the distribution of each cytotype in climate space. Each panel represents a plot of the two environmental variables 
labeled in the adjacent row and column. For example, the upper leftmost panel is a plot of mean diurnal range vs. temperature seasonality. Each plot con-
tains a minimum convex polygon around a sample of 1000 locations with climates nearer to diploid (pink line) and tetraploid (blue line) populations. 
Diploid presences are identifi ed by red dots and tetraploid presences are dark blue. These scatterplots may be used to visually assess similarity of the dis-
tributions of the two cytotypes and the similarities of the environments available to them. There is considerable overlap in the presences of the two cyto-
types, with the exception of a few outlier diploid presences.   
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That is, do tetraploid populations occupy climates that are 
unsuitable to diploids? Our work provides strong answers 
to both of these questions; each cytotype occupies a distinct 
geographic range, but tetraploid populations occur in precisely 
the climates in which we should expect to fi nd diploids, sug-
gesting that polyploidy in  H. cylindrica  is not linked to special-
ization on distinct climates. Below, we discuss the implications 
of this work for the establishment of polyploids and the remain-
ing sources of uncertainty due to the correlative nature of our 
analysis. 

 Geographic distribution —    Consistent with previous descrip-
tions of the distribution of polyploids in  Heuchera cylindrica , 
we fi nd that the locations occupied by the two cytotypes are 
nonoverlapping. We cannot, however, completely rule out the 
possibility of some sympatric locations due to the topographic 
complexity of the Pacifi c Northwest and the remoteness of 
some portions of the boundary between the distributions of the 
two cytotypes. Notably,  Soltis (1984)  identifi ed a single tetra-
ploid individual collected near Stanley, Idaho in the Sawtooth 
Mountains Wilderness area, a locality where we collected only 
diploids from several populations within 12 km of this town. 
Although we sampled from three sites in this area and were un-
able to fi nd tetraploid individuals or mixed cytotype popula-
tions, our search was far from exhaustive and did not include 
more remote areas. Nonetheless, given our extensive sampling 
throughout the Pacifi c Northwest and focus on sites near the 
boundary between the two taxa, we can be confi dent that the 
distributions of the two cytotypes are largely nonoverlapping. 
These results are in contrast with those for the closely related 
species  Heuchera grossulariifolia  where the distribution of 
cytotypes included both single cytotype as well as mixed popu-
lations. In this species, mixed populations had diploids and tet-
raploids growing side by side and were interspersed with rare 
triploids ( Thompson et al., 1997 ). Presently, there are no data to 
explain the differences observed between  H. cylindrica  and 
 H. grossulariifolia , but below we offer several hypotheses that 
might explain these patterns. 

 One possibility is that mechanisms of assortative mating may 
be absent in  Heuchera cylindrica . Although  H. cylindrica  and 
 H. grossulariifolia  have similar pollination systems, in mixed 
cytotype populations, there may be differences in pollinator 
specifi city between these plant species. If pollinators are able to 
recognize and selectively visit the cytotypes of  H. grossularii-
folia  but not  H. cylindrica , we might expect this disparity in 
geographic distributions. Indeed, fi eld observations of mixed 
cytotype  H. grossulariifolia  populations indicate that some 
pollinators preferentially visit one cytotype ( Thompson and 
Merg, 2008 ); however, we currently lack comparable data for 
 H. cylindrica . Both species are pollinated by bumblebees, soli-
tary bees, and  Greya  moths, suggesting at least the potential for 
differential visitation of  H. cylindrica  cytotypes. Another pos-
sibility is that phenological shifts have promoted assortative 
mating in  H. grossulariifolia  but not  H. cylindrica . Differences 
in fl owering phenology between diploids and tetraploids have 
been observed in mixed populations of  H. grossulariifolia  
( Segraves and Thompson, 1999 ), but fl owering phenology has 
yet to be examined in  H. cylindrica . Alternatively, mixed popu-
lations may arise in  H. grossulariifolia  if the rate of polyploid 
formation is greater and/or ongoing. Clearly, the mechanisms 
underlying the disparity in geographic distribution of these spe-
cies await further analysis, and their comparison may reveal 
interesting information about polyploid establishment. 

identical score in the tetraploid subregion (AUC 0.928  ±  0.0609). 
We obtained similar conclusions when we restricted our analy-
ses to analogous climates. Using this restricted approach, a 
model generated from tetraploid data in the tetraploid subregion 
had an AUC score of 0.953  ±  0.038, and a model generated 
from diploid data in the tetraploid subregion had a similar AUC 
score of 0.923  ±  0.050. Likewise, both tetraploid and diploid 
models produced reasonably strong predictions of herbarium 
collection localities in the tetraploid subregion (tetraploid AUC: 
0.84197  ±  0.0363; diploid AUC: 0.778  ±  0.043). Similarly, GLMs 
generated from both cytotypes produced strong predictions in 
the tetraploid region. 

 Diploid models generally did a better job of predicting the 
distribution of populations in the diploid subregion. A Maxent 
model generated from diploid data had an AUC score of 0.938 
 ±  0.032 in the diploid subregion but a model generated from 
tetraploid data produced comparatively poor predictions in the 
range of diploid populations (AUC 0.646  ±  0.0723). When we 
restricted our comparison to locations with analogous climates, 
the diploid model had an AUC score of 0.96  ±  0.0302 in the 
diploid subregion whereas a model generated from tetraploid 
data had a score of 0.75  ±  0.0976 in this subregion, slightly bet-
ter than the score for a tetraploid model in the entire diploid 
region. We obtained similar conclusions using GLMs ( Table 2 ). 
A model generated from the distribution of diploid populations 
produced good predictions for the range of diploids (AUC 
0.8482  ±  0.0455) but a model generated from tetraploid popula-
tions produced markedly inferior predictions (AUC 0.6167  ±  
0.07386) for the presence of diploids. Models for both cyto-
types did a poor job at predicting the distribution of herbarium 
specimens in the diploid subregion. A diploid model had an 
AUC score of 0.698  ±  0.033 in the diploid subregion, and a 
tetraploid model had a score of 0.697  ±  0.033 in this subregion. 
This result was largely obtained because we have herbarium 
records but no cytotype information from portions of the dip-
loid subregion such as southeastern Idaho near the Owyhee 
Mountains and the Great Basin Desert habitat in central Washington 
State (Appendix S2; see Supplemental Data with the online ver-
sion of this article). Thus, SDMs fi t using diploid data errone-
ously predict absences in these locations ( Fig. 3A ). Given that 
herbarium specimens were collected using a different protocol 
than our cytotype data, it is perhaps not surprising that our 
SDMs produced imperfect predictions of herbarium specimens. 
Nevertheless, we believe that this result highlights a case where 
inferences from SDMs need to be carefully integrated into ex-
isting botanical knowledge. 

 DISCUSSION 

 Although polyploidy is often cited as an important mecha-
nism of plant diversifi cation, we have yet to determine the 
processes that facilitate the establishment of new polyploid lin-
eages, a critical fi rst step in polyploid speciation. Niche differ-
entiation is a commonly evoked mechanism for the successful 
establishment of polyploids that would reduce the effects of 
the minority cytotype disadvantage ( Fowler and Levin, 1984 ; 
 Thompson and Lumaret, 1992 ). Here we examined the geo-
graphic distribution of  Heuchera cylindrica  diploids and poly-
ploids to test whether polyploids show evidence of climatic 
niche divergence. Specifi cally, we asked two questions: (1) 
What is the geographic distribution of cytotypes? and (2) Given 
this distribution, is polyploidy linked with ecological divergence? 
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been shown in  Hordeum marinum  Huds. ( Jakob et al., 2007 ), 
 Brachypodium distachyon  (L.) Beauv. ( Manzaneda et al., 2012 ), 
the  Claytonia perfoliata  Donn ex Willd. species complex 
( McIntyre, 2012 ), and  Hyla  frogs ( Otto et al., 2007 ). In contrast 
to studies employing SDM, reciprocal transplant experiments, 
which provide a more direct method of assessing niche diver-
gence, show results similar to  Heuchera cylindrica . Reciprocal 
transplants generally indicate little to no ecological divergence 
between cytotypes ( Baack and Stanton, 2005 ;  Buggs and Pannell, 
2007 ;  Raabová et al., 2008 ). The one exception is based on 
comparisons of only two populations ( Flegrová and Krahulec, 
1999 ), thus possibly confounding the effects of polyploidy with 
site specifi c local adaptation. Furthermore, our results are also 
consistent with broad surveys of diploid and polyploid taxa that 
indicate that polyploids are similar in ecological breadth to dip-
loids ( Stebbins and Dawe, 1987 ;  Petit and Thompson, 1999 ; 
 Martin and Husband, 2009 ). We might expect to observe dispa-
rate results among species given differences in natural history, 
geographic distribution, the age of the polyploid lineages, and 
whether interspecifi c hybridization was involved in polyploid 
formation. Together, these examples underscore that niche 
differentiation is one possible outcome, although it may not be 
an absolute requirement for the successful establishment of 
polyploids. 

 Similarity of the environmental requirements of  Heuchera 
cylindrica  cytotypes —    This work provides a valuable descrip-
tion of the distributions of the two cytotypes of  H. cylindrica . 
We believe that such a description is useful in and of itself, but 
also wish to articulate the conditions under which comparisons 
of the distributions of two taxa can be used to make inferences 
about the similarity of their environmental requirements. In this 
section, we discuss the evidence for interpreting our results in 
this manner, focusing on whether our SDMs more strongly re-
fl ect environmental requirements or dispersal. 

 We focus on using comparisons of SDMs for formal hypoth-
esis testing, complemented by direct comparisons of the cli-
mates occupied by each cytotype ( Fig. 4 ). Here we used this 
combination of approaches since direct statistical comparisons 
of presences using classical multivariate methods are prone to 
erroneously infer ecological differences. In contrast, compari-
sons of SDMs have been tested over more than a decade ( Peterson 
et al., 1999 ) and now have reasonably strong theoretical under-
pinnings ( Godsoe, 2012 ). 

 Comparisons of SDMs are more likely to refl ect a compari-
son of environmental requirements when each taxon can dis-
perse to a similar set of climates ( Godsoe, 2010b ;  Barve et al., 
2011 ;  Godsoe, 2012 ). We accounted for this by including a 
comparison of our SDMs in climates that are available to both 
taxa (Maxent in analogous climates,  Table 2 ). All tetraploid 
presences in the tetraploid subregion are in climates available to 
diploids. Not surprisingly then, an evaluation using analogous 
climates produced qualitatively identical results to our Maxent 
comparison using the entire subregion with all models producing 
excellent predictions of the distribution of tetraploids ( Fig. 3B  
vs.  Fig. 3D ). In contrast, it is more diffi cult to make compari-
sons in the diploid subregion as many diploid presences are in 
climates that are unavailable to tetraploids. Omitting locations 
with nonanalogous climates improved the ability of the Maxent 
model generated from tetraploids to predict the presence of dip-
loids (AUC for tetraploid model in entire diploid subregion 0.64 
vs. AUC limited to analogous climates 0.75;  Fig. 3C ). However, 
the score of this model is still dramatically lower than the AUC 

 Ecological divergence of cytotypes —    Contradictory to ex-
pectations, the results show that tetraploid  Heuchera cylindrica  
occupy the climates in which we would expect to fi nd diploid 
populations, indicating that polyploidy has not led to climatic 
niche divergence in  H. cylindrica . We are reasonably confi dent 
of this result, as three of four SDM comparisons showed that a 
model generated from the distribution of diploid populations 
offered predictions for the tetraploid subregion that were as 
good, if not better, than the predictions generated by a model 
from the tetraploid dataset. The only exception was that a model 
fi t with diploid data did a poor job of predicting the distribution 
of herbarium specimens in the tetraploid subregion. For this 
comparison, the tetraploid model was slightly better than the 
diploid model (AUC tetraploid: 0.84, diploid: 0.78). Although 
this exception offers some ambiguity, it is not surprising, given 
that this dataset represents a haphazard collection of observa-
tions amalgamated from several herbaria. Finally, we note that 
comparisons of SDMs still represent a relatively coarse way to 
compare the climates used by two taxa. As such, we recognize 
the broad similarity of the climates used by tetraploids and the 
climates in which we would expect to fi nd diploids while ac-
knowledging that we may have lacked the power to detect sub-
tler differences in the climates occupied by the cytotypes. 

 Niche conservatism, or the propensity of a species to have 
similar ecological requirements as their ancestors, is perhaps an 
expected outcome of whole genome duplication as polyploids 
derive from diploids. We would expect this to be particularly 
the case in newly formed polyploid lineages that have not had 
time to diverge due to selection or drift. Since  Heuchera cylin-
drica  polyploids are well-established populations that have had 
the opportunity to evolve differences in ecological requirements 
but yet have not, the observed pattern of climatic niche require-
ments is most likely caused by niche conservatism. Although 
we know that genome duplication can create new phenotypes 
and may immediately confer polyploid lineages with a fi tness 
advantage in novel environments ( Ramsey, 2011 ), the preva-
lence of these shifts in ecological requirements remains un-
known. It appears that, at least in  H. cylindrica , there are no 
instantaneous effects of whole genome duplication on climatic 
niche requirements; however, the best test of this idea would be 
to examine early generation polyploids in the fi eld. 

 The similarity of niches observed between cytotypes sug-
gests that polyploidy is not linked to ecological divergence in 
 Heuchera cylindrica . We cannot, however, entirely rule out the 
possibility that niche differentiation was involved in polyploid 
establishment. For example, fi ne-scale partitioning of sites has 
been shown in several other polyploid species (e.g.,  Lumaret et al., 
1987 ;  Johnson et al., 2003 ;  Richardson and Hanks, 2011 ), and 
it is possible that early generation  H. cylindrica  polyploids may 
have similarly segregated during the initial stages of establish-
ment. The SDMs used in our analysis would be unable to detect 
differences in microclimate as current climate data have a 
threshold of approximately one kilometer. However, since we 
were unable to fi nd mixed cytotype populations, it seems likely 
that the resolution of our models is appropriate for this species 
and that fi ne-scale partitioning was unlikely involved in the ini-
tial stages of polyploid formation in  H. cylindrica . 

 The fi nding that the ecological niche of tetraploids has not 
diverged from diploids is in contrast to a number of studies 
using SDMs that show cytotypes can specialize on distinct 
climates. For example, studies have found support for subtle 
climatic niche shifts between diploid and polyploid  Centaurea 
maculosa  L. ( Treier et al., 2009 ), and niche differentiation has 
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in fl oral traits and fl owering phenology that reduce intercyto-
type pollen transfer, but these remain to be tested. 

 Certainly, climatic niche differentiation is one such mecha-
nism that can prevent minority cytotype exclusion, although 
that does not seem to be the case for  Heuchera cylindrica . We 
currently lack additional information about the ecology of this 
species that would help us to resolve how polyploids became 
established in the northeastern portion of the range. Interest-
ingly, the current range of tetraploid  H. cylindrica  abuts or 
overlaps the hypothesized extent of glaciation in Idaho and 
Montana. The Cordilleran ice sheet covered large parts of 
northern Montana, Idaho, and Washington reaching its maxi-
mum around 18 000 yr ago ( Orr and Orr, 2002 ). During glacial 
retreat, the area surrounding Lake Couer d’Alene was repeat-
edly inundated by fl oods caused by the outlet of glacial Lake 
Missoula ( Clague et al., 2003 ). The resulting cataclysmic fl ood-
ing scoured the region downstream, creating the channeled sca-
blands of eastern Washington. The eastern and southern shores 
of Lake Coeur d’Alene mark the boundary in the Idaho pan-
handle where diploid and tetraploid distributions abut; thus, one 
possible explanation for the geographic distribution is that 
newly formed tetraploids took advantage of glacial retreat or 
sites scoured clean by fl ooding. If tetraploids could initially be-
come established as the majority cytotype, they would be able 
to locally exclude diploids. Several authors have suggested that 
polyploids are more successful at colonizing recently deglaci-
ated areas ( Stebbins, 1984 ;  Brochmann et al., 2004 ), although 
this pattern is not universal (e.g.,  Brochmann et al., 2004 ;  Müller 
et al., 2012 ). Even in the absence of biased colonization abili-
ties, however, deglaciation certainly presents an opportunity for 
new plant populations to form. Although experimental and pop-
ulation genetic approaches may help to determine how the geo-
graphic distribution of  H. cylindrica  was created, answering the 
broader question of whether niche differentiation is a common 
mechanism facilitating polyploid establishment will require 
surveys of niche differentiation across many taxa. 
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