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Abstract

Premise: Hybridization and polyploidization are common in vascular plants and
important drivers of biodiversity by facilitating speciation and ecological diversifi-
Christopher . Krieg, Department of Botany, cation. A primary limitation to making broad synthetic discoveries in hybrid and
University of Wisconsin, Madison, Wisconsin, allopolyploid biodiversity research is the absence of a standardized framework to
USA- ‘ . compare data across studies and biological scales.

Email: christopher.p-lrieg@gmail com Methods: Here, I present a new quantitative framework to investigate and interpret
patterns in hybrid and allopolyploid biology called the divergence index (DI). The DI
framework produces standardized data that are comparable across studies and vari-
ables. To show how the DI framework can be used to synthesize data, I analyzed
published biochemical, physiological, and ecological trait data of hybrids and allo-
polyploids. I also apply key ecological and evolutionary concepts in hybrid and
polyploid biology to translate nominal outcomes, including transgression, interme-
diacy, expansion, and contraction, in continuous DI space.

Results: Biochemical, physiological, ecological, and evolutionary data can all be
analyzed, visualized, and interpreted in the DI framework. The DI framework is
particularly suited to standardize and compare variables with very different scales.
When using the DI framework to understand niche divergence, a metric of niche
overlap can be used to complement insights to centroid and breadth changes.
Discussion: The DI framework is an accessible framework for hybrid and allopoly-
ploid biology and represents a flexible and intuitive tool that can be used to reconcile
outstanding problems in plant biodiversity research.
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Hybridization and polyploidization have impacted the evo-
lution of most major plant groups and are thought to be
important drivers of plant biodiversity including as a mech-
anism for speciation (Winge, 1917; Grant, 1981; Soltis and
Soltis, 2009; Jiao et al., 2011; Mayrose et al., 2011; Nieto Fe-
liner et al., 2020), physiological novelty (Maherali et al., 2009;
Hao et al, 2013; Manzaneda et al, 2015; Corneillie
et al., 2019), and ecological diversification (Stebbins, 1985;
Hijmans et al, 2007; Ramsey, 2011; Baniaga et al., 2020;
Singhal et al., 2021). Despite the importance of hybridization
and polyploidization to biodiversity, some of the most basic
aspects of their biology remain poorly understood. For

example, making connections between the mechanisms
that underlie hybrid and allopolyploid biological outcomes
from genes to ecology has been especially challenging. A
primary lens through which we understand polyploidization
as a driver of species diversification is through the immediate
introduction of reproductive barriers and new combinations
and/or functions of genetic material (Levin, 1983; Thompson
and Lumaret, 1992; Otto and Whitton, 2000). New combi-
nations of genetic material are thought to lead to new phe-
notypes, which can impact species ecology and thus generate
spatial plant biodiversity (Bomblies, 2020; Van de Peer
et al, 2021). Some studies have shown that hybridization
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between more phylogenetically and ecologically distinct taxa
can cause greater genetic disruption in hybrids compared to
those formed between more similar progenitor taxa (Buggs
et al., 2009; Paun et al., 2009; Stelkens and Seehausen, 2009).
However, the differentiation between progenitors is rarely
explicitly considered in empirical studies of allopolyploid
biology. Consider the hypothetical example of two different
sets of progenitors on terrestrial Earth; one set of progenitors,
D, and D,, occur close together in environmental niche
space, while another set of progenitors, D; and D,, are more
differentiated in their niches (Figure 1A). If ecological
divergence is associated with genetic divergence within each
set of progenitors, and both sets of progenitors form an
allopolyploid, what is the relative potential for new combi-
nations and/or functions of genetic material in their poly-
ploids? Consistent with the few existing empirical studies
(Clausen et al., 1945; Stelkens and Seehausen, 2009), it seems
reasonable to posit that progenitors with more divergent
genomes may be more likely to produce hybrid polyploids
with novel combinations of genetic material, relative to pro-
genitors that are genetically more similar to each other.
Conversely, if the two sets of hypothetical progenitors (one
similar set D; and D,, and one very different set D; and D,)
each formed an allopolyploid with the same characteristics,
our perspective on the relative impact of polyploidization on
plant ecology and evolution would be very different between
these cases (Figure 1B). This suggests that our tools to
understand the mechanisms that drive variation in polyploid
ecological outcomes should be explicitly standardized by the
differences between progenitors in each hybrid and/or
allopolyploid complex.

The concept of standardizing interpretations of polyploid
characteristics by the progenitor characteristics has roots in
polyploid biology theory. A key tenet of polyploid biology
theory is that the relationship (e.g., dis/similarity) between
polyploid and progenitor characteristics (e.g., niche occu-
pancy, competitive ability, stress tolerance, reproductive
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mode) strongly determines the ability of newly formed
polyploids to establish and persist in the wild (Stebbins, 1971;
Levin, 1975; Soltis et al., 2014). While previous research has
made some progress in understanding the physiological
mechanisms that drive polyploid niche separation from
progenitors within a single complex (Hao et al., 2013; Zhang
et al., 2017; Losada et al, 2023), unifying environmental,
ecological, and physiological data to characterize the mech-
anisms that underlie patterns of polyploid biodiversity has
been challenging (Soltis et al, 2010, 2014; Parisod and
Broennimann, 2016; Gaynor et al., 2020; Shimizu, 2022).
Ultimately, if we hope to better characterize the mechanisms
that drive variation in polyploid biology and the role of
polyploidization in generating plant biodiversity, our meth-
ods require a stronger synthesis and unification of data across
biological scales.

A common practice in biology is the assignment of
hybrid and allopolyploid biological outcomes to nominal
categories such as intermediacy (between progenitors), ex-
pansion and contraction (an increase or decrease in varia-
tion), and transgression (very different from progenitors)
(Brochmann et al., 2004; Hijmans et al., 2007; Mclntyre,
2012; Glennon et al., 2014; Harbert et al., 2014; Marchant
et al., 2016). While there is strong consensus on the con-
ceptual nature of these categories (i.e., intermediacy, ex-
pansion, contraction, and transgression) (Figure 2), several
different qualitative and quantitative thresholds have been
used to classify these key biological outcomes (Anderson,
1953; Szymura and Barton, 1991; Rieseberg et al., 1998;
Anderson and Thompson, 2002; Thompson et al.,, 2021),
limiting our ability to compare results across studies that
use different definitions and data. In studies of hybrid and
polyploid ecology, the relative contributions of changes in
niche breadth and centroid position to the categorization of
a polyploid's niche occupancy are often confounded and can
be difficult to untangle (see Glennon et al., 2014). For
example, a large shift in niche centroid position (i.e., central
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Two hypothetical cases demonstrating the impact of progenitor similarity on our interpretations of the evolutionary and ecological

significance of polyploidy. (A) Consider the progenitors D, and D, with similar drought indices and the more dissimilar progenitors D3 and D,, where each
set of progenitors forms an allopolyploid (PP) with the same characteristics. (B) The allopolyploid complex with D; and D, shows greater ecological and
potential evolutionary change compared to the polyploid complex with D; and D4 and thus demonstrates that the difference between progenitors can impact
our view of polyploidization as a driver of biodiversity. The global drought index raster is from McCulloh et al. (2023) and represents environments with

very low water availability (100) to very high water availability (0).
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FIGURE 2
shows a simplified consensus depiction of intermediacy, contraction, expansion, and transgression along a hypothetical niche axis of temperature variation.
The bottom row shows plausible changes in niche centroid and breadth that make classifications more obscure, more subjective, and less comparable. Light

Conceptual diagram of key ecological outcomes thought to be important in hybrid and polyploid ecology and evolution. The top row

blue and gray circles represent progenitors, and purple circles with dotted borders represent hybrid and/or allopolyploid offspring.

tendency) beyond progenitors, with or without a change in
niche breadth (i.e., variation), can result in a polyploid niche
that is highly divergent from progenitors (ie., apparent
transgression). When a polyploid has a highly divergent niche
centroid and a highly expanded niche breadth, should it be
classified as niche transgression, expansion, or both? If
changes in niche breadth and in niche centroid position can
independently or concurrently produce the ecological pat-
terns observed for polyploids, how can we clearly and
quantitatively distinguish between multiple potential mecha-
nisms that drive polyploid niche outcomes? Clearly capturing
changes in niche centroid position independently of changes
in niche breadth in continuous variable space, as well as their
contribution to categorical classifications, is critical to dis-
entangling the underlying drivers of hybrid and allopolyploid
ecological patterns. A similar clarity is necessary to under-
stand the drivers of hybrid and allopolyploid anatomical,
physiological, and ecological outcomes that determine spatial
patterns of biodiversity.

Here, I formalize a quantitative framework, called the
divergence index (hereafter “DI”), to unify hybrid and allo-
polyploid biology data and permit direct comparisons across
datasets and measurement types. In essence, the DI is a
measure of a hybrid or allopolyploid's characteristics as a
function of the difference between the progenitors’ char-
acteristics (Eq. 1; Figure 3). In its analytical form, the DI
framework is a two-dimensional space that represents a
holistic system to quantify, visualize, and interpret changes in
hybrid and/or allopolyploid central position (e.g., centroid)
and variation (e.g., breadth). To demonstrate, I apply the DI
framework to published data that differ in type and scale,

Divergence Index =

(- @ —® AT

- -3 -1 0 +1 +3
Divergence Index (DI)
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FIGURE 3 The generic formulation of the divergence index (DI)
concept and the resulting DI scale, where PP is the polyploid's value (which
can be any continuous data type), D is the arithmetic mean of progenitor
values, and D; and D, are the two progenitor species. This formulation
results in an indexed scale where 0 represents a polyploid that is perfectly
intermediate between the progenitor values. DI values of —1 and 1
represent the lower and the higher progenitor values, respectively. DI
values of -3 and 3 represent polyploid differentiation beyond progenitor
values equal to the difference between the progenitors themselves. Note
that this figure is meant to convey the conceptual function of the DI
framework, and the use of the two-dimensional DI framework is
recommended.

including biochemical, physiological, morphological, ecolog-
ical, and environmental data, and reveal or recapitulate
important insights to hybrid and allopolyploid biology. I also
translate key concepts in polyploid biology including inter-
mediacy, expansion, contraction, transgression, and niche
shifts within the DI framework and use environmental data
from extant allopolyploid complexes as examples. I discuss
the rationale and mathematical approach behind the trans-
lation of these classifications into continuous variable space
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(comprised of DI axes; see below) and their strengths and
current limitations.

A simple framework for hybrid and
allopolyploid biology

Most of the tools currently used to compare inter-specific
hybrids and allopolyploids were designed for pairwise
comparisons between two entities. When used in a three-
entity complex, this leads to three or more metrics of dif-
ferentiation that must be calculated and interpreted (e.g., a
polyploid vs. progenitor 1, then polyploid vs. progenitor 2,
then progenitor 1 vs. progenitor 2). In its simplest con-
ceptual form, the DI reduces this complexity to a single
measure of a hybrid or allopolyploid's characteristics rela-
tive to the difference between progenitor characteristics:

PP -D
br = D, - D, (1

2

where PP is the polyploid, D represents “perfect” interme-
diacy and is the arithmetic mean between the progenitor
input values, D; is one of the progenitor species, and D, is the
other progenitor species. This conceptual formulation results
in a standardized scale where DI =0 represents a hybrid that
is perfectly intermediate between the progenitor input values
(Figure 3). DI values of —1 and 1 represent a PP equal to the
lower and the higher progenitor input values, respectively.
The DI values of —3 and 3 represent the divergence beyond
the progenitor values where a hybrid is as different from its
progenitors as the progenitor species are from each other.
With this formulation, one unit in DI space is equal to one-
half the difference between progenitor values.

To characterize the biological divergence of a plant
hybrid and/or allopolyploid from its progenitors, the two-
dimensional analytical form of the DI framework uses two
key aspects of data distributions—central tendency (i.e.,
centroid) and variation (i.e., breadth)—as inputs. In the DI
framework, centroid divergence (DI¢) is quantified as:

PP - DC
| Dic—Dyc
2

Ple = @

where the subscript “C” denotes the output as centroid
divergence (DI¢) or input as the centroid of the data distri-
bution (e.g., mean or median). PP is the hybrid or allopoly-
ploid, D is perfect intermediacy between progenitors (mean
of progenitor centroids), and D; and D, are the progenitor
centroids. Similarly, breadth divergence (DIp) is quantified as:

3)

where the subscript “B” denotes the output as breadth
divergence (DIg) or input as the breadth of the data dis-
tribution (e.g., standard deviation). PP is the hybrid or
allopolyploid, D is perfect intermediacy between progeni-
tors, and D; and D, are the progenitor breadths.

The centroid and breadth input values to the DI frame-
work can be from any continuous data type (e.g., genetic
similarity, morphology, metabolite production, photosynthetic
capacity, plant height, climate niche, etc.) (see Video S1).

Translating key concepts in hybrid and
allopolyploid biology

By using measures of variation and central tendency
(breadth: DIp, and centroid position: DI¢), I translated to
DI space five of the most common conceptual biological
patterns thought to impact polyploid biodiversity patterns
and their evolutionary legacy, including (1) transgression,
(2) intermediacy, (3) contraction, (4) expansion, and (5)
niche shifts (or trait shifts, more generally).

In the DI framework, the threshold for an allopolyploid
that has diverged beyond progenitor values occurs at a DIcp
less than —1 or greater than 1, while the threshold for an
allopolyploid that has diverged beyond progenitor values by a
difference equal to the difference between its progenitor taxa
always occurs at a DIcp of —3 or 3 (see Figure 3). I use this
stable benchmark of —3 or 3 as a strict threshold to further
discriminate the magnitude of biological patterns (see the
sections below on transgression, contraction, expansion, and
niche shift). Specifically, I assign the prefix hyper- (from Greek
“hyper,” meaning over, beyond, excess) to allopolyploid taxa
that exhibit strong divergence greater than the divergence
between progenitor taxa. Conversely, in the DI framework, an
allopolyploid with characteristics beyond progenitor values
but not more different than the progenitors are from each
other is denoted with the prefix hypo- (from Greek “hypo,”
meaning under, beneath, less than). These additional zones
aid in recognizing meaningful changes in allopolyploid bio-
logical outcomes that do not exceed the relatively strict
thresholds of the main zones (i.e., DIgc + 3 in definitions of
transgression, contraction, expansion, and niche shift). Below,
I focus on the application of these concepts in an ecological
context and use ecological language and examples; however,
the classifications below can be made with any continuous
data as inputs and need not be ecological data.

Transgression: Transgression is a widely used concept in
hybrid and polyploid biology to describe characteristics (e.g.,
gene expression, phenotypes, ecology) of a hybrid and/or
polyploid that are highly divergent from the progenitor(s)
from which it originated. In polyploid biology theory,
transgression (and, similarly, trait shifts) is thought to be
among the most critical factors that impact the survival,
persistence, and ecological success of newly formed poly-
ploids (e.g., Levin, 1975; Fowler and Levin, 1984, 2016).
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The specific quantitative thresholds used to classify a
polyploid's biological characteristics relative to the progenitor
species vary across studies. For example, some previous
research on polyploid niche divergence has set the threshold
for allopolyploid transgression as an allopolyploid niche that
is more different from its progenitors than the average pro-
genitor difference in a dataset of multiple allopolyploid
complexes (e.g., Marchant et al., 2016). Many previous
studies have made various use of the difference between
progenitor values to understand hybrid and/or polyploid
biology (Marchant et al., 2016; Baniaga et al., 2020; Wang
et al,, 2022) (see Figure 1). Here, I adapt this concept to apply
to each hybrid complex individually in the DI framework
with respect to changes in centroids and breadths (see below
for a discussion of overlap). This approach maintains the
conceptual reasoning for comparing polyploids relative to
progenitor differences (i.e., roots in polyploid biology theory),
but avoids the potential for a polyploid characteristic to be
classified one way (e.g., as transgressive) when part of a
particular dataset but classified differently (e.g., not trans-
gressive) if included in a different dataset when the mean
difference between progenitors differs between datasets (see
Marchant et al., 2016).

In hybrid and/or polyploid ecology, it is often difficult to
separate multiple changes in niche occupancy that may be
occurring simultaneously. For example, an allopolyploid may
exhibit such strong expansion that both its breadth and cen-
troid position are far beyond progenitor values, yet this sce-
nario is often simply and subjectively referred to as “trans-
gression” or as a “niche shift.” Similarly, a polyploid with a
strongly contracted niche breadth may be far beyond pro-
genitor niche limits, thereby presenting the question: Should
the polyploid's ecology be classified as transgression, niche
contraction, a niche shift, or some combination? One key
benefit to the DI framework is that changes in niche centroid
and breadth are clearly distinguishable. In other words, the DI
framework directly informs the relative contribution of
changes in niche breadth and centroid to hybrid and allo-
polyploid niche divergence from progenitors. Specifically, the
DI framework recognizes all possible combinations of niche
centroid (i.e., DI¢) and breadth (i.e., DIg) differences between
polyploids and their progenitors, thereby revealing not one but
four main zones (i.e., types) of hyper-transgression (Figure 4).
I arbitrarily ordered the four DI hyper-transgression zones
(hyper-T1-4) following the general spatial arrangement of the
four quadrants in a two-dimensional Cartesian plane:

hyper-transgression zone 1 (hyper-T1): A polyploid with a DI
niche centroid (DI¢) and DI niche breadth (DIg) that are
both greater than 3 such that:

DI- > 3 and DI > 3 (4)

hyper-transgression zone 2 (hyper-T2): A polyploid with a DI
niche centroid (DIc) that is less than —3 and DI niche
breadth (DIp) that is greater than 3 such that:

61 ] [
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FIGURE 4 Four traditional ecological outcomes thought to be
important in polyploid ecology and evolution and 21 additional outcomes
revealed using the divergence index (DI). Intermediacy (Int) is in the
center gray region, contractions (C) in the bottom center teal regions,
expansions (E) in the upper orange regions, and niche shifts (NS) in
negative (NS7) left purple regions and positive (NS*) right green regions.
The eight main types of transgression (hypo- and hyper-T1-4) are in the
corner regions. Eight additional outer regions (those in pale colors)
represent outcomes with DI¢ 5 values beyond +3 on one axis but not both.
By convention, DI is placed on the x-axis.

DI; < -3 and DI > 3 (5)

hyper-transgression zone 3 (hyper-T3): A polyploid with a DI
niche centroid (DIc) that is less than —3 and DI niche
breadth (DIg) that is less than —3 such that:

DI < -3 and DIz < -3 (6)

hyper-transgression zone 4 (hyper-T4): A polyploid with a DI
niche centroid (DIc) that is greater than 3 and DI niche
breadth (DIg) that is less than —3 such that:

DI >3 and DIz < -3 (7)

The four zones of hyper-transgression (hyper-T1-4)
arise from the added resolution of directionality gained
within the DI framework. In other words, DI zones hyper-
T1 and hyper-T2 (see Eq. 4 and 5 above, and Figure 4)
both indicate large relative increases in allopolyploid
niche breadth and separation in niche centroid position
away from progenitors but are distinguished by the
directionality of those changes towards the lower (-) or
the higher (+) values observed in the progenitors. The
same added resolution and directionality distinguish
hyper-T2 from hyper-T3, hyper-T3 from hyper-T4,
and hyper-T4 from hyper-T1 across one or both DI axes
(DIc and/or DIg) (Figure 4). Additionally, there are
four hypo-transgression zones (hypo-T1-4) that mirror
the four hyper-transgression zones. These zones of
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hypo-transgression are simply defined as an allopolyploid
with all DIy values beyond progenitors (beyond +1 DIc )
but not exceeding the progenitor difference (+3 DI¢cp).

Intermediacy: Intermediacy is intuitively conceptualized as a
characteristic sharing similarity with both progenitors and is
perhaps the most common null hypothesis in polyploid and
hybrid biology (e.g., Winge, 1932). Here, I define the concept
of intermediacy (H,) to mean that a polyploid
exhibits values strictly between the progenitor values where
“perfect” intermediacy is the arithmetic mean of progenitor
centroids and breadths (D¢ ). With respect to niche occu-
pancy, this means that both the breadth and centroid position
should be between parental values such that:

Dl,B < PPB < DZ,B (8)

and

Dy c £ PPc < D¢ 9)

where PPy is the niche breadth of the allopolyploid and
PP is the allopolyploid centroid. D; ¢ is the centroid of
progenitor 1, D, p is the breadth of progenitor 1, and D, ¢
and D,y are the centroid and breadth of progenitor 2,
respectively. In this example, parental data are arbitrarily
assigned from smallest (1) to largest (2).

In the DI framework, intermediacy (H,) is defined
as an allopolyploid niche breadth and centroid between
progenitor values such that:

-1<DI;<1 (10)
and

-1<DIg<1 (11)
where DI- and DIy are the niche centroid and niche
breadth, respectively, —1 and 1 on both axes represent
progenitor values, and 0 indicates “perfect” intermediate
values (D¢ ) (Figure 4).
Contraction: Contraction (C) has been defined as a poly-
ploid niche breadth that is smaller than a threshold that
varies by study, but all studies share the conceptual agree-
ment that the polyploid niche breadth shows a size reduc-

tion. Here, I generally constrain contraction to require:

DI,B > PPB (12)

and

Dy > PPy (13)

where PPy, is the niche breadth of the allopolyploid, D, p is the
breadth of progenitor 1, and D, 3 is the breadth of progenitor 2.

In the DI framework, any movement on the DIy axis
represents a change in the allopolyploid's niche breadth
relative to the parental niche breadths, where -1 is equal to
the breadth of the parent with the smaller breadth, and 1 is
equal to the breadth of the parent with the larger breadth
(see Figures 3, 4). Thus, assessing niche contraction (C) is
very simple in the DI framework and occurs in negative DIy
values. Changes along the DI axis would indicate other
changes in niche occupancy not invoked by the concept of
niche contraction per se (see other ecological outcomes
below). Therefore, I generally define niche contraction as an
allopolyploid with an intermediate DI and negative DIy
and further distinguish between moderate degrees of con-
traction (hypo-C) and extreme degrees of contraction
(hyper-C) by imposing a threshold of —3 DIp.

hyper-contraction (hyper-C): An allopolyploid with an
intermediate niche centroid (DI-) and DI niche breadth
(DIg) less than —3 such that:

-1<DI-<1 (14)
and
DIp < -3 (15)

where DI represents the allopolyploid niche centroid in the
DI framework and DIy represents the allopolyploid niche
breadth in the DI framework (Figure 4). This definition of
hyper-contraction (hyper-C) represents a reduction in an
allopolyploid niche breadth by a magnitude greater than the
difference between progenitor niche breadths.

hypo-contraction (hypo-C): An allopolyploid with an inter-
mediate niche centroid (DI¢) and DI niche breadth (DIg)
less than —1 and greater than or equal to —3 such that:

-1<DIc<1 (16)
and
-1>DIp> -3 (17)
This definition of hypo-contraction (hypo-C) represents a
reduction in an allopolyploid niche breadth but not by more
than the difference between progenitor niche breadths.
Expansion: Expansion (E) is characterized as an allopoly-
ploid niche breadth that is larger than a threshold that varies
by study, but all share the conceptual agreement that the

polyploid niche breadth shows an increase in size. Here, I
generally constrain expansion to require:

Dl,B < PPB (18)
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and

DZ,B < PPB (19)

where PPy is the niche breadth of the allopolyploid, D; 3 is
the breadth of progenitor 1, and D,y is the breadth of
progenitor 2.

In the DI framework, any movement on the DIy axis
represents a change in the allopolyploid's niche breadth rel-
ative to the parental niche breadths. Thus, niche expansion
(E) in the DI framework occurs in positive DIy values (Fig-
ure 4). Changes along the DI axis would indicate other
changes in niche occupancy (i.e., centroid position) not
invoked by the concept of niche expansion per se (see other
ecological outcomes below). Therefore, I generally define
niche expansion as an allopolyploid with an intermediate DI
and positive DIy, and further distinguish between moderate
degrees of expansion (hypo-E) and extreme degrees of ex-
pansion (hyper-E) by imposing a threshold of 3 DIg.

hyper-expansion (hyper-E): An allopolyploid with an inter-
mediate niche centroid (DIc) and niche breadth (DIg)
greater than 3 such that:

-1<DI; <1 (20)
and
DIg >3 (21)

where D¢ represents the allopolyploid niche centroid in the
DI framework and DIy represents the allopolyploid niche
breadth in the DI framework (Figure 4). This definition of
hyper-expansion represents an increase in polyploid niche
breadth by a magnitude greater than the difference between
parental niche breadths.

hypo-expansion (hypo-E): An allopolyploid with an inter-
mediate niche centroid (DIc) and niche breadth (DIg)
greater than 1 and less than or equal to 3 such that

-1<DI;<1 (22)
and
1<Dl<3 (23)

This definition of hypo-expansion (hypo-E) represents
an increase in polyploid niche breadth but not by more than
the difference between parental niche breadths.

Niche shift: The degree of separation in niche occupancy
relative to progenitor niches is thought to impact the eco-
logical success of newly formed polyploids (e.g., Levin, 1975;
Fowler and Levin, 1984, 2016). Many studies have charac-
terized “niche shifts,” and there are nearly as many

interpretations and definitions of what constitutes a niche
shift as there are studies. However, the concept of a niche
shift is more strongly tied to changes in centroid position
than to changes in breadth (Guisan et al., 2014). This is
because changes in centroid can occur without any change
in breadth, while changes in breadth will almost always
change the centroid—excepting, for example, the case of a
change in breadth that is symmetrical and equal in mag-
nitude across all dimensions. Furthermore, the DI frame-
work already incorporates and classifies changes in breadth
independently of significant shifts in centroid position (i.e.,
expansion and contraction). Therefore, I generally define a
niche shift (NS¥) as a relative change in centroid position
beyond parental niche centroids, and without large changes
in niche breadth, such that:

DI,B < PPB < DZ,B (24)

and

DI,C > PPC |D2,C < PPC (25)

where PPy is the breadth of the polyploid and PPc is the
allopolyploid centroid. D; ¢ is the centroid of progenitor 1,
D, p is the breadth of progenitor 1, and D, and D, are the
centroid and breadth, respectively, of progenitor 2. Progenitor
data are arbitrarily assigned from smallest (1) to largest (2).

In the DI framework, any movement on the DIc axis
represents a shift in the allopolyploid's centroid relative to the
progenitor centroids. Thus, niche shifts (NS) in the DI
framework are not a single category, but rather comprise two
directional zones that occur in large positive or negative DI
values. Changes along the DIy axis would indicate other
changes in niche occupancy (i.e., breadth) not strictly invoked
by the concept of a niche shift as defined here (see other
biological outcomes above). Therefore, I generally define NS as
an allopolyploid with an intermediate DIy and positive or
negative DIc and further distinguish between moderate
degrees of niche shift (hypo-NS) and extreme degrees of niche
shift (hyper-NS) by imposing a threshold of +3 DI.

hyper-niche shift (hyper-NS®): A shift in allopolyploid niche
position (as indicated by the centroid) by a magnitude greater

than the difference between progenitor niche centroids in ei-
ther the positive (NS*) or negative (NS”) direction, such that:

-1<DIg <1 (26)

and
DIc > 3| DIc < -3 27)
where DIc represents the allopolyploid niche centroid

position and DI represents the allopolyploid niche breadth
in the DI framework (Figure 4).
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hypo-niche shift (hypo-NS*): A polyploid with an interme-
diate niche breadth (DIp) and niche centroid (DI¢) greater
than 1 and less than or equal to 3 such that:

-1<DL<1 (28)
and
1<DI-<3 (29)

hypo-niche shift (hypo-NS™): A polyploid with an interme-
diate niche breadth (DI) and niche centroid (DI) less than
—1 and greater than or equal to —3 such that

-1<DL<1 (30)
and
-1>DIc = -3 (31)

A key benefit of using the DI framework is that shifts in
niche (or any continuous trait) are directional with explicit
reference to progenitors, rather than qualitative and/or
directionally ambiguous. See below for examples and a
discussion of current limitations.

Although I focused on the application of these concepts
in an ecological context, recall that the above classifications
can be made with any continuous data as inputs and need
not be ecological data.

METHODS

Examples of using the DI framework for trait
divergence

To show how organismal trait data can be used inside the
DI framework, I gathered trait data from multiple studies.
First, I gathered data from Mitchell et al. (2019), which
examined the evolution of morphological and functional
traits in a sunflower hybrid over eight generations in a
common garden. Briefly, Mitchell et al. (2019) planted
common gardens of Helianthus annuus L. subsp. annuus
and a hybrid backcross that was experimentally formed by
crossing H. annuus subsp. annuus with the resynthesized
hybrid between H. annuus subsp. annuus and H. debilis
Nutt. Over eight generations, Mitchell et al. (2019) mea-
sured several traits related to life history, reproduction,
growth, and function in the backcross hybrid and H. annuus
subsp. annuus, and performed Bayesian linear regression
models to estimate the evolutionary change in phenotypic
values of traits through time. I used data reported in
Mitchell et al. (2019) from the backcross and H. annuus
subsp. annuus, and trait data from the original common
garden studies that included the other progenitor, H. debilis
(Whitney et al., 2006, 2010) (see Table 1 for a list of traits). I
used reported trait means (raw data were not available) to

TABLE 1 A list of traits gathered from studies to demonstrate the
divergence index (DI) framework (see Figures 5 and 6).

Trait code Description Units Studies® Figure

CNratio Leaf carbon to unitless 1,2,3 5
nitrogen ratio ratio

DaysToBud Bud initiation time days 1,2,3 5

GlandDens Glandular trichome mm? 1,2,3 5
density

HairDens Non-glandular mm? 1,2,3 5
trichome density

HtLow Height of lowest cm 1,2,3 5
branch

Longevity Lifespan of plant days 1,2,3 5

RelBrDiam Relative branch unitless 1,2,3 5
diameter

SLA Specific leaf area cm’/g 1,2,3 5

SMT Seed maturation time  days 1,2,3 5

iWUE Integrated water use %o 1,2,3 5
efficiency (813C)

Plant Height  Height of cm 4 6
terminal apex

PhiPSII Photochemical unitless 4 6
efficiency of PSII ratio

Seed Number Number of seeds No. 4 6

produced by plant

1, Mitchell et al. (2019); 2, Whitney et al. (2006); 3, Whitney et al. (2010); 4, Jordon-
Thaden et al. (2023).

calculate a DI¢ for each generation. In other words, I used
H. annuus subsp. annuus and the F; hybrid between
H. annuus subsp. annuus and H. debilis as “progenitors”
(DD; and DD,), and then calculated a DI¢ for each gen-
eration of the backcrossed hybrid (PPgeni, PPgens, etc.). I
then calculated the difference in DI between generations
eight and one (ADI(). I performed a standard major axis
regression using the sma() function from the smatr package
in R (Warton et al., 2012) between the evolution slope re-
ported for each trait in Mitchell et al. (2019) and the ADI¢
of each trait (Figure 5). I used the ggplot2 package to plot
the data (Wickham et al., 2016). The sunflower data can be
found in Appendix S1, and DI values can be found in
Appendix S2. The DI values, evolution slope data, and
data plotted in Figure 5 can be found in Appendix S3. The
code to reproduce results and figures can be found in
Appendix S4.

To further demonstrate using the DI framework for the
unification of data from different species and variables that
differ in scale, I gathered data from Jordon-Thaden et al. (2023)
on the phenotypic divergence between natural allopolyploids
and synthetic allopolyploids of North American Tragopogon L.
Briefly, Jordon-Thaden et al. (2023) planted a common garden
of natural diploid progenitors (Tragopogon dubius Scop.,
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FIGURE 5 Simple divergence index (DI) values recapitulate trends
from complex model output. Data are from Mitchell et al. (2019) and
represent 10 traits measured in a common garden of over eight
generations. The x-axis is ADI¢ and indicates the change in DI values over
eight generations. The means and standard deviations of raw data were
used as inputs to calculate generational DI values. The y-axis is the slope
of evolution for each trait from the Bayesian models performed in Mitchell
et al. (2019). See Table 1 for a list of trait descriptions.

T. porrifolius L., and T. pratensis L) and allopolyploids
(T. mirus Ownbey and T. miscellus G. B. Ownbey), and re-
synthesized allopolyploids (using colchicine). The authors
measured a suite of morphological and growth trait and one
physiological trait (see Table 1). For each trait and species, I
extracted the standard deviation as a metric of breadth and
used the density function to smooth the distribution of raw trait
data before extracting the 50th percentile as a metric of the
centroid. I could use the density smoothing approach to esti-
mate a centroid because the raw data were made available,
rather than being reported only as trait means. To quantify and
visualize the difference in traits with very different scales
between natural and synthetic allopolyploids, I calculated DI
and DIy values for plant height, photochemical efficiency
(PhiPSII), and seed number for the natural and synthetic al-
lopolyploids T. mirus and T. miscellus (Figure 6). The scale of
the raw data for PhiPSII is on the order of 0.1, while the scale of
the raw data for seed number is on the order of 100. I used the
ggplot2 package to plot the data (Wickham et al,, 2016). The
raw Tragopogon data can be found in Appendix S5, and DI
values can be found in Appendix S6. The code to reproduce
Figure 6 can be found in Appendix S7.

Example of using the DI framework for niche
divergence

To show how ecological data can be used inside the DI
framework, I gathered data on the distribution of four ex-
tant allopolyploid complexes. The ecological patterns of
these four complexes have been previously characterized by
Marchant et al. (2016) as exhibiting niche contraction
(Cystopteris bulbifera (L.) Bernh., C. protrusa (Weath.)
Blasdell, C. tennesseensis Shaver; Trio 1), niche intermediacy

1 O T . T. mirus (synthetic)
O T. mirus (natural)

v T. miscellus (synthetic)
5 4 v T. miscellus (natural)

Plant Height [
PhiPsil [l
Seed Number .

Dl Breadth
o
)

J T

-101 : : : : :
-10 -5 0 5 10
DI Centroid

FIGURE 6 The divergence index (DI) framework standardizes traits
that differ in scale by multiple orders of magnitude. Data are from Jordon-
Thaden et al. (2023) and represent natural (open shapes) and synthetic
(filled shapes) Tragopogon mirus (circles) and T. miscellus (triangle). Red
indicates plant height, blue indicates photochemical efficiency (PhiPSII),
and purple indicates seed number. Raw data were used as inputs to
calculate DI. See Table 1.

(Dryopteris celsa (W. Palmer) Knowlt., T. S. Palmer &
Pollard ex Small, D. goldieana (Hook. ex Goldie) A. Gray,
D. ludoviciana (Kunze) Small; Trio 2), niche expansion
(Polypodium amorphum Suksd., P. glycyrrhiza D. C. Eaton,
P. hesperium Maxon; Trio 3), and niche transgression
(Polypodium amorphum, P. saximontanum Windham,
P. sibiricum Sipliv.; Trio 4).

Geographic occurrence records

I downloaded geographic occurrence records for these
species from GBIF (https://www.gbif.org/), iDigBio
(https://www.idigbio.org/), and the Atlas of Living Australia
(https://www.ala.org.au/) using the spocc R package
(Chamberlain et al., 2016). After removing duplicate records
and rows with missing data, the remaining records were
cleaned using the CoordinateCleaner R package (Zizka
et al., 2019) to identify problematic records, including those
that fell into the ocean(s) using Natural Earth medium-
resolution (1:50 m) land mass boundaries; records with null,
identical, or “0” values for latitude and longitude; and
records with coordinates associated with capital cities,
political centroids, or known institutions. The coordError
function from the rangeBuilder R package (https://github.
com/ptitle/rangeBuilder) was used to calculate the maxi-
mum potential error associated with the reported coordi-
nate precision, and I removed occurrence records with a
potential error larger than 10 km. Geographic outliers were
identified and removed using the cc_outl function in the
CoordinateCleaner R package. The FilterByProximity func-
tion in rangeBuilder was used to filter records to a spatial
density of >1 km between points. Finally, isolation forests
were applied using the solitude R package (Liu et al., 2012)


https://www.gbif.org/
https://www.idigbio.org/
https://www.ala.org.au/
https://github.com/ptitle/rangeBuilder
https://github.com/ptitle/rangeBuilder
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to identify environmental outliers. Within each species,
occurrence records with an anomaly score greater than
0.7 in climate space were removed (with O indicating a
point that is difficult to isolate from the group and 1 indi-
cating a point that is very easy to isolate from the group)
(Liu et al., 2008, 2012).

Environmental data

Environmental data were gathered from many different
sources including CHELSA, SoilGrids, SoilTemp, and
MODIS (Sexton et al., 2013; Karger et al., 2017; Lembrechts
et al., 2020; Poggio et al., 2021). In total, 35 environmental
varijables were selected to represent axes of temperature
(e.g., air and soil temperature), water availability (e.g.,
precipitation and soil moisture), atmospheric demand for
water (e.g., potential evapotranspiration and vapor pressure
deficit), light availability (e.g., leaf area index, solar radia-
tion, cloud cover), and soil fertility (e.g., nitrogen, phos-
phorus, organic carbon) (a complete list of variables and
their sources can be found in Appendix S8). Environmental
data were extracted from global rasters using the point-
sampling-tool in QGIS (https://www.qgis.org/). All 35 en-
vironmental variables were rescaled between 1 and 100
using the global minimum and maximum raster values (the
data were not centered). Next, variables were reverse scaled
as needed so that higher values generally represented more
favorable conditions and lower numbers were less favorable.
For example, vapor pressure deficit was reverse scaled so
that low values indicate dry air and high values indicate
moist air, and leaf area index (a proxy for shade) was reverse
scaled so that low values indicate less light and higher values
indicate more light. Conversely, variables such as precipi-
tation, soil moisture, air and soil temperature, soil phos-
phorus, soil nitrogen, and soil organic carbon were not
reverse scaled. This directional alignment of the input en-
vironmental variables is important to maintain the function
of the positive and negative range of the DIc axis when
using the DI framework with many variables. This align-
ment and orientation are not necessary when using the DI
framework with one variable. See “Current limitations” for
advice when alignment is not achievable.

Quantifying niche centroid and breadth

For each allopolyploid complex, I performed a principal
component analysis (PCA) on their environmental data
using the prcomp function in R. For each species and
principal component axis, I extracted the standard deviation
as a metric of variation or breadth (DIp). I used the density
function to smooth the distribution of data (PCA scores)
before extracting the 50th percentile as a metric of central
tendency or centroid (DI¢c). Only the principal component
axes that collectively represent significant variation in the
dataset were retained for further analyses (usually five to

seven axes that explain 80-90% of total variation; see
Appendix S8). I calculated a weighted mean centroid for
each species (DI¢) using the centroid values for each prin-
cipal component axis weighted by the variance explained by
the axis. Similarly, I calculated a weighted mean breadth for
each species (DIg) using the breadth values for each prin-
cipal component weighted by the standard deviation of the
principal component axis. DI values for each complex were
visualized wusing the ggplot2 R package (Wickham
et al,, 2016). See Appendix S8 for PCA data and Appen-
dix S9 for associated code.

All analyses were performed in the R coding environ-
ment (v4.3) unless otherwise noted. For all R packages
and their functions, default parameters were used unless
otherwise noted.

RESULTS

Example of using the DI framework for trait
divergence

The standard major axis regression revealed a strong rela-
tionship between the evolution slope and ADI¢ from multi-
generational trait data of a hybrid sunflower (Whitney
et al, 2006, 2010; Mitchell et al, 2019) (Figure 5;
P=0.00054, R*=0.79, m=20.23). The phenotypic out-
comes of seed number, PhiPSII, and plant height in natural
and synthetic Tragopogon can be seen in Figure 6.

Example of using the DI framework for niche
divergence

Trio 1 (Cystopteris tennesseensis complex) fell into the
hyper-contraction zone within the DI framework, with a
DI¢ of 0.16 and DIy of —3.29 (see Eq. 14 and 15; Figure 7).

10+
5 Trio
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FIGURE 7 The ecological outcomes of four allopolyploid complexes:
Trio 1, Cystopteris tennesseensis complex (square); Trio 2, Dryopteris celsa
complex (circle); Trio 3, Polypodium hesperium complex (triangle); and
Trio 4, Polypodium saximontanum complex (diamond). The inner-most
square box with solid lines represents the intermediacy zone. Dotted lines
are drawn at —1 and +1 on both axes and solid lines are drawn at —3 and +3
on both axes.
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Trio 2 (Dryopteris celsa complex) fell into the hypo-
contraction zone within the DI framework, with a DI
of 0.45 and DI of —-1.94 (see Eq. 16 and 17). Trio 3
(Polypodium hesperium complex) exhibited a slight increase
in niche breadth relative to parental taxa (DIg=1.12) and a
large shift in niche centroid beyond parental centroids (DI
= -9.95). Trio 4 (Polypodium saximontanum complex) fell
into the hyper-transgression zone and specifically the hyper-
T3 zone within the DI framework, with a DI of —6.89 and
DIg of —7.52 (see Eq. 6; Figure 7).

DISCUSSION

To show how the DI framework can be used with empirical
data to capture trends and gain insight to hybrid and
polyploid biology, I used empirical data from multiple
sources that utilized one or both of the DIy axes. For
example, Mitchell et al. (2019) found that hybridization
accelerated rates of phenotypic evolution in a backcross
hybrid of sunflower. Using trait data in the DI framework, I
found that the slopes of evolutionary change from the
Bayesian models performed by Mitchell et al. (2019) were
highly correlated with the change in DI values of 10 traits
over eight generations in the common garden (ADI¢)
(R*=0.79; Figure 5). Mitchell et al. (2019) found a similar
pattern between the slope of evolutionary change and the
difference in predicted mean of the normalized trait data
from the Bayesian models (see figure 4a in Mitchell
et al., 2019). Here, I used the means of the raw data in the
DI framework to recapitulate this pattern of trait evolution
using the DI framework (Figure 5). This analysis demon-
strates that the DI framework can be used with many dif-
ferent traits alongside and in place of the output from
complex models, despite the DI framework being remark-
ably simple in comparison and without normalization of the
underlying data (i.e., without setting mean to zero and
standard deviation to one). Similarly, I used data from
Jordon-Thaden et al. (2023) to show that multiple traits
from multiple species can be easily quantified and visualized
in the same plot by using the DI framework. Jordon-Thaden
et al. (2023) investigated potential differences in biological
outcomes between natural and synthetic allopolyploids of
Tragopogon. The three variables depicted in Figure 6 (i.e.,
PhiPSII, plant height, and seed number) differ in scale by
three orders of magnitude (0.1 to 100; e.g., PhiPSII to seed
number). Thus, the DI framework offers a flexible and
intuitive tool to unify data from different traits that also
differ in scale for investigations and characterization of
hybrid and polyploid biodiversity.

Translating empirical data for allopolyploid niche
occupancy that has already been characterized using other
methods revealed that the DI framework captures many
of the same trends but with some important differences.
Two of the four Trios (Trio 1 and 4) occurred in DI cate-
gories that are nominally analogous to other methods of
categorization. Specifically, Trio 1 has been previously

characterized as exhibiting niche contraction, and this is
exactly how it is characterized within the DI framework
(Figure 7) but with additional information on the magni-
tude of the niche contraction conferred by the hyper-
contraction zone criteria. Similarly, Trio 4 has been previ-
ously characterized as exhibiting niche transgression, and
this complex also occurs within a DI transgression zone.
However, by using the DI framework, we can see that this
complex (Trio 4) achieved niche transgression with signif-
icant and concurrent changes in niche centroid and
reduction in niche breadth (hyper-transgression zone 3; see
Eq. 6). Characterizing the ecological outcomes of Trios 2
and 3 similarly added new insight to the mechanisms that
underly patterns of niche differentiation in these allopoly-
ploid complexes. For example, Trio 3 has been previously
characterized as exhibiting niche expansion and this Trio
did in fact exhibit a larger niche breadth than both pro-
genitors (DIg=1.12). However, the DI framework also
revealed that Trio 3 surpassed the benchmark of +3 DI¢
(DIc = —9.95), indicating that this allopolyploid achieved a
niche shift beyond parental taxa that is also greater than the
difference between progenitor niche centroids, thus
achieving a hyper-NS~ (see Eq. 26 and 27) (Figure 7). The
added insight into changes in niche centroid and breadth
that underly niche occupancy patterns opens new doors for
understanding the physiological mechanisms that explain
species ecology and distribution.

The allopolyploid complex in Trio 1 has been previously
characterized as exhibiting niche intermediacy and, indeed,
the DI is between —1 and 1; however, the niche breadth
exhibited by this allopolyploid is moderately smaller than
the smallest parental breadth (DI = -1.94), indicating
hypo-contraction (see Eq. 16 and 17; Figure 7) rather than
intermediacy. This difference in categorical characterization
is likely because other methods have incorporated thresh-
olds of niche overlap into their definitions of these cate-
gories. In contrast, the DI framework dually quantifies
changes in centroid and breadth independently of overlap.
Niche overlap is an important metric of ecology that offers
information that is also theoretically independent of the
information gained with the DI framework. Consider the
hypothetical case where a polyploid is perfectly interme-
diate between its progenitors in every way but does not
overlap with either progenitor because the progenitors are
sufficiently distinct (i.e., progenitor niches are sufficiently
separated that the polyploid occupies an intermediate
niche without overlap). Similarly, metrics of niche overlap
would cease to be useful in the case of a highly divergent
polyploid that also did not overlap with either progenitor.
Thus, the DI framework is highly complementary
to metrics of niche overlap (Schoener, 1970; Warren
et al., 2008; Broennimann et al., 2012; Blonder et al., 2018;
Brown et al., 2020; Lu et al., 2021), and using metrics of
niche overlap in tandem with the DI framework has the
potential to further characterize patterns in polyploid and
hybrid biology. See below, under “Current limitations,” for
further discussion of overlap.
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The DI framework can be used in univariate and mul-
tivariate analyses and will always retain the same interpre-
tation of hybrid and/or allopolyploid characteristics to
parental differences (i.e., one unit in DI space is always
equal to one-half progenitor difference, and benchmark
values such as DI+1 and DI+3 always have the same
definition and interpretation regardless of inputs or
dimensionality). Therefore, the DI framework produces
standardized output that is directly comparable within and
across studies, as well as across different variable types.
However, to maximize comparability across studies, multi-
variate centroid and breadth data can each be summarized
in one dimension. For example, when calculating the
volume (i.e., breadth) of an n-dimensional hypervolume, the
units are reported in standard deviations to the n'™ power
(n being the number of dimensions) (Blonder et al.,
2014, 2018) and the n'® root should be taken as the volume
(DIg). This is because the DI equations are simply distances
and ratios, and adding exponents to data entities alters the
relationship between entities (e.g., PP, D;, D,, numerators,
and denominators) without altering the defined bench-
marks in DI space (i.e., DI +1 and DI + 3 always have the
same definition). Alternatively, a weighted mean can be
calculated to characterize a multivariate centroid and a
multivariate breadth (as I have done here). The convention
of calculating a weighted mean from many dimensions is
common in hybrid biology (Hatheway, 1962) and is also
used by other popular methods to characterize niche posi-
tion and breadth (e.g., ecospat R package; Di Cola
et al.,, 2017). Another benefit of characterizing niche char-
acteristics in one dimension (e.g., a weighted mean) is the
added ease with which DI values can then be used with
established statistical tests (e.g., GLMM, perMANOVA), as
well as in simulations for hypothesis testing.

The simplicity of the DI framework also makes it among
the most accessible methods in polyploid biodiversity
research. I advocate that studies of allopolyploid and hybrid
biology report the DIcp values for any appropriate data
(e.g., environmental, ecological, morphological, physiologi-
cal, biochemical, genetic) in their results so that they can be
compared across studies and interpreted in a unified and
coherent framework. Overall, the introduction of the DI
framework generates new research opportunities in com-
parative biology and can be used to reconcile key issues that
have limited the synthesis of ecological theory and empirical
data in polyploid and hybrid biodiversity research.

Current limitations

It is important to note that the DI framework requires that
the input variables in the denominator (e.g., D; and D,; see
Eq. 1) are not equal, as this would produce infinite DI
values. In practice, this should be rare, and when/if it oc-
curs, it likely reflects limitations in the quality of the data
and/or the underlying methodology. In the hypothetical
case of measuring plant height across numerous individuals,

the resolution of measurement plays a crucial role. When
measurements are taken on a small scale, such as in milli-
meters, the likelihood of plants having the same height is
very low. Conversely, if measurements are made in meters,
the potential for capturing meaningful variation in plant
height diminishes, leading to identical measurements.
Therefore, obtaining high-quality data with appropriate
precision (i.e., significant figures) is essential for optimal
results within the DI framework. Similarly, very small dif-
ferences between progenitor values increase the potential
for extreme (positive or negative) DI values. Thus, the DI
should only be applied when progenitor values are mean-
ingfully differentiated, which can be determined by expert
knowledge of species biology and/or an appropriate statis-
tical test performed on progenitor data. In general, the
potential for small denominators to produce large DI values
may decrease with the number of input variables because of
the decreasing probability of two species being very similar
across an increasing number of axes.

In the example presented in this manuscript of using the
DI framework to characterize niche divergence, I aligned
the input variables to make interpretation of the DI axis
easier and more meaningful. If multivariate data cannot be
reasonably aligned in this manner, then individual variables
can be used and the absolute value can be taken in the
numerator of the equation for DI¢ (i.e., using Eq. 2 for
centroids). This would remove the negative values in DI¢
and produce a positive DI scale that quantifies the distance
between polyploid and progenitor centroids, where DIc =0
is intermediate and 1 is either parent. Note that this
approach may be useful as a more general metric of centroid
divergence but sacrifices directionality with respect to pro-
genitors’ centroid values and is therefore a more opaque
metric of centroid divergence.

Another limitation to using the two-dimensional DI
framework for polyploid biology is that it is easier to
parameterize with interspecific hybrids and allopolyploids
than with autopolyploids and intra-specific hybrids because
of the difficulty in defining two distinct “progenitors” (D,
and D,) required to calculate DI p values. However, several
studies have examined intra-specific hybrids and/or auto-
polyploids between distinct populations or ecotypes of the
same species (e.g., Lowry et al., 2009), and these data would
be usable in the DI framework.

Although example data were used to characterize niche
divergence within the DI framework using centroids and
breadths, quantifying overlap may be important for some
biological questions. Niche occupancy may be such a case,
and some combinations of species centroid and breadths
may violate the expected pattern of overlap in some eco-
logical outcomes. For example, there may be some ex-
pectation of complete overlap in the DI zone of interme-
diacy, but a hybrid that has a centroid and a breadth that are
both between the observed values in progenitors may still
only exhibit partial overlap when the hybrid centroid is
close to the lower progenitor extreme, its breadth is close to
the higher progenitor extreme (e.g., DI¢ close to —1, and
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DI close to 1), and the difference between progenitor
breadths is relatively large. Similarly, there may be an ex-
pectation of no overlap in DI zones of transgression and
niche shift, yet a hybrid with a very large distance from
parental centroids (beyond +3) could still be within parental
ranges if a progenitor breadth is sufficiently large, the
hybrid's breadth is sufficiently small, and the distance
between progenitor centroids is small. I performed simu-
lations with univariate input data to test how often these
two cases of unexpected patterns of overlap might occur. I
found that unexpected patterns of overlap are only possible
in 13 of the 25 DI zones and all cases of unexpected patterns
of overlap (except intermediacy) occurred with negative
DIg values, which indicates that some degree of breadth
contraction (as defined in DI space) is a prerequisite for
unexpected overlap. Within the 13 zones that had any
observation of unexpected overlap, the lowest (non-zero)
occurrence was 0.58% and the highest was 3.2%. See
Appendix S10 for full details on these simulations. The
results of the simulations suggest that the potential for an
unexpected pattern of overlap for a given DI zone is rela-
tively rare with univariate data. Moreover, this outcome
may be even less common as the number of input variables
increases because of the overwhelming probability of addi-
tional axes to exhibit the expected pattern of overlap and
thus for an observation (hybrid or polyploid complex) to be
classified correctly with the expected pattern of overlap (see
Holt, 2009). When using the DI to characterize niche
divergence, a metric of niche overlap can be used to com-
plement DI values and provide additional insight. Measur-
ing the overlap of data distributions is not currently possible
in the DI framework presented here, and future work will
focus on developing a robust metric of overlap that can be
natively calculated within the DI framework (Krieg,
unpublished data).

The DI framework is designed to work with any con-
tinuous variable and cannot directly be used with discrete or
categorical input data. One option to incorporate data of
mixed types (e.g., continuous and discrete) would be first to
transform data, e.g., using a Gower transformation
(Gower, 1971). However, the properties of Gower-
transformed data within the DI framework have not been
tested and such an approach warrants caution and careful
exploration. The inclusion and exploration of genetic data
in the DI framework is beyond the scope of this paper;
however, genetic data could be used in the DI framework
after transformations designed for genetic data such as the
polyploidy index (Wang et al., 2019) or hybrid index
(Anderson, 1953; Goulet et al., 2017; Bailey, 2024).
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SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

Appendix S1. Sunflower trait data.
Appendix S2. Sunflower trait divergence index values.

Appendix S3. Sunflower evolution slope and delta diver-
gence index values.

Appendix $4. R code for sunflower data analysis.
Appendix S5. Tragopogon trait data.
Appendix S6. Tragopogon trait divergence index values.

Appendix S7. R code for Tragopogon data used to create
Figure 6.

Appendix S$8. Inputs and outputs of PCA analyses.

Appendix S9. R code for PCA divergence index values and
Figure 7.

Appendix S10. Description of simulations testing for pat-
terns of overlap.

Appendix S11. R code for overlap simulations.

Video S1. A video illustrating how a hybrid or allopolyploid's
biology (PP) would be characterized in DI space for a given
set of parental taxa (D; and D,). The x-axis represents a
centroid divergence from progenitor centroids (Dlcentroid)-
The y-axis represents a breadth divergence from progenitor
breadths (DIp;eqqm)- See Equations 2 and 3 in the main text.
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