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PREMISE OF THE STUDY: Historical patterns and processes of plants with an American amphitropical disjunct (AAD) distribution have long interested bota-
nists and biogeographers. Here we update examples of AAD vascular plants, their biogeographic history, and aspects of their biology elucidated by recent
studies to make inferences about common patterns of AAD plants and formulate future research questions.

METHODS: All known examples of AAD vascular plants were tabulated, along with data on plant duration and habit, chromosome number, dispersal direc-
tion, and divergence time. The data were then compared with regard to taxonomic categories, AAD bioregions, and character evolution.

KEY RESULTS: We clarify the definition of amphitropical and summarize features of AAD plants. We identify 237 AAD plant divergence events. Timing of
these events generally corresponds with taxonomic category. Plant duration and habit are associated with AAD bioregions. Increases in chromosome
number mostly occurred in members of the recipient area. The AAD plants of bipolar or temperate bioregions entirely or largely dispersed from North to
South America, whereas almost half of desert plants dispersed from South to North America.

CONCLUSIONS: Tabulating AAD plants by taxonomic group and bioregion yields insight into character evolution and processes of divergence. Phylogenetic
studies provide information on the timing and direction of dispersal. However, more research on AAD plants is needed to draw inferences regarding gen-
eral patterns and processes, especially those at the clade level. Our AAD Working Group website provides current information on AAD vascular plants to

aid workers doing research in this field.
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Plants with a native (i.e., naturally occurring or nonanthropo-
genic) American amphitropical disjunct (AAD) distribution, oc-
curring on both sides of, but not within, the American tropics, have
long been recognized as a repeating biogeographic pattern found in
a number of plant groups (Gray and Hooker, 1880; Bray, 1898,
1900; Raven, 1963; Cruden, 1966; Thorne, 1972; Carlquist, 1983;
Wen and Ickert-Bond, 2009). The mechanisms giving rise to AAD
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distributions, the geological timing of AAD dispersal events, and
the evolution of plant features associated with AAD taxa have long
fascinated botanists, biogeographers, and ecologists.

Here we review and summarize some features of AAD vascular
plants with suggestions for future research on this topic and pro-
vide an up-to-date compendium of examples. Insightful research,
including molecular phylogenetic analyses, have enabled us to tab-
ulate more precise data about relationships of AAD plants, possible
mechanisms giving rise to their disjunct distributions, number and
timing of evolutionary divergences, and attributes of plant dura-
tion, substrate preference, reproductive biology, propagule mor-
phology, changes in chromosome number, genetic divergence,
speciation rate, and direction of dispersal. These data may ulti-
mately allow us to elucidate common patterns of AAD events, in
concert with the geologic and climatic history of the Americas.

Although bryophytes and lichens make up a large percentage of
AAD organisms (Du Rietz, 1940), including approximately 66
species of mosses, 24 species of liverworts, and 160 species of
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lichens (Lewis et al., 2014a), we only consider vascular plants in this
study. See the articles by Lewis et al. (2017) and Garrido-Benavent
and Pérez-Ortega (2017) in this issue for updated studies on bryo-
phytes and lichens, respectively.

MATERIALS AND METHODS

We used Raven (1963) as a starting point, updating nomenclature
and checking the listed species of vascular plants for those with a
native AAD distribution in North America (NA) and South Amer-
ica (SA). We then added examples from more recent literature ref-
erences, including those of phylogenetic studies of AAD vascular
plants. We checked nomenclature using The Plant List (http://
www.theplantlist.org), International Plant Names Index (http://
www.ipni.org), Catalogo de las Plantas Vasculares del Cono Sur
(Zuloaga et al., 2008), and the companion and continually updated
website Flora del Cono Sur (2017; http://www.darwin.edu.ar/
Proyectos/FloraArgentina/Familias.asp), Flora of North America
(Flora of North America Editorial Committee, 1993+; http://
floranorthamerica.org), or recent taxonomic studies. We noted
synonymy where new taxonomic concepts have been accepted in
the above references. We also checked the native vs. introduced sta-
tus of a taxon with various sources, particularly the USDA-NRCS
(2017) database for NA north of Mexico (http://plants.usda.gov),
Rebman et al. (2016) and Villasefior (2016) for Mexico, Zuloaga
et al. (2008) and Flora del Cono Sur (2017) for the “Southern Cone” of
SA, and regional floras including the Bolivia Catalogue (Jorgensen
et al.,, 2014; http://www.tropicos.org/Project/BC). We checked dis-
tributions using the Global Biodiversity Information Facility
(GBIF, 2017; http://www.gbif.org) or the Encyclopedia of Life
(2017; http://www.eol.org). We listed each example as having a
typical AAD distribution or deviating as “trans-AADs” or “eastern-
AADs” (see Definition of amphitropical section, below). In some
cases where taxonomy was complicated, we assessed distributions
from original records. We then compiled each AAD example by
general plant group, family, genus, and species/infraspecies and by
type of taxonomic category (see AAD taxonomic categories sec-
tion), both for NA and SA. We also listed, where available, chromo-
some numbers of NA and SA samples (not those from other
regions), using cited references from the Index to Plant Chromo-
some Numbers (Goldblatt and Johnson, 1979-present), or other
sources. We tabulated plant duration and plant habit from the lit-
erature, verified using the USDA-NRCS (2017) database for NA
plants north of Mexico and Zuloaga et al. (2008) or Flora del
Cono Sur (2017) for SA plants of the “Southern Cone” region. We
recorded dispersal direction where known from phylogenetic or
rigorous taxonomic studies, either NA to SA, SA to NA, or equivo-
cal; in some cases, dispersal direction was inferred by us, if not ex-
plicitly stated in a research study. Where data were available, we
listed the time of evolutionary divergence (mean and range, if avail-
able) in millions of years ago (Ma) for the most recent common
ancestor of NA and SA lineages. If there was conflict in data, e.g.,
between plastome markers and ITS, we averaged the two means
and listed the extreme ranges. For nine molecular phylogenetic
studies in which divergence dates were not listed, we calculated
them from the data presented (these indicated with an asterisk in the
Time of Divergence-Div. Ma-column of Appendices 1-3; see be-
low). For ITS data, we used median values from Kay et al. (2006)
(calculated by us from their data) of 3.72 x 10~° substitutions/site/

+ SIMPSON ET AL.—AMERICAN AMPHITROPICAL DISJUNCTS - 1601

year for annual or perennial herbs and 1.86 x 10~ substitutions/
site/year for woody perennials. These are slightly different from the
mean values of 4.13 x 10 and 2.5 x 10~ substitutions/site/year,
respectively, listed by these authors, but should provide better esti-
mates by removing the potential effect of outliers in this small data
set. We note, however, that Kay et al. (2006) listed ranges of 1.72 x
107 to 8.34 x 10~ substitutions/site/year for herbaceous annuals/
perennials and 0.38 x 10~ to 7.83 X 10~ for woody perennials,
spanning 5-fold and 20-fold differences in magnitude, respectively.
For single-copy intergenic chloroplast markers, we used the aver-
age value of 2.1 X 10~ substitutions/site/year (Gaut, 1998; Muse,
2000; synonymous and nonsynonomous substitutions averaged).
When the phylogenetic trees in a given study were not ultrametric,
the branch lengths along sister lineages were averaged, with ranges
in the appendices listing minimum and maximum values of ITS
and chloroplast markers together. If no detectable variation in se-
quences was reported, we assigned a value of zero. We realize these
calculations are approximations only and await refinement in fu-
ture, more precisely calibrated molecular studies. (See Future direc-
tions section.)

We compiled all of these data, organized by general AAD biore-
gions (Appendices 1-3; see below), and designating those AAD
plants that additionally occur on other continents. We also created
a listing of rejected AAD taxa (Appendix 4). We used these data to
summarize various features of AAD plants (see Tables). Finally, we
have established an American Amphitropical Disjunction Working
Group website (see Future directions section), where we present a
compendium of this information, such that known AAD examples
and their supporting data may be continually checked and revised,
as a resource to those doing research on this topic.

RESULTS AND DISCUSSION

Definition of amphitropical—The term “amphitropical” refers to
either side of the tropics, in this case within the western hemi-
sphere. The tropical zone is technically the geographic region
between the Tropic of Cancer and the Tropic of Capricorn (ap-
proximately 23°26'N and S; Fig. 1), where the sun is directly over-
head at the time of the summer solstice of the two hemispheres.
Strictly speaking, an amphitropically distributed taxon occurs on
both sides of this tropical zone but not within it. A plant species
with a typical AAD distribution is exemplified by Amsinckia tessel-
lata A.Gray (Fig. 2A), with NA and SA populations well on either
side of the tropical zone. However, here we are defining “amphi-
tropical” to also include disjuncts with populations in the amphi-
tropical zone but that may also have additional occurrences within
the strict tropical zone (examples in Fig. 2B-D). We recognize the
problem in distinguishing such AAD examples from those that
have a continuous distribution in the western hemisphere, and we
attempt to clarify this distinction by categorizing these encroach-
ments of some AAD plants into the tropics (see below).
Vegetation regions, which are a function largely of climate, to-
pography, geology, and biotic interactions, are likely even more
important in understanding AAD distributions than simply con-
sidering northern and southern sides of the tropics. By this reason-
ing, the “amphitropical” zone would not be limited by the strict
boundaries of the tropics and could be justifiably expanded to in-
clude vegetative regions that extend from amphitropical regions
into strict tropical ones (Fig. 1). There are innumerable vegetation/



1602 - AMERICAN JOURNAL OF BOTANY

Amphi-
tropics

(Great Basin)

SM

(Mediterranean)

SCs

(Mediterranean)

SBSh
SBWh

\ (deserts)

Boreal Coniferous Forest

-
T

Boreal Tundra Woodland

@
=

Boreal Mountain System
Subtropical Steppe

©n
@
H
5

Subtropical Desert

v
n
-

Subtropical Humid Forest

wv
n
“w

Subtropical Dry Forest

NENEEN R

%)
=

Subtropical Mountain System

.
2
z

Tropical Rainforest

Tropical Moist Deciduous Forest

\
\
= o
> >
i3

Tropical Dry Forest
Tropical Shrubland
Tropical Desert

Temperate Steppe

L] Tewk

TeDo Temperate Oceanic Forest

Temperate Desert

Temperate Continental Forest

Temperate Mountain System
Tropical Mountain System

Polar

Tropic of Cancer

Tropics

Tropic of Capricorn

—

TBWh

(Desert)
SBSh
(Norte Chico)
. SCs
Amphl - (Mediterraneegll)v[ SCf (Pampas)
. TAWwDb (Chaco)
tr Oplc S TeM SBSh (Monte)
TeDo TeBSk (Patagonia)
[

~

FIGURE 1 Map of North and South America showing boundaries of strict tropical and amphitropical regions and Global Ecological Zones, redrawn
from Davis and Holmgren (2001) with abbreviations after this system. Zone labels with an asterisk (*) are those within the tropical zone but included
for (trans) AAD plants. Dotted lines indicate approximate boundaries of bipolar plants using the criteria of Moore and Chater (1971).

plant community systems (see, e.g., Josse et al., 2003 for Latin
America) that may serve as a basis for defining the amphitropical vs.
tropical regions. Here, we cite the Global Ecological Zoning for the
Global Forest Resources conducted by the United Nations Food and
Agriculture Organization (Davis and Holmgren, 2001; reproduced

in Fig. 1). By this system (with their abbreviations), the tropics would
be inclusive of tropical rain forest (TAr), tropical moist decidu-
ous forest (TAwa), tropical dry forest (TAwb), tropical shrubland
(TBSh), tropical desert (TBWh), and tropical mountain systems
(TM) of NA and SA. The amphitropical region would include, for
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Amsinckia A'caciella ) Lycurus
tessellata angustissima \ iphleoides

Eleocharis, 3 'Eleocharis
exigua quinqueflora

FIGURE 2 Examples of American amphitropical disjunct (AAD) vascular plant distributions. (A) Amsinckia tessellata (Boraginaceae), showing a typical
AAD distribution in central western North and southern South America. (B) Acaciella angustissima (Fabaceae), showing a “trans-NA” AAD distribution
into Central America. (C) Lycurus phleoides (Poaceae), showing a “trans-SA” AAD distribution into northwestern South America. (D) Eleocharis exigua
(Cyperaceae), showing a“trans-NASA” AAD distribution. (E) Eleocharis quinqueflora, having a typical AAD distribution but with populations also occur-
ring in Asia, Europe, and possibly Africa and Australia. (A-D), Distribution map data from GBIF (2017), superposed on Global Ecological Zones map,
redrawn from Davis and Holmgren (2001).

SA, the subtropical steppe (SBSh), subtropical dry forest (SCs),  and temperate mountain systems (TeM); for NA, amphitropical
subtropical humid forest (SCf), subtropical mountain systems  includes these same ecological zones plus the boreal mountain sys-
(SM), temperate steppe (TeBSk), temperate oceanic forest (TeDo),  tems (BM), boreal tundra woodland (Bb), boreal coniferous forest
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(Ba), subtropical desert (SBWh), temperate desert (TeBWk), and
temperate continental forest (TeDc) (see Fig. 1 and AAD biore-
gions section, below). We realize that these vegetation zones are
only a rough estimate of plant habitats, as microecological condi-
tions are also important in the establishment, survivorship, and
spread of plants.

Some of the ecological zones outlined above extend continuously
from an amphitropical region to a tropical one. Thus, another option
for relaxing a strict latitudinal requirement for designating an am-
phitropical distribution is to encompass all ecological zones exclusive
of the wet tropical rain forest and tropical moist deciduous forest. We
elected to do this, including the tropical shrubland (TBSh) and tropi-
cal mountain systems (TM) as AAD distributions. In NA, this expan-
sion would extend the amphitropical zone into southern Mexico and
the cordillera of Central America. In SA, this would extend the am-
phitropical zone into the Andean cordillera of Peru, Ecuador, Co-
lombia, and even Venezuela. Though this might seem excessive,
doing so would permit the recognition of so-called stepwise (step-
ping-stone) patterns (see below) for amphitropical plants that might
otherwise not be classified as AADs. Scientists investigating AAD
plants would have to evaluate whether a plant exhibiting such a pat-
tern should even be considered having an AAD distribution (vs. one
that is continuous), as these more extensive distributions, though
interesting, might be the result of different general processes. Here,
we designate such examples as “trans-AADs”, either as “trans-NA”,
those with a distribution significantly entering the tropical region of
NA [e.g., Acaciella angustissima (Mill.) Britton & Rose, Fig. 2B];
“trans-SA”, those with a distribution significantly entering the tropi-
cal region of SA (e.g., Lycurus phleoides Kunth, Fig. 2C); or “trans-
NASA”, those with a distribution significantly entering the tropical
regions of both NA and SA [e.g., Eleocharis exigua (Kunth) Roem. &
Schult., Fig. 2D]. Given that most AAD examples occur in western
NA and SA, we also tabulate “eastern-AADs”, those that occur in
eastern NA or eastern SA. (See Appendices 1-3.)

Some plants normally identified as having an AAD distribution
are also found on other continents [e.g., Eleocharis quinqueflora
(Hartmann) O.Schwarz, which also occurs in Europe, Asia, and
northern Africa; Fig. 2E]; these are designated in Appendices 1-3.
This distribution pattern is true of most bipolar AAD plants (see
below). It is important to consider in these cases whether the NA
and SA populations are each other’s closest relative. If so, then the
AAD distribution still can be explained as a unique “AAD event”. If
either North or South American populations are shown to be more
closely related to those of other continents, they should be excluded
as AAD examples. Their attributes may not correlate with those po-
tentially associated with true AAD distributions, adding noise to
efforts to discover such character associations, if not known. Of
course, these “false” AAD plants might be shown to have interesting
attributes of their own.

In conclusion, the definition of the term amphitropical may vary
with different authors and with different systems of ecological or
vegetation zones. When there is doubt, it is best to explicitly state
the distributions involved and the definition of amphitropical used.
Allowing significant deviation from the classic amphitropical defini-
tion may introduce different parameters as to biogeographic history
as well as obfuscate patterns in morphology or evolution that are
otherwise common using a stricter definition.

Anthropogenic AAD plants—A distinction must be made between
a “natural” AAD distribution and one due to human activity. In our

comparisons, we are only considering AAD events that are not of
anthropogenic origin. However, native vs. adventive distributions
are not always easy to discern, and mistakes have been made in the
past. For example, the sea fig, Carpobrotus chilensis (Molina) N.E.Br.
(Aizoaceae), was not long ago considered to have a naturally occur-
ring AAD distribution, but evidence points to its introduction by
humans in both North and South America (Bicknell and Mackey,
1998; Vivrette, 2003). Nuttallanthus texanus (Scheele) D.A.Suttonis
(Plantaginaceae) is considered native to NA (Preston and Wetherwax,
2012; USDA-NRCS, 2017) but is now thought introduced to SA
(Zuloaga et al., 2008).

A human introduction from one region to the other would
likely be characterized by extreme similarity between members of
the two intercontinental populations. Detailed molecular phyloge-
netic techniques (e.g., along the lines of Valliant et al., 2007) might
be capable of discerning whether a long-distance dispersal event
occurred in historical times and might be human mediated. One
might also expect that with anthropogenic dispersals, considerably
less morphological or genetic variation would be present in the
recipient (“sink”) region than in the source region because of a
genetic bottleneck associated with the introduction. However, this
prediction would also be expected in a recent natural AAD event,
but to less of an extreme. As an example of the latter, Peterson and
Ortiz-Diaz (1998), using enzyme electrophoresis, determined that
in the conspecific AAD Muhlenbergia torreyi (Kunth) Hitchc. ex
Bush (thought to be native to both continents), populations in SA
are less variable, implying that dispersal likely occurred from NA
to SA.

Several AAD plants are known from historical records to have
been dispersed anthropogenically between the two western hemi-
sphere continents. For example, the California poppy, Eschscholzia
californica Cham., was dispersed by humans from the mediterra-
nean climatic region of the California Floristic Province of NA
(Howell, 1957) and is now naturalized in similar climatic regions of
Chile and other South American countries, where it may be locally
common. In addition, it may be difficult to detect past introduc-
tions by indigenous peoples during pre-European times with cer-
tainty. A study of known anthropogenic AAD events is a separate
topic, but might yield insight into the AAD phenomenon, particu-
larly with regard to morphological and reproductive features,
mechanisms of establishment, and potential subsequent evolution-
ary or ecological change of these taxa.

AAD taxonomic categories and evolutionary divergence time—
Along with consideration of what constitutes an amphitropical dis-
tribution is the question of which taxonomic categories might be
useful in making comparisons and inferences about AAD plants.
Early AAD research, such as that of Raven (1963), was based on the
identification of mostly minimum-ranked taxa (species or infraspe-
cies), using traditional comparative morphology and sometimes
cytogenetics. However, more recent phylogenetic studies have re-
sulted in many transfers in rank and position of historically named
taxa and new insights into the groups of comparison from the
northern and southern hemispheres. These phylogenetic studies
have also led in some cases to the recognition of clades as the prod-
uct of an AAD event.

There are a number of examples of AAD plants in which taxo-
nomic concepts have varied, resulting in rampant synonymy.
Continuing taxonomic research is critical to clarifying species and
infraspecies concepts of past classifications. For example, the
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species Chenopodium philippianum Aellen [C. carnosulum Moq.
var. patagonicum (Phil.) Wahl], native to south-central Chile and
Argentina, was long considered present also in coastal California
and perhaps Mexico, an example of an AAD plant species. How-
ever, Benet-Pierce and Simpson (2010) concluded from morpho-
logical studies that these were different taxa, naming the California
populations a new species. (Note, however, that future phylogenetic
studies could demonstrate these now separate taxa are in fact AAD
species pairs.) In another example, the study of Collomia and Na-
varretia (Polemoniaceae) by Johnson et al. (2012) and Johnson and
Porter (2017, in this issue) exemplify the need to address a compli-
cated taxonomy with careful study of morphology from herbarium
specimens.

We currently tabulate a total of 237 examples of AAD vascular
plant events; see below. Of this total, the families with the most
AAD representatives are the Poaceae with 51 examples, Boraginaceae
(after Chacdn et al., 2016, excluding Ehretiaceae and Hydrophylla-
ceae) with 19 examples, Asteraceae with 16 examples, Fabaceae
with 16 examples, Cyperaceae with 15 examples, and Polemonia-
ceae with 11 examples (Appendices 1-3).

We use the following taxonomic categories for classifying AAD
events. We realize that these categories are not strictly comparable
as evolutionary units, yet feel they are useful in comparing the tem-
poral history of AAD events. For this purpose, we are relaxing the
term “taxonomic category” to include not just named taxa at differ-
ent ranks but also clades, which may or may not be formally named.
(Ideally, all named taxa would correspond to clades, but we use the
latter for a monophyletic group of two or more named species.) As
summarized by Wen and Ickert-Bond (2009), the date of diver-
gence of AAD plants varies significantly depending on the specific
group. Here we tabulate the known divergence times of AAD
vascular plants relative to their taxonomic category, yielding some
insight as to their degree of divergence. We note that only 72 of the
237 (about 30%) recognized vascular plant AAD examples have di-
vergence dates, including the nine calculated by us from published
data.

Conspecific AADs—A starting point for AAD plants are those clas-
sified as the same species occurring in both North and South Amer-
ica, termed here conspecific AADs. Conspecific AADs are the most
common category, with a total of 135 examples or 57% of all AADs
(Table 1). If infraspecific examples (below) are excluded, there are
118 examples of conspecifics (almost 50% of the total). Three ex-
amples of conspecific distributions (not involving infraspecies; see
below) are illustrated in Fig. 2A-E and 3A-C.

The relatively few studies that have dated the divergence times of
North and South American conspecifics indicate a relatively recent
age: a mean of about 0.63 Ma if intraspecific AADs (below) are in-
cluded or 0.62 Ma if infraspecifics are excluded (Table 1). Examples
include two species of Sanicula (Apiaceae), S. crassicaulis Poepp. ex
DC. and S. graveolens DC., both conspecific AADs, with divergence
times of ca. 1 Ma and 2 Ma, respectively (Vargas et al., 1998; Fig.
3A-C). Conspecifics are generally thought to have arisen by unidi-
rectional dispersal in relatively recent times. The recency of disper-
sal may be the primary explanation for the observed lack of
morphological differences, with less time available for evolutionary
changes between the isolated intercontinental populations.

Infraspecific AADs—Some conspecific AADs contain infraspe-
cies (i.e., varieties or subspecies; Table 1). These may be the same
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infraspecies on both continents, termed here “coninfraspecific”
AADs, or the intercontinental infraspecies can be different, unique
to one or both of the two continents. Additional infraspecies of that
species, other than those representing AADs, could also occur on
either or both of the continents. We currently tabulate a total of 17
infraspecific AAD examples, representing 7.2% of the total (Table 1),
separated into eight coninfraspecific examples and nine examples
of different infraspecies.

An example of a coninfraspecific AAD is Cryptantha maritima
(Greene) Greene var. pilosa . M.Johnst., Boraginaceae (Fig. 3D, E).
This variety occurs in both North and South America, but the other
two recognized varieties [C. maritima var. maritima and C. mari-
tima var. cedrosensis (Greene) .M.Johnst.] are found only in NA.
In this case, there is good evidence that the amphitropically distrib-
uted variety dispersed unidirectionally from North to South Amer-
ica (Hasenstab-Lehman and Simpson, 2012; Guilliams et al., 2017,
in this issue), with an estimated time of divergence from molecular
data of about 0.92 Ma (K.E. Hasenstab-Lehman, Santa Barbara Bo-
tanic Garden, personal communication). One could speculate that
the species occurred in NA for some time before dispersal into SA,
allowing time for its divergence into three varieties in NA, only one
of which subsequently dispersed to SA; however, the details of this
complex have yet to be worked out.

In another example in the Boraginaceae, Plagiobothrys collinus
(Phil.) LM.Johnst., as presently treated, contains five varieties. Pla-
giobothrys collinus var. collinus is restricted to SA, and the other
four varieties are found only in NA (Fig. 3F). Again, the evidence
points to a single, unidirectional dispersal from North to South
America of a Plagiobothrys collinus propagule, with an estimated
divergence time of 1.48 Ma (Guilliams et al., 2017). In this particu-
lar example, the evidence shows that the North American popula-
tions diverged into the four recognized varieties (as well as one
taxon at the species level that is phylogenetically nested in P. colli-
nus) after this dispersal event, given that P. collinus var. collinus is
sister to the four North American varieties (Guilliams, 2015). This
pattern might imply that relative evolutionary stasis occurred in the
SA population following the AAD dispersal event.

Finally, Acaena pinnatifida Ruiz & Pav. (Rosaceae) is often rec-
ognized to have two varieties, with Acaena pinnatifida var. califor-
nica (Bitter) Jeps. restricted to NA (Macmillan and Ertter, 2017)
and Acaena pinnatifida var. pinnatifida restricted to Chile and Ar-
gentina (Fig. 3G). Although no divergence time estimates are
known, this AAD event would be predicted to have occurred rela-
tively recently, but generally slightly older than conspecific AADs
not having infraspecies.

It is expected that the average divergence time for infraspecific
taxa would be similar to that of conspecific taxa, given that both
represent morphologically indistinguishable populations in the
two continents. We found infraspecific examples (mean of 0.65
Ma) to be very slightly older than conspecific examples (mean of
0.62 Ma, not including infraspecifics); see Table 1. An older diver-
gence time for different infraspecifics than for coninfraspecifics
might be expected, given that generally more time would be needed
for evolutionary divergence into what are classified as different
taxa. Among infraspecific examples, the two examples of coninfra-
specific taxon had a mean divergence time of 0.63 Ma, and that of
different infraspecies is only slightly older, at 0.66 Ma (Table 1).

Species pairs—A pair of species, each considered the closest relative
of the other, are the second most common taxonomic category of
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FIGURE 3 (A) Phylogenetic tree of the genus Sanicula (Apiaceae), with arrows highlighting two conspecific AADs, average divergence times indicated.
From Vargas et al. (1998, p. 239), with permission; copyright 1998 National Academy of Sciences, USA. (B) Distribution map of Sanicula crassicaulis. (C) Distri-
bution map of Sanicula graveolens. (D) Phylogenetic tree of the genus Cryptantha (Boragainceae), with arrows highlighting two infraspecific AADs of C.
maritima, average divergence time indicated. From Hasenstab and Simpson (2012, p. 743), with permission. (E) Distribution map of C. maritima infraspecies,
three in North America, one (var. pilosa) in both North and South America. (F) Distribution map of infraspecies of Plagiobothrys collinus (Boraginaceae), four
in North America and a fifth solely in South America. (G) Distribution map of two AAD infraspecies of Acaena pinnatifida (Rosaceae). NA = North America;
SA = South America. Distribution map data from GBIF (2017), superposed on Global Ecological Zones map, redrawn from Davis and Holmgren (2001).
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TABLE 1. Taxonomic categories of the 237 American amphitropical disjunct vascular plants, showing the
total number, percentage of the total, and mean time of evolutionary divergence (including range of
individual means) based on phylogenetic studies. [N] = number of studies from which mean divergence

time was calculated. See Appendices for sources of data.
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two large South American clades (termed
the “Cryptantha/ Geocarya” and “Globulifera”
clades; Fig. 4B) are each sister to other
clades, with each clade representing species

Taxonomic category Total number

Mean divergence time
Percent of total

diversification following a unique AAD event

(Range), Ma [N] (Mabry, 2015; Mabry and Simpson, in

Conspecific (including infraspecies) 135 57.0
Conspecific (excluding infraspecies) 118 498
Infraspecific 17 7.2

Coninfraspecific 8 34
Different infraspecies 9 38

Species-species pairs 54 22.8

Species-clade, clade-species, & clade-clade 48 20.3
Species-clade & clade-species 21 89
Species-clade 11 46
Clade-species 10 4.2
Clade-clade 27 114

0.63 (0-2.45) [27] press; Guilliams et al., 2017; Simpson et al.,
0.62 (0-245) [22] 2017; Appendix 3). AAD events involving
0.65 (0.20-2:46) [5] clades (species-clade, clade-species, or clade-
0.63 (0.33-0.92) [2] .
0.66 clade events combined) are less commonly
.66 (0.20-1.48) [3] . . .
3.14(0-14.9) 21] known than conspecific or species pairs,
6.29 (0.61-24.78) [24] with 48 examples, or about 20% of the total
4.51 (0.61-14.50) [13] (Table 1).
4.81 (0.61-14.50) [8] One would expect divergence times in-
4.40 (1.37-5.53) [4] volving clades to be the oldest of the catego-
8.40 (0.98-24.78) [11

ries we have outlined, given that more time

AAD plants. We cite a total of 54 AAD species pairs, about 23% of
the total (Table 1). An example is seen in the North American Lil-
aeopsis occidentalis ].M.Coult. & Rose and the South American
L. macloviana (Gand.) A.W.Hill (Apiaceae; Spalik et al., 2010)
(Fig. 4A; Appendix 3). Some of these AAD species pairs have been
shown to be sister species from phylogenetic analyses; others are
presumed to be from comparative studies, but lacked phylogenetic
evidence at the time. As an example of the latter, Lasthenia glaber-
rima DC. of NA (Asteraceae) and L. kunthii (Less.) Hook. & Arn. of
Chile and were considered close relatives based on morphology and
taxonomy, being the only species of section Lasthenia (Ornduff,
1963). Only relatively recently did a phylogenetic study (Emery et al.,
2012) confirm that they are indeed sister species.

Species pairs indicate enough change in one or both lineages
following an AAD event (see below) that the two products of the
divergence are classified as separate. Biosystematic studies (e.g.,
Moore and Raven, 1970) have shown that the great majority of ar-
tificial crosses between intercontinental AAD species pairs result in
sterile hybrids, with observed chromosome structural changes in
some cases. Thus, in most cases examined, reproductive isolation
has occurred between the products of an AAD species pair.

The average divergence time of species pairs would be expected
to be older than that of conspecific or infraspecific examples. This
prediction is supported by our data in that the average mean diver-
gence time for species pairs by our summary is 3.14 Ma, 5x that of
conspecific AADs, including infraspecific AADs or not (Table 1).

Clades—In addition to AADs that are conspecific or species pairs,
phylogenetic studies provide examples of clades that represent spe-
cies diversification of one or both lineages following an AAD event.
This diversification could result in a clade that is sister to a single
species or sister to another clade. Note that we distinguish between
a “species-clade”, in which diversification into a clade occurred in
the recipient region, and a “clade-species”, in which clade diversifi-
cation occurred in the source region. An example of the former is
seen in the study by Moore et al. (2006), in which the North Ameri-
can species Tiquilia paronychioides (Phil.) A.Richardson of the
source region is sister to the recipient South American “Tiquilia
plicata” clade (Appendix 2). An example of the latter is seen in
Lycium (Levin et al., 2007), in which a clade of two source South
American Lycium species is sister to the North American L. califor-
nicum Nutt. ex A.Gray (Appendix 2). Finally, an example of sister
clades is exemplified by the genus Cryptantha (Boraginaceae), in which

would be required for diversification of a
single taxon into multiple lineages/species within a clade. This is
what the data show, with a pooled mean divergence time of 6.29
Ma, 10x the average of conspecifics (Table 1). Also, as might be
expected, species-clades and clade-species examples together have
a more recent average divergence time of about 4.51 Ma, with
clade-clade examples having the oldest average divergence time,
about 8.40 Ma, the latter over 13x that of conspecifics (Table 1).

AAD events—An important insight from evaluating AAD taxo-
nomic categories is the consideration of the divergence of North
and South American plant taxa to be the product of a unique “AAD
event”. The changes that occur in the two lineages following that
event will be influenced by a number of factors, but the amount of
elapsed time following the event is a predictor of the AAD taxo-
nomic category, which is itself a proxy for the degree of diversifica-
tion. As discussed above, if the event occurred in the distant past,
enough diversification could occur to form one or more clades
from one or both of the AAD descendant lineages. If it occurred in
the recent past, there would be little genetic and morphological
change in the AAD descendants, which would be classified as the
same species or perhaps infraspecies. A plot of divergence times for
each of the taxonomic categories shows the general trend of mean
divergence time becoming progressively more recent in time, from
clade-clades to species-clades or clade-species to species pairs to
infraspecies to conspecies alone (Fig. 5A); however, the differences
among the last two categories are minor.

AAD bioregions—A convenient and logical way to partition AAD
bioregions is into bipolar regions, temperate regions, and desert re-
gions, as done by Raven (1963). Although this is not always a clear-
cut division, it yields insight into different patterns and evolutionary
mechanisms that vary among these regions without excessively
fragmenting the landscape as would, for example, using the eco-
logical zones mapped in Fig. 1.

Bipolar AAD plants—Vascular plants with a bipolar AAD distribu-
tion have been defined in two general ways. Raven (1963) simply
defined bipolar AAD plants as those that “occur at high latitudes”,
whereas Moore and Chater (1971) quantified this definition by
considering taxa with a bipolar distribution as those whose popula-
tions reached >55°N and >52°S (dashed lines of Fig. 1). One thing
to consider is whether bipolar AAD plants must only occur at these
higher latitudes or if only some populations must occur in these
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FIGURE 4 (A) Distribution map of two sister AAD species, Lilaeopsis occidentalis and L. macloviana (Apiaceae). (B) Phylogenetic tree of the genus
Cryptantha (Boraginaceae), showing two major South American (SA) clades nested within all North American taxa. Within the Eucryptantha/Geocarya
clade, note the evolution of a perennial plant duration (P) from the ancestral annual plant duration (A, the latter found in all other Cryptantha species),
the evolution of cleistogamy (CL) from the ancestral chasamogamy (CH, the latter found in all other Cryptantha species), the evolution of specialized
cleistogenes (CL *) among some of the cleistogamous members, and the evolution of hexaploids (6n) from the ancestral diploid (2n), the latter found
in all other Cryptantha, except one member of the Globuliferae clade, which has both diploid and hexaploid counts. Modified from Mabry (2015), with
permission. (C) Cryptantha captituliflora, with a perennial rootstock. (D) Cryptantha glomerata, with cauline cleistogamous flowers (arrow). (E) Cryptantha
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FIGURE5 (A) Plot of mean divergence time (Ma = millions of years before present) for all known examples relative to taxonomic category: clade-clade,
species-clade & clade-species, species pairs, infraspecies (coninfraspecies and different infraspecies pooled), and conspecific (these excluding infra-
species values). Mean for each category indicated by red diamond symbol. Note general trend toward more recent divergence times. (B) Plot of mean

divergence time for each of the three AAD bioregions. Symbols as in “A".

regions with other populations located closer to the equator. Alter-
natively, one might consider AAD plants to be bipolar if only one
of the North American or South American populations meet these
distributional criteria, but not both. We have elected to require
that, to be designated bipolar, both NA and SA taxa must have pop-
ulations occurring at high latitude but not exclusively, allowing for
some distributions into more temperate zones. Using the ecological
zone classification of Davis and Holmgren (2001), bipolar AAD
plants may occur in the boreal mountain system (BM), most of the
boreal tundra woodland (Bb), and the northern parts of the boreal
coniferous forest (Ba) and temperate mountain system (TeM) of
NA. South American bipolar plants are less easily delimited by veg-
etation regions and are generally found in the extreme southern
parts of the temperate oceanic forest (TeDo) and the temperate
steppe (TeBSk: extreme southern Patagonia) (Fig. 1).

Our tabulation of bipolar AAD plants includes 27 examples,
making up about 11% of the total (Appendix 1; Table 2), including
two ferns, 15 monocots, and 10 eudicots (Appendix 1). Three spe-
cies or species pairs that were not considered to be bipolar AAD
plants by Moore and Chater (1971) are included by us (Appendix
1), as they occur in both bipolar regions of NA (>55°N) and SA
(>52°S), but also get well into temperate regions. With regard to
plant families, Cyperaceae and Poaceae have the greatest number of
bipolar AADs with seven examples each. The genus Carex has the
greatest number of bipolar AADs of any genus, with six examples.
In our listing (Appendix 1), we clarify the taxonomy of species of
Carex from recent studies (Murray, 2002; Wheeler and Guaglia-
none, 2003; Escudero et al., 2010; Villaverde et al., 2015a, b, 2017a

[this issue]). One of two AAD examples of Botrychium (Ophioglos-
saceae) cited by Raven (1963) is rejected (Appendix 4) because of
changes in taxonomic concepts (Farrar and Stensvold, 2017, in this
issue; Meza-Torres et al., 2017). We also reject as bipolar AAD
plants the species Honckenya peploides (L.) Ehrh (Caryophyllaceae),
Lathyrus japonicus Willd. (Fabaceae), and Poa glauca Vahl.
(Poaceae) (Appendix 4), all cited by Raven (1963). The first is no
longer considered to occur in SA (Chile) (Wagner, 2005), and the
last two are now thought to be nonnative in SA (Zuloaga et al., 2008).

The mean divergence time of bipolar AAD events was calculated
as 0.25 (range of means 0-0.69) Ma, considerably more recent in
time than temperate or desert examples (Table 2). The only bipolar
AAD shrub, Empetrum spp., had a significantly older mean diver-
gence time of 0.69 Ma, the oldest of this bioregion. The generally
late dispersal times of bipolar AADs agrees with Raven’s (1963)
postulation that these plants attained their current distribution
relatively recently, primarily because their high latitude habitats
formed late in geologic time. (See also Donoghue, 2011.) This
recency of divergence of bipolar AADs is supported by the fact that
the great majority (21 examples, 77.8% of the total) are single spe-
cies, with the rest (6 examples, 22.2% of the total) being species-
species pairs; there are no bipolar clade examples (Appendix 1).
Bipolar AAD plants are almost entirely (about 96%) perennial, and
all but one (Empetrum spp.) of these are or include perennial herbs
(Table 2; see Character evolution section, below). The available phy-
logenetic studies indicate that all bipolar AAD events had a NA to
SA dispersal direction, with one being equivocal (Table 2; see Dis-
persal direction section, below).

aprica, showing a ground-level to subterranean cleistogene (arrow). (F, G) Examples of epizoochoric propagules. (F) Acaena pinnatifida var. pinnatifida
(Rosaceae), in which a hardened, glochidiate hypanthium surrounding the seeds acts as an effective dispersal mechanism. (G) Cryptantha globulifera,
in which the bristly calyx enclosing the fruits (nutlets, see inset) may function in animal attachment and subsequent dispersal. (C-G) Photographs by
Michael G. Simpson. Distribution map data from GBIF (2017), superposed on Global Ecological Zones map, redrawn from Davis and Holmgren (2001).
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TABLE 2. American amphitropical disjunct vascular plants, organized by general bioregions, listing total number of plant taxa, percentage of the total,
mean divergence time (including range of individual means), percentage of perennials and annuals, and percentage of taxa inferred to have had a dispersal
or migration from North American (NA) to South America (SA). [N] = number of studies from which mean divergence time or direction is calculated. See

Appendices for source of data.

Bioregion Total (%) Mean (Range) divergence time, Ma [N] % Annuals % Perennials % NA—SA [N]
Bipolar 27 (11.4) 0.25 (0-0.69) [6] 40 96.0 100 (1 equivocal) [7]
Desert 52 (21.9) 5.96 (0-41.5) [16] 18.2 81.8 53.8 (2 equivocal) [26]
Temperate 158 (66.7) 2.79 (0-17.11) [49] 545 455 90.5 (7 equivocal) [63]

Desert AAD plants—Desert AAD plants include those that occur in
the subtropical desert (SBWh), subtropical steppe (SBSh), tropical
desert (TBWh), and temperate desert (TeBWk), using the ecologi-
cal zone classification of Davis and Holmgren (2001). These ecore-
gions are inclusive of the Great Basin and the Chihuahuan, Mohave,
and Sonoran deserts of NA and the Atacama and Monte deserts of
SA (Fig. 1). Desert AADs are sometimes difficult to differentiate
from those of temperate regions because of intergradation of these
bioregions, especially in SA. For example, the subtropical steppe
Norte Chico of Chile is an interface region between the dry Atac-
ama Desert (part of the tropical desert) and the mediterranean sub-
tropical dry forest (Davis and Holmgren, 2001), whereas this region
is considered part of mediterranean Chile in other classifications
(e.g., Josse et al., 2003). In addition, plants of some desert regions
actually occupy more mesic conditions. For example, within the
Atacama Desert, coastal areas up to several hundred meters in ele-
vation receive minimal annual precipitation levels measured in
millimeters, yet plants can thrive because of drip precipitation from
the “camanchaca”, or coastal fog (Johnston, 1929; see Zuloaga et al.,
2008). In general, we considered the subtropical and temperate
steppes (Patagonian and Monte deserts) and perhaps part of the
tropical dry forest (chaco) of Argentina to house desert plants, al-
though a variety of habitats of varying moisture regimes occur in
these regions. In addition, clades of species may have a mixture of
AAD bioregions, e.g., the genus Verbena (Verbenaceae).

Despite these issues, we currently estimate a total of 52 desert
AAD plants, making up almost 22% of the total (Table 2). These
include no ferns, one Gnetales (Ephedra), 18 monocots, and 33 eu-
dicots. With regard to plant families, Poaceae have the greatest
number of desert AADs with 18 examples (all of the monocots),
followed by Fabaceae with seven examples (Appendix 2). The mean
divergence time of desert AAD events was calculated at 5.96 (range
of means 0-41.5) Ma, considerably older than bipolar examples
and somewhat older than temperate ones (Table 2; see below). The
great majority (about 82%) of desert AADs are perennials, with
about 61% of these herbs and 39% shrubs, subshrubs, or trees.
From available phylogenetic data, slightly over half (about 53.8%)
of the desert AAD plants dispersed from North to South America,
a trend that contrasts with the other two bioregions. (See Dispersal
direction section, below.)

Temperate AAD plants—Temperate plants comprise the largest
group of AAD plants, with 158 examples, making up about 67% of
the total (Table 2). For our purposes, temperate plants occupy the
vegetation zones other than those of the bipolar and desert regions
(although intergradation with the latter can occur) and other than
the tropical rainforest (TAr), tropical moist deciduous forest
(TAwa), tropical dry forest (TAwb), and tropical shrubland (TBsh)
(Davis and Holmgren, 2001; Fig. 1). Temperate regions include the
subtropical dry forests (SCs) and subtropical mountain systems

(SM) of NA and SA, which encompass the regions of Mediterra-
nean-type climates of the two continents (Fig. 1; see Dallman, 1998;
Moreira-Munoz, 2011). Temperate plants also include the subtrop-
ical humid forest (SCf: southeastern coniferous forest of the NA,
pampas of SA), temperate continental forest (TeDc: eastern decid-
uous forest of NA), temperate mountain system (TeM: Appala-
chian cordillera of NA, southern Andes of SA), part of the
subtropical steppe (SBSh: Norte Chico of SA), and temperate steppe
(TeBSk: Great Plains of NA). We note that some of the plants we
classified as temperate may also occur in bipolar regions of either
NA or SA (but not both) and recall that many plants classified as
bipolar also occur in more temperate regions.

Temperate AAD plants include two ferns, 37 monocots, and
119 eudicots. With regard to plant families, Poaceae have the
greatest number of temperate AADs with 26 examples, followed
by Boraginaceae with 15 examples, Asteraceae with 14 examples,
and Apiaceae, Fabaceae, and Polemoniaceae each with 9 examples
(Appendix 3). Among the AAD temperate plants, a number are
found in both western NA and western SA, but there are some that
range into eastern NA and/or, perhaps more commonly, into east-
ern SA. The mean divergence time of temperate AAD events was
calculated at 2.79 (range of means 0-17.11) Ma, a little less than
half that of desert examples and over 11X of bipolar regions (Table
2). The majority (almost 55%) of temperate AADs are annuals, in
contrast to those of bipolar and desert regions. From available
phylogenetic studies, almost 91% of temperate AADs dispersed
from North to South America. (Table 2; see Dispersal direction
section, below.)

Divergence times vs. AAD bioregion—A plot of divergence times for
each of the AAD bioregions shows the general trend of very recent
divergence times in bipolar regions (mean = 0.25 Ma, with little
variance), which, as discussed, is reflective of the recent establish-
ment of those habitats. Mean divergence times of desert and tem-
perate regions are earlier, 5.96 vs. 2.79 Ma, respectively, both with
considerably more variance (Fig. 5B). Why desert plants have a
generally older divergence time is unclear, but possibly related to
plant duration or dispersal mechanism (see below).

Extra-western hemisphere AADs—A total of 38 AAD examples
have native distributions also occurring beyond the western hemi-
sphere (Appendices 1-3). Most of these (22, about 58%) are bipolar
plants, only one (about 3%) is a desert plant, and the remainder (15,
about 39%) are temperate plants. Their preponderance in bipolar
plants, and to a degree in temperate plants, may be indicative about
a more probable long-distance dispersal mechanism in these two
bioregions (below).

Rejected AAD examples—We list a total of 22 taxa that had been
considered examples of AAD plants in the past but that are rejected
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based on our analyses. All of these are no longer believed to be na-
tive to either NA or SA (Appendix 4).

Dispersal direction—Evolutionary divergence occurs when a com-
mon ancestor gives rise to two, independent lineages. An AAD dis-
tribution pattern arises when the products of one lineage end up in
amphitropical NA and those of the other in amphitropical SA.
What we are terming dispersal direction is the direction of geo-
graphic change of the spatially altered lineage relative to the com-
mon ancestor, following this divergence event. Although dispersal
is not the only explanation for current AAD distributions, we elect
to use this term given it is by far the most probable explanation (see
Mechanisms of AAD distribution section, below).

Taxonomic studies have traditionally been used to assess the di-
rection of intercontinental dispersal. However, dispersal direction
is most rigorously inferred from phylogenetic studies, the primary
source of our comparative data (Appendices 1-3). As reviewed un-
der AAD bioregions, a NA to SA direction of dispersal is the most
common of all AAD patterns, occurring in about 81% of all AAD
plants for which this is known. All bipolar AAD plants have the NA
to SA pattern, with one case possibly equivocal (Table 2). Among
temperate AADs, the great majority, over 90%, are NA to SA (Table
2). Both of these patterns have generally been explained by long-
distance dispersal by migratory birds, some of which can fly long
distances, e.g., along the Pacific Flyway (see below). However, as
also concluded by Wen and Ickert-Bond (2009), desert AAD plants
show a different pattern; about 46% by our calculations having a SA
to NA direction of dispersal/migration (Table 2), exemplified by
Hoffmannseggia (Simpson et al., 2005; Fig. 6A) and Larrea (Lia
et al.,, 2001; Fig. 6B, C). Different mechanisms of propagule move-
ment are likely involved for these desert plants (see Park, 2016;
Schenk and Saunders, 2017, in this issue). Dispersal vectors likely
show common patterns with regard to the AAD bioregion and tim-
ing of divergence.

Character evolution—Phenotypic and genotypic features in AAD
plants are of great interest. We can first consider features possessed
by AAD plants that may have facilitated their transportation, sur-
vival, and reproduction in the novel habitat of another continent.
These features may be termed pre-AAD adaptations. We can also
assess changes that occurred after transport to the new continent,
so-called post-AAD adaptations. The following are some of the
more recognizable features of AAD plants that appear important as
pre- or post-AAD adaptations.

Plant duration—The duration of AAD plants is generally correlated
with their AAD bioregion. As previously discussed, in bipolar AAD
plants, about 96% are perennials, all but one of these perennial
herbs. This predominant plant duration may be a function of their
habitat, as most plants that live in extreme altitudes are perennials,
and most of these are herbs. This agrees with the general recogni-
tion of a predominance of perennial plants in high latitude and
high altitude conditions (Bliss, 1971). In contrast, about 55% of
temperate AAD plants are annuals and 45% perennials (Table 2).
Of the temperate perennial plants, almost all are perennial herbs,
with about 3% of the perennials being shrubs. Finally, the great ma-
jority, about 82%, of desert AAD plants are perennials, with about
40% of these being woody trees or shrubs and the remainder being
perennial herbs. These differences in desert AADs may be in-
dicative of a different mechanism of dispersal, timing of dispersal
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opportunity vs. propagule availability in annuals vs. perennials, or
differences in the ability to establish populations postdispersal in an
environment where conditions likely fluctuate with greater ampli-
tude year to year compared to bipolar and temperate regions.

In the great majority (about 92%) of AAD examples, plant dura-
tion of the source vs. recipient taxa undergo no change following
dispersal. However, a shift in plant duration is seen following a few
AAD events. In several cases, the shift occurs from annual to perennial
duration. For example, in Cryptantha (Boraginaceae), many mem-
bers of a relatively large SA clade (termed the Eucryptantha/Geocarya
clade, after Mabry, 2015; Mabry and Simpson, in press), which is
the product of a single dispersal from North to South America,
evolved a perennial duration (Fig. 4B, C). All other members of
Cryptantha on both continents are annuals, the ancestral condition
for the genus, as currently defined. We can only speculate as to the
possible adaptive significance of this shift in plant duration. It may
be related to the (at least initial) dearth of pollinators and selection
for iteroparity, permitting multiple sexual reproductive events over
a lifetime. However, some of these South American Cryptantha
species occur at high altitude in the Andes Mountains, where the
selective pressure for a perennial plant duration may have helped to
survive the cold, alpine conditions (Bliss, 1971). A similar shift
from annual to perennial plant duration is exemplified in other
AAD examples. In the genus Plagiobothrys (Boraginaceae), most
(seven of nine) of the perennial species occur only in SA (Johnston,
1927, 1932); thus, a perennial duration is thought to be derived,
verified in part by Guilliams (2015). In the genus Chorizanthe
(Polygonaceae), all of the SA species are perennial; although we
lack precise phylogenetic data, the perennial duration is presumed
to have been derived on that continent from an ancestral annual
one. Finally, Drummond et al. (2012) showed a shift from annual to
perennial plant duration in clades of Lupinus (Fabaceae), one of
these before and the other after two independent dispersals from
North to South America (Fig. 6D). This change in plant duration
corresponds with a shift from semelparity to iteroparity. Perennial
plant duration is often cited as being the ancestral feature (John-
ston, 1927; Raven, 1963), but in many AAD cases, it is clearly de-
rived, apparently in the majority of cases after long-distance
transport from North to South America.

A contrasting shift from a perennial plant duration in the com-
mon ancestor of the source region to annual in the recipient region
is seen in other AAD events. For example, the desert grass genus
Munroa, there is a shift from perennial (characteristic of the North
American M. pulchella (Kunth) Amarilla and all outgroups stud-
ied) to annual (characteristic of all five species of a clade sister to M.
pulchella) following presumed long-distance dispersal to SA (Amarilla
etal,, 2015; Appendix 2). Interestingly, no change in plant duration
occurred following a later back dispersal from South to North
America in this five species clade.

A comparison of plant duration and evolutionary divergence
time shows some differences with respect to AAD bioregions.
When all bioregions are pooled, there is little difference in mean
divergence times between annuals (2.31 Ma) and perennials (2.77
Ma; Table 3). As already discussed, AAD plants of bipolar regions
are predominantly perennial (about 96%), with a very recent mean
divergence time (0.25 Ma), no data being available for the single
annual species (Table 3). Among desert AAD plants, perennials
have a somewhat older mean divergence time (6.07 Ma) than that
of annuals (4.27 Ma; Table 3). Among temperate plants, the diver-
gence times between annuals and perennials are more similar, 1.81
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FIGURE 6 (A) Cladogram of Hoffmannseggia (Fabaceae), showing four dispersal events (arrows), all from South America (lineages/taxa in orange) to
North America (NA; lineages/taxa in blue). Modified from Simpson et al. (2005, p. 21), with permission. (B) Distribution map of Larrea (Zygophyllaceae),
showing hypothesized dispersal from South to North America. Modified from Hunter et al. (2001, p. 525), with permission. (C) Distribution map of
Larrea spp., showing North American 2n, 4n, and 6n chromosome races. From Laport et al. (2012, p. 155), with permission. (D) Cladogram of Lupinus
(Fabaceae), showing evolutionary shift from annual (light yellow) to perennial (dark brown) habit, associated with a similar shift from semelparity to
iteroparity, and two independent dispersals from North to South America (arrows). Stars indicate increases in species diversification rates. Modified
from Drummond et al. (2012, p. 452), with permission. (E) Cladogram of Astragalus (Fabaceae), showing shift of species diversification rate correlated
with two independent dispersals from North to South America (arrows). Modified from Scherson et al. (2008, p. 1034), with permission.

vs. 2.31 Ma, respectively (Table 3). However, we note that this in-

cludes only examples for which plant duration is unambiguous. habitats.
In general, differences in divergence time between annuals and

perennials between AAD bioregions seems significant, but within
an AAD bioregion appears to be small. Further studies may pro-
vide more insight into the evolution of plant duration in AAD

plants, e.g., with respect to both bioregion and source and sink

Substrate preference—Virtually nothing is known about shifts in
substrate preference in AAD plants. In a single known example,
Simpson et al. (2005) mention that the source South American
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TABLE 3. American amphitropical vascular disjunct plants, comparison of
number, percentage, and mean divergence time (with range of individual
means) of annual vs. perennial plants for all regions, biploar plants only,
desert plants only, and temperate plants only. Only nonequivocal data listed.
Those taxa listed in the literature ambiguously as either annual or perennial
(or a combination with biennial) were omitted. [N] = number of examples
from which mean divergence time is calculated. — = no available data. See
Appendices for source of data.

Mean divergence time,

Plant duration Total number Percent of total Ma (Range) [N]
All regions
Annuals 82 40.6 2.31 (0-14.9) [29]
Perennials 120 594 2.77 (0-24.78) [26]
Bipolar only
Annuals 1 4.0 —
Perennials 24 96.0 0.25 (0-0.69) [7]
Desert only
Annuals 8 18.2 4.27 (0.03-14.42) [6]
Perennials 36 81.8 6.07 (0-24.78) [7]
Temperate only
Annuals 73 54.9 1.81 (0.26-14.90) [23]
Perennials 60 451 2.31 (0-7.69) [12]

species of Hoffmannseggia are limited to sandy or rocky soils, but
the recipient North American species can occupy these plus clay
or calcareous soils. The implication in this observation was that a
shift in diversification of substrate tolerance occurred following
dispersal.

Reproductive biology—The great majority of AAD plants are re-
ported to be self-compatible (Chambers, 1963; Constance, 1963;
Heckard, 1963; Ornduff, 1963; Raven, 1963; Moore and Raven,
1970; not tabulated in our study). Self-compatibility and bisexuality
(e.g., either a hermaphroditic or monoecious plant sex) are likely
necessary conditions for survival after long-distance transport,
given that this transport might involve a single propagule with an
unlikely chance of cross-pollination (i.e., Baker’s Rule; Baker, 1955;
see Carlquist, 1966 for an alternative viewpoint). However, long-
term vegetative propagation (not investigated here) could also al-
low persistence of a propagule in the recipient region following
dispersal.

A specialized type of self-compatibility is cleistogamy, in which
the corolla remains closed as the stamens and pistils mature. Thus,
cleistogamous flowers are self-compatible and self-pollinating
within a single flower, ensuring propagule production in the total
absence of pollinators. The ability to produce cleistogamous flowers
might be under selective pressure following dispersal to a novel en-
vironment, and some of the AAD plants are known to have cleis-
togamous flowers. Among AAD plants, cleistogamy is reported in
Cryptantha spp., sections Cryptantha and Geocarya (Boragina-
ceae); Dichondra (Convolvulaceae); Epilobium campestre (Jeps.)
Hoch & W.L.Wagner (Onagraceae); Nuttallanthus texanus (Plan-
taginaceae); Bromus berteroanus Colla, Deschampsia danthonioides
(Trin.) Benth., D. monandra Parodi, Festuca octoflora Walt.,
Phalaris angusta Nees ex Trin., and possibly Phalaris lemmonii
Vasey and P. platensis Henrard ex Heukels (Poaceae); Collomia
grandiflora Douglas ex Lindl., C. soehrensii Phil., Leptosiphon pusil-
lus (Benth.) J.M.Porter & L.A.Johnson, and Polemonium mi-
cranthum Benth. (Polemoniaceae; Johnston, 1927; Raven, 1963;
Johnson and Porter, 2017, this issue), and Acaena pinnatifida Ruiz
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& Pav. (Rosaceae; Marticorena, A. 2006). Cleistogamy in Collomia
and Polemonium can be considered a pre-AAD adaptation that
may have facilitated establishment in South American, while cleis-
togamy in the SA Leptosiphon pusillus is not known among its
North American sister species and appears to be a post-AAD adap-
tation following dispersal (Johnson et al., 2012; Johnson and Por-
ter, 2017, this issue). One notable example of cleistogamy among
AAD plants are certain South American species of Cryptantha
(Boraginaceae; Fig. 4D). Cleistogamy, like a perennial plant
habit, is predominant among members of the aforementioned
Eucryptantha/Geocarya clade (Mabry and Simpson, in press; Fig.
4B). An interesting avenue of research will be investigation into a
possible interaction between cleistogamy and a perennial duration
in these taxa. Interestingly, among members of this clade are spe-
cies (of section Geocarya; Johnston, 1927) that have evolved a spe-
cialized type of cleistogamous flower, one that originates at ground
level and can, in fact, be pulled underground during development.
These geocarpic fruits, termed “cleistogenes”, are enlarged and
morphologically different from the apical fruits that are the pro-
duce of chasmogamous flowers (Grau, 1983; Fig. 4E), an intriguing
example of a potential post-AAD adaptation.

Propagule morphology and physiology—If long-distance dispersal is
invoked as a mechanism of intercontinental movement, then the
propagules (diaspores) would need to be adapted for such trans-
port, with specializations either for water (oceanic hydrochory, also
termed nautochory), wind (anemochory or chamaechory, the
“tumbleweed” mechanism), or animal (zoochory) dispersal. The
propagule units of angiosperms are generally seeds or fruits/fruit
parts, though rarely whole plants or plant parts, as in the tumble-
weeds. If animal transport is invoked as a mechanism for disper-
sal, which many authors think most probable, the transport was
likely by either endozoochory or epizoochory (see Mechanisms of
AAD distribution section, below). Endozoochory involves passing
through an animal’s gut unharmed, whereby fruits or seeds would
require a thick, resistant outer covering (pericarp and/or seed
coat) to survive. Epizoochory (also termed ectozoochory) requires
attachment to the fur, feathers, or appendages of an animal. Fruits
or seeds that are relatively small, mucilaginous, or have hairs, vis-
cid glands, barbs, or processes would have a higher probability
of remaining attached during long-distance transport (Carlquist,
1981). Because some migratory birds can travel great distances in
a single flight, bird migration has been invoked as the most prob-
able mechanism of long-distance dispersal (see Lewis et al., 2014a
for evidence of bird epizoochory). Size and sculpturing of seeds
or fruits may also correlate with their ability to be transported by
epizoochory.

A good example of epizoochory is seen in Acaena pinnatifida, in
which the glochidiate processes of the fruit very effectively attach to
the fur or features of a passing animal (Fig. 4F). Similarly, the bris-
tly calyces enclosing the nutlets of several members of the subtribe
Amsinckiinae (Boraginaceae, after Chacén et al.,, 2016) may
provide an effective animal transport mechanism (Fig. 4G; see
Guilliams et al., 2017). Phacelia (Hydrophyllaceae) shows variation
in propagule morphology, with most South American members
having relatively nonadherent seeds released from the capsule at
maturity. However, in some members of the P. magellanica com-
plex, presumed to have been dispersed from North to South Amer-
ica by long-distance dispersal, the seeds are retained within the
capsule and surrounded by a bristly calyx, making attachment to an
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animal more probable (Heckard, 1963). Temperate Polemoniaceae
have small seeds that either remain unchanged when wetted or that
produce mucilage/spiricles from the seed coat when wetted; yet, all
AAD exemplars in this family involve species with mucilaginous
seeds, likely more easily dispersed via epizoochory (Johnson and
Porter, 2017, this issue). Guilliams (2015), in a comparative phylo-
genetic study of the fruits (nutlets) of members of the subtribe
Amsinckiinae (Boraginaceae), showed a positive correlation with
regard to a rough sculpturing and a negative correlation with re-
spect to size in members of the subtribe occurring in SA. Here, all
South American taxa or clades were inferred to be the product of
NA to SA dispersal events. In this case, taxa possessing propagules
with putative adaptations for long-distance transport by birds seem
more likely to be present in South America.

Schenk and Saunders (2017, this issue) tabulate propagule mor-
phology of AAD plants and evaluate the mechanisms of possible
propagule dispersal.

Chromosome number and polyploidy—Few trends in chromosome
number changes can be recognized in AAD plants because of the
paucity of chromosome counts, especially of South American taxa
or populations. In our tabulation, where counts are available, not
ambiguous (e.g., without multiple, overlapping numbers reported),
and show changes in number associated with an AAD event, most
examples point to polyploidy evolving in the recipient (sink) popu-
lations. It is not always clear, however, whether the chromosomal
shift occurred prior to or after dispersal.

Among bipolar AAD plants, shifts in chromosome number in-
clude the source North American Botrychium spathulatum (2n =
90, 2x) vs. the recipient South American Botrychium dusenii (re-
ported as 4x; Appendix 1). In addition, the conspecific Anemone
multifida Poir. (Ranunculaceae) is thought to be of hybrid origin,
the possible parents all from NA. This species is polyploid (4x) in
NA, but recipient populations in SA show more variation, being
2x, 4x, or 6x (Appendix 1). Its hybrid nature is hypothesized to be
correlated with its variability and the diversity of habitats occupied
in NA and SA (Meyer et al., 2010; Hoot et al., 2012). (See Appendix 1.)

Among desert AAD plants, Yuan and Olmstead (2008) showed
a shift from diploidy to polyploidy in the recipient North American
members of Glandularia (Verbenaceae) relative to the source
members in SA. All members of the recipient South American
clade (“Blue-flowered group”) of Tiquilia spp. (Ehretiaceae), de-
rived via a NA to SA long distance dispersal, are tetraploid, whereas
their sister species, the North American source species T. palmeri
(A.Gray) A.T.Richardson, is diploid (Moore et al., 2006; see also
Soltis et al., 2014). The genus Larrea (Zygophyllaceae) is thought to
have been dispersed from SA to NA (Lia et al., 2001; Fig. 6B), with
the subsequent postdispersal evolution of polyploidy (tetraploidy and
hexaploidy) only in some North American populations (Laport et al.,
2012; Fig. 6C). (See Appendix 2.)

Among temperate AAD plants a shift occurred relative to the
source North American Primula alcalina Cholewa & Douglass
M.Hend. + P. specuicola Rydb. clade (21 = 18, 2x) vs. the recipient
South American P. magellanica Lehm. (2n = 72, 8x). Ornduff
(1963) speculated that the Chilean Blennosperma chilense Less.
(2n = 32) arose following an allopolyploidy event within a North
American Blennosperma species complex (2n = 14, 18). In a more
detailed study, Johnson et al. (2012) hypothesized that the South
American (Patagonian) tetraploid Collomia biflora (Ruiz & Pav.)
Brand (Polemoniaceae) originated via an allopolyploid event

following hybridization between two South American species, af-
ter long-distance transport to SA. The recipient South American
Gilia crassifolia Benth. has both tetraploid and octoploid popula-
tions (2n = 36, 72), while its most likely source North American
relatives, either G. salticola Eastw. or G. clokeyi H.Mason are
diploid (2n = 18; Morrell et al., 2000; Johnson and Porter, 2017,
this issue). Several members of the recipient South American
EucryptanthalGeocarya clade of the genus Cryptantha are hexa-
ploid (Fig. 4B), whereas all others in the genus are diploid, except
for one sample of a single member of the South American Glob-
uliferae clade, other members of which are diploid (Fig. 4B; see
Appendix 3).

Adaptive features of polyploids, especially allopolyploids, in-
clude amelioration of inbreeding depression, increased ecological
tolerance, and increased chance of genetic novelties (Mummenhoft
and Franzke, 2007). All of these may have enhanced the survival
and reproduction of AAD plants dispersed to a new continent. The
possibility that the derivation of polyploidy in recipient AAD taxa
may be somehow correlated with or causative of other morphologi-
cal and reproductive features, such as the perennial plant duration
and cleistogamy in certain Cryptantha (above), will be interesting
to investigate.

Genetic divergence—The study of genetic divergence following the
establishment of a taxon in a new region might give insight as to the
genetic mechanisms following introduction of a single propagule to
a new environment. For example, van Houten et al. (1994) exam-
ined the genotypic variation in coastal vs. inland populations of the
Chilean annual Microseris pygmaea, which was presumed to have
become established in SA following long-distance dispersal from
NA (see Lohwasser et al., 2004). By studying molecular markers in
the F2 population resulting from crosses of two individuals of the
most ecologically diverse populations, the authors identified sig-
nificant genetic variation between the two populations (including
the identification of 18 quantitative trait loci), which they surmised
may represent radiation of an AAD plants following a presumed
single colonization.

Species diversification rate—A few phylogenetic studies have dem-
onstrated an increase in species diversification rate following an
AAD event. Hughes and Eastwood (2006) demonstrated a high
species diversification rate in an AAD recipient clade of Andean
Lupinus (81 spp.) of 2.49-3.72 species per million years, with the
diversification rate increase occurring after the uplift of the north-
ern Andes. They hypothesized the formation of diverse island-like
montane habitats following the Andean uplift as the driving fac-
tor for this high species diversification rate. Scherson et al. (2008)
inferred two separate AAD clades of South American Astragalus
species (Fig. 6E), each with high rates of species diversification
(2.01 and 2.07 species/million years). Both of these studies dem-
onstrate a probable adaptive radiation event following the intro-
duction of a propagule into a novel habitat, potentially driven
by new niche availability, reduced competition, and/or reduced
predation.

Phylogeography—Although there are very few published exam-
ples, phylogeographic methods (e.g., Matzke, 2013) are now avail-
able to infer the source and sink areas of an AAD event in terms of
present day ecoregions. For example, assignment of current bio-
geographic regions to taxa in an phylogeographic analysis of the
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genus Cryptantha (Mabry, 2015; Mabry and Simpson, in press) in-
dicates that the common ancestors of each of the two major South
American clades were the products of single long-distance disper-
sals, from a Mediterranean-type climate region of NA to a Mediter-
ranean-type climate region of Chile in SA, with later dispersals to
the subtropical mountain system of the Andes or subtropical steppe
or desert (Fig. 7). Of course, these phylogeographic studies trace
the history of plant lineages in terms of the current ecoregions oc-
cupied. Knowledge of the past climate, geology, and vegetation of
source and sink regions of AAD plants are needed to fully under-
stand the history of an AAD event, as current ecoregions may
be different from those present at the time of the dispersal or
migration.

Mechanisms of AAD distribution—Different mechanisms have
been proposed to explain the distribution of AAD plants. One early
hypothesis is that a given AAD plant distribution arose by vicari-
ance, via the splitting of an ancestrally continuous range, such as by
the formation of the wet tropical region. It is also possible that a
common ancestor restricted in distribution to a currently interme-
diate region (e.g., ancestrally within what is now the neotropics)
could have given rise to lineages to the north and to the south, with
these intermediate populations going extinct. Both of these hypoth-
eses could be tested with study of intermediate populations. How-
ever, given that, by definition, AAD plants lack such tropical
intermediates, no fossil evidence of geographic intermediates has
been described, and events that may have led to vicariance are gen-
erally not correlated with AAD divergence time estimates, these
hypotheses are not widely accepted.

A general assumption in evaluating AAD distributions is that
the products of the spatially disjunct lineage (relative to the com-
mon ancestor) were transferred to a region different from the com-
mon ancestor by a dispersal event. The most accepted hypothesis
is that the great majority of AAD taxa acquired their current
ranges via long-distance dispersal. Direct dispersal, in a single, rela-
tively rapid event, is generally accepted as the primary means of
long-distance dispersal between the continents. Birds are consid-
ered the most likely vector of this direct dispersal. (See Schenk and
Saunders, 2017, this issue.) A number of migratory bird species,
with combined annual numbers likely in the millions, fly between
western NA and Chile/Argentina (Collins, 1974; Carlquist, 1983)
along the well-known Pacific Flyway. As mentioned earlier, propa-
gule dissemination by birds may have occurred by endozoochory
or epizoochory. There are empirical studies demonstrating the oc-
currence of seeds in the gut contents of migratory birds, some of
these retained there for many days (see Carlquist, 1983 and refer-
ences therein). And, as previously alluded to, Lewis et al. (2014a)
demonstrated the presence of plant fragments on the outer bodies
of migratory birds, indicating the possibility of epizoochory for
long-distance dispersal. The distribution of AAD plants well within
the amphitropical zone, e.g., in western NA and western or south-
ern SA (as in Fig. 2A), is thought to support the long-distance dis-
persal hypothesis, likely by migratory birds given the great distance
between intercontinental populations.

Another hypothesis of long-distance dispersal is that at least
some AAD plants attained their current distribution by a slower,
more gradual stepwise or stepping-stone dispersal process across
Central America and the northern Andes of SA. In addition to
birds, other animals, including mammals, could be the vector of
transport in this scenario, e.g., perhaps associated with the Great
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American Biotic Interchange (e.g., Woodburne, 2010). A stepwise
distribution pattern, showing “trans” populations along the cor-
dillera of Central America or northern SA (e.g., as seen in Fig.
2B-D) might be indicative of this type of movement. One could
argue that most AAD plants must have been dispersed long dis-
tance because they cannot survive or persist in the wet tropics,
although it is certainly possible that they did survive in tropical
regions for a time, in a stepwise migration, but later went extinct
there, making this hypothesis virtually untestable. Fine-scale mo-
lecular studies may be capable of differentiating between a long-
distance vs. stepwise dispersal hypotheses. For example, Lewis et
al. (2014b) determined from phylogenetic studies that the moss
Tetraplodon attained its current AAD distribution by direct long-
distance dispersal from NA to SA, probably in a single flight by a
migratory bird. In this case, putative stepwise populations were
refuted as the mechanism of AAD distribution, because the spa-
tially intermediate neotropical populations of this taxon were
found to be more distantly related to the sister amphitropical
populations of North and South America.

Our tabulations of deviations from a typical AAD distribution
yielded the following summaries. A total of 38 AAD examples have
distributions also outside the western hemisphere. Most of these
(22) are in bipolar regions, one is a desert plant, and 15 are in tem-
perate regions. All but three of these otherwise have a typical AAD
distribution occurring in western NA or western to southern SA. A
total of 20 AAD examples deviate significantly in east-west range
from a typical AAD distribution, these fairly evenly split between
desert and temperate plants. Six AAD examples have representa-
tives occurring in eastern NA (one desert, five temperate), six in
both eastern and western NA (all temperate), two in eastern SA
(one desert, one temperate), and six in both eastern NA and SA
(three desert, three temperate) (Appendices 2, 3). Finally, a total of
38 examples of the general desert and temperate bioregions have
distributions that we deemed to encroach well beyond the amphi-
tropical zone, into Central America and northern SA. Four of these
occur in what we termed “trans-NA” (three desert, one temperate),
15 occur in “trans-SA” (seven desert, eight temperate), and 19 oc-
cur in “trans NA-SA” (four desert, 15 temperate).

Aside from the fact that most bipolar AADs are also found
outside of NA and SA, no clear trends or correlations were noted
in these distribution deviations. However, these examples might
be scrutinized for mechanisms of dispersal in attaining their
current distribution, including possible stepwise long-distance
dispersal.

CONCLUSIONS

Evaluating what constitutes an amphitropical distribution is im-
portant in discriminating among different types of biogeographic
patterns, with potentially different mechanisms at play by which
current distributions became established. Consideration of an-
thropogenic AAD introductions is critical, and study of known
examples of human introductions may give insight into the mecha-
nisms, patterns, and levels of variation of naturally distributed
AADs. Continuing taxonomic research is critical to verifying spe-
cific AAD plant distribution hypotheses. Consideration of taxo-
nomic category—conspecific, infraspecific, species pairs, and clade
relationships—is valuable in giving insight into the amount of evo-
lutionary divergence that has taken place in different groups. It is
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CLADE

C. globulifera-SGO 147688
C. globulifera—-CONC 163475
C. globulifera—SGO 146942
C. globulifera—SGO 147985
C. phaceloides—SGO 146206
C. peruviana—SGO 140959
C. diffusa-MERL 56799

. nemaclada—SDSU 20774
C. leiocarpa—SDSU 20759

C. echinella-SDSU 19611
C. incana—UCR 227031

B| C. dumetorum—SDSU 18
C. capituliflora—CONC 166914
C. kingii-SGO 123832
(@ glomerul/z,fera—CONC 166867

C. gnaphalioides—SGO 146002

C. glomerata subsp. g.—SGO 146941
C. alyssoides—CONC 156553
C. cynoglossoides—S1 87776
C. calycotricha—CONC 150898
C. aspera—MO 4317599
C. alfalfalis—-CONC 163659

EUCRYPTANTHA/
GEOCARYA
CLADE

FIGURE 7 Phylogeographic graphical output using BioGeoBEARS (Matzke, 2013), showing the
most likely ancestral range for Cryptantha, highlighting the two major South American groups:
the Globulifera clade and the Eucryptantha/Geocarya clade. From Mabry (2015), with permission.
Legend for ecological zones (modified from Davis and Holmgren, 2001): red = North America
subtropical dry forest and mountain system; green = North America temperate desert; blue =
South America tropical desert; purple = South America subtropical steppe and dry forest.

best to view the split between NA an SA plant lineages as a unique
AAD event, which in some cases is followed by at least one lineage
resulting in diversification into a clade of species. Classifying AAD
plants by bioregion—bipolar, desert, and temperate—is useful, as
these comparisons may point out different dispersal mechanisms
and different processes of evolutionary divergence.

Evaluating character evolution with respect to plant duration,
substrate preference, aspects of reproductive biology, propagule
features, chromosome number changes, and genetic divergence
helps to understand AAD adaptations, both before (pre-AAD) and
after (post-AAD) dispersal. Additional studies detailing other fea-
tures, such as the molecular evolutionary changes causative for
shifts in such features as a perennial duration, polyploidy, or cleis-
togamy, will constitute intriguing, new avenues of research.

Phylogenetic studies can more clearly establish the timing and
direction of dispersal in an AAD event, especially if associated with
bioregion or plant characteristics. These phylogenetic methods can
also provide precise information on species diversification rate, this
sometimes increasing following an AAD event, signaling a rapid
radiation. Detailed phylogeographic studies, combined with knowl-
edge of climatic and geologic changes in source and sink regions,

C. nevadensis var. rigida—SDSU 20766
C. clevelandii var. florosa—SDSU 18342

C. clevelandii var. florosa—RSA 710334

C. mariposae—SDSU 20826
C. torreyana—SDSU 20124

C. ambigua—SDSU 20524
C. watsonii-UCR 226737
DSU 20390

C. sparsiflora-UCR 184326
C. flaccida-SDSU 19846

can yield insight into mechanisms of AAD
events, elucidating the range and habitats of
common ancestors and their descendants.
However, phylogenetic and phylogeographic
studies of AAD plants are still few in number.
More are needed to more fully evaluate po-
tentially common patterns of divergence re-
sulting in an AAD distribution in concert
with knowledge of climatic and geologic his-
tory of AAD regions.

Though long-distance dispersal is thought
to be a rare, chance event, occurring at vari-
ous times during biogeographic history, the
great majority of AAD plants likely attained
their current distributions by relatively rapid,
direct long-distance dispersal, most likely by
migratory birds. However, stepwise long-dis-
tance dispersal hypotheses may be viable al-
ternatives in some cases, especially those with
“trans” incursions into the tropical zone.

C. crinita—SDSU 20823

Future directions—Continued research on
AAD plants is needed to accumulate suffi-
cient data to evaluate whether the events that
have lead to current patterns of distribution
show common patterns and to elucidate cor-
relations between these patterns and past
geological or climatic events that shaped the
survival and evolution of plants in novel habi-
tats. Future directions will include refining
our current tabulation of AAD plants to stim-
ulate needed research. Continued phyloge-
netic studies will give us additional and more
precise estimates of divergence times (e.g.,
with fossil calibration) and species diversifi-
cation rates, both still grossly undocumented.
These studies are likely to provide even more
examples of clade-level AADs, which are
likely underreported by us, having been diffi-
cult to demonstrate with the earlier focus on minimum-ranked
taxa.

To facilitate continued research in this field, we have established
an American Amphitropical Disjunction Working Group (https://
figshare.com/projects/ American_Amphitropical_Disjunctions_ AAD_
Working_Group/25510), for which our objective is to continuously
update both the list of AADs (http://dx.doi.org/10.6084/m9.
figshare.5479822) and the data associated with them, including the
features listed in Appendices 1-3 here and additional features, such
as propagule morphology and other documented features of repro-
ductive biology. Critical to this listing is a clarification of the tax-
onomy of each AAD example and its precise distribution based on
data from georeferenced herbarium specimens. The value of her-
baria as repositories of the taxa of study, and the importance of
specimen annotations by experts cannot be overstated. Our most
ambitious plan is to link each AAD example with one or more dis-
tribution maps, ideally with layers of vegetation regions, topogra-
phy, climate data, and even soils. Our desire is to stimulate and
encourage ongoing discussion among the members of the scientific
community to facilitate updates, keep these lists current, and pro-
vide a resource to the botanical community at large.
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