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Abstract
This paper discusses the family Araceae, emphasizing its worldwide distribution
and the diversity of morphological and ecological characteristics of the family
that have enabled it to reach such a prominent position with diverse habitats. Few
families of its size have come to inhabit such a diverse spectrum of habits and
biomes. The family has important habit forms and growth structures that have
enabled such distributional patterns. The very broad spectrum of life forms it
demonstrates is one of the main characteristics of the family, namely broad habitat
diversity. This coupled with high species diversity; high rates of endemism and the
presence of large numbers of unknown species (probably the highest of any family
percentage-wise) constitute principal characteristics of the family.
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1. Introduction

The Araceae is a family of 144 genera and 3,645 published species, worldwide in
distribution (Boyce & Croat, 2011; Croat, 1979). It is the third largest family of
monocots and is divided into eight subfamilies, all of which had evolved before
the K/T boundary (Cretaceous/Tertiary) and is one of the oldest members of
the angiosperms (Croat, 2019; Hesse & Zetter, 2007; Nauheimer et al., 2012;
Stevens, 2020) with fossil pollen assignable to the clade Pothoideae–Monsteroideae
from the Late Barremian–Aptian (Early Cretaceous) period, about 120–110 million
years ago (Friis et al., 2004), and macrofossils apparently related to Aroideae,
found in other deposits with a similar age (Friis et al., 2010). This paper will
discuss the worldwide distribution of the family and will enumerate the diversity of
morphological modifications in life form, systems of pollination and fruit dispersal
that may have led to the extraordinary rates of endemism that characterize the
Araceae.

2. Life FormDiversity

Members of the eight subfamilies often have unique distributions at least partly
dictated by their morphology (Croat, 1988). Several of the subfamilies, particularly
the more basal members (those referred to as Proto-Araceae by Mayo et al., 1997)
are (excepting the Gymnostachydoideae) exclusively aquatic or are from cold
marshy habitats (Symplocarpus). These constitute the subfamily Orontioideae
with two genera Orontium (golden club) in Eastern North America and Lysichiton
with two disjunct species (Western North America and temperate East Asia) as
well as Symplocarpus (with two disjunct species, boreal North America and boreal
northeastern Russia and on the Kamchatka Peninsula). Thus, the major group
Proto-Araceae consists of only four small genera. The sole exception to the aquatic
habitat is the monotypic Gymnostachys, which might have evolved out of wet
habitat with the drying up of the Australian continent (Nauheimer et al., 2012;
Stevens, 2020).
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The other subfamilies (except Lemnoideae) are included in the megadiverse True
Araceae clade (Cusimano et al., 2011; Mayo et al., 1997). In this clade, the habit
diversity is variable, ranging from species occurring in seasonally dry habitats
(ranging from only a few weeks of arid condition to periods of several months). For
subfamily Pothoideae this is notably true for tribe Anthureae, the massive group
containing Neotropical Anthurium, a genus comprising an estimated 3,000 species
which inhabits nearly every corner of the neotropics as well as its smaller Asian
component, the tribe Potheae with what is increasingly considered to consist of a
single genus, Pothos (Boyce & Croat, 2011; Wong et al., 2020).
The subfamily Monsteroideae comprises 12 genera in four tribes: Spathiphylleae,
Anadendreae, Heteropsideae, and Monstereae (Mayo et al., 1997). Molecular work
by Tam et al. (2004) showed strong support for the subfamily but not much support
for clades within the subfamily. The classification of Monsteroideae by Cusimano
et al. (2011) recognizes 12 genera grouped into three clades: (i) tropical American
clade (Heteropsis clade): Alloschemone, Heteropsis, Rhodospatha, Stenospermation;
(ii) the tribe Spathiphylleae: Holochlamys and Spathiphyllum; (iii) mostly Old World
clade (Rhaphidophora clade): Amydrium, Anadendrum, Epipremnum, Monstera,
Scindapsus, and Rhaphidophora. Recent molecular studies by Zuluaga et al. (2019)
found high support for the monophyly of the three major clades (Spathiphylleae
sister to Heteropsis and Rhaphidophora clades), and for six of the genera within
Monsteroideae, the Old World genera Anadendrum (Boyce, 2009), Scindapsus,
as well as the New World Monstera (Madison, 1977a) in one clade, along with
Rhodospatha, Stenospermation, and Heteropsis in another clade. The subfamily
Monsteroideae inhabits largely seasonally moist forests. Being mainly a group of
epiphytic appressed-climbing plants, they are susceptible to periods of drought but
manage to survive owing to their thick leaves and numerous adventitious roots,
which are very adept at clinging to surfaces of any kind.
The Spathiphylleae are certainly frequently excluded from seasonal habitats since
Spathiphyllum commonly occurs on wet roadside banks, swamps, and on rapids
in full sun. Holochlamys, closely related to Asian Spathiphyllum, are likewise
usually a facultative rheophyte. The genus Heteropsis is particularly vulnerable to
changes in rainfall but survives high in trees by sending long feeder roots to the
ground (Balcázar-Vargas, 2013). Native people to make baskets and other useful
products harvest these feeder roots. Naturally, the plant populations suffer from
this harvesting. Attempts to cultivate the plant lower to the ground have not been
successful (Soares et al., 2013). The Asian genus Anadendrum is similar in growth
pattern to tribe Monstereae, growing as hemiephytic climbers or nomadic vines in
seasonal forests (Nguyen et al., 2019). The Rhaphidophora clade with six genera,
Amydrium, Anadendrum, Rhaphidophora, Epipremnum, and Scindapsus all from
the Old World tropics cluster with Monstera, while Stenospermation, Rhodospatha,
Heterospis, and Aloschemone from the New World tropics form another clade
(Heteropsis clade) (Zuluaga et al., 2019). In both cases, the genera are mostly
hemiepiphytic climbers inhabiting seasonally moist forests. Possible exceptions to
a marked seasonal habit include the genus Stenospermation (Castaño-Rubiano, 2011;
Gómez de Pérez, 1983), which sometimes inhabits ever-wet cloud forest life zones
(Croat, 1988).
Genera of subfamily Lasioideae have leaves that are thin and often much subdivided
(Hay, 1981). Most species occur either in directly aquatic habitats or in seasonal
habitats where they lose their leaves and survive underground during the drier
months with usually large storage tubers. In the former swampy category are
Anaphyllopsis (Hay, 1988a), Dracontioides, and Urospatha from the neotropics and
some Cyrtosperma (Hay, 1986, 1988b), Lasimorpha, Podolasia, and Lasia from the
paleotropics plus Indian Anaphyllum. Alternatively, Dracontium typically occurs in
seasonally dry habitats and have large starchy tubers also Indochinese Pycnospatha.
Since these tubers are mostly consumed in the process of rebuilding the leaf, it
is important that the leaves survive until the tuber can regenerate (Zhu, 1995).
The reptilian pattern on most petioles of such genera (including in the unrelated
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Amorphophallus) may deflect animals from approaching the plant (since in reality
the petioles are soft and easily broken), thus preventing the now reduced tuber from
being endangered.
The position of Calla palustris represented as subfamily Calloideae (sensu Bogner
& Nicolson, 1991; Mayo et al., 1997) lacks a defined phylogenetic status at present.
This is because the subfamily has bisexual flowers but otherwise has many features
found in the more highly evolved group of genera in subfamily Aroideae. These
features include the possession of unisexual flowers, which lack a perianth and have
inaperturate pollen as well as laticifers and biforine raphides but lack sproropollenin.
According to Barabé et al. (2004), Calla was embedded in Aroideae (without strong
support). In another molecular work (Cabrera et al., 2008), Calla came out in a
clade of Aroideae along with other rooted marsh plants, but its position was unclear
in both morphological and restriction site analyses. Recently, the phylogenomics
study of Henriquez et al. (2014) supports the inclusion of Calla in the Aroideae
subfamily as well as suggests that Calla and Schismatoglottis formed a clade (with
weak support), that was sister to one of the two major clades within Aroideae. With
Calla and the more basal Araceae with bisexual flowers set aside, the prediction
of habit diversity in the remainder of the family Araceae (here constituting only
the massive subfamily Aroideae) is more complex. Tribe Pistieae (with a single
pantropical genus apparently consisting of one species) is a free-floating aquatic.
It was long thought to be closely related to the subfamily Lemnoideae, but is now
been shown to be entirely subsumed into the Aroideae (Pistia clade) (Renner &
Zhang, 2004; Rothwell et al., 2004). The Lemnoideae is a pantropical group of five
genera and 47 species are minute floating aquatics (Boyce & Croat, 2011). The
members of this subfamily can occur in permanent or seasonal lentic habitats, lotic
habitats, and, rarely, can grow on mud, wet rock walls, or in the drip of waterfalls
(Landolt, 1986, 1998, 2000); in some cases, large colonies comprising up to three
Lemnoideae species can grow on waterfall’s vertical rocks at the same time (Blanco
& Jiménez, 2019). The most outstanding characteristic of this group is its small size,
the reduction of its organs and the small morphological differentiation. The most
extreme condition occurs in Wolffia, in which the plants comprise a spherical and
taloid body of only 0.5 mm in diameter (Landolt & Schmidt-Mumm, 2009), and
they are among the smallest flowering plants in the world.
Before discussing the balance of the family, now primarily subfamily Aroideae,
three unusual African genera, Stylochaeton, Zamioculcas, and Gonatopus need to
be discussed. All have unisexual perigonate flowers, unlike any other group of
aroids, so they belong not with basal groups of Araceae with bisexual perigonate
flowered genera nor with the subfamily Aroideae with unisexual naked flowers.
Mayo et al. (1997) placed Zamioculcas and Gonatopus in subfamily Aroideae,
tribe Zamioculcadeae, while placing Stylochaeton in tribe Stylochaetoneae, also in
subfamily Aroideae. Subsequently, Bogner and Hesse (2005) described the subfamily
Zamioculcadoideae that includes Gonatopus and Zamioculcas, based on anatomical,
morphological, and molecular data. Later molecular studies of Cuasimano et al.
(2011) proposed the Stylochaeton clade that includes Stylochaeton as a sister group to
Zamioculcadoideae (Zamioculcas + Gonatopus). Henriquez et al. (2014) suggested
that subfamily Zamioculcadoideae should be expanded to include Stylochaeton. The
genus Stylochaeton with 25 species, has subterranean rhizomes and they range across
sub-Saharan Africa. Zamioculcas, with two species ranges up the tropical east and
subtropical southeast coast of Africa. Gonatopus with five species has a range similar
to Zamioculcas. Both have short thick rhizomes and compound leaves. It has been
documented that Z. zamiifolia has the ability to tolerate water stress and low light, as
it can also grow in various types of dry or semidry habitats (humid to seasonally dry
forests, open bushland, and savannas) (Mayo et al., 1997; Newton, 1997). So far, Z.
zamiifolia is the only nonaquatic CAM species of the order Alismatales; this survival
characteristic allows it to grow effectively in habitats with seasonal droughts, due to
the reduction of water loss and the constant carbon gain (Holtum et al., 2007).
The subfamily Aroideae is an enormous group consisting of 24 tribes (sensu Mayo
et al., 1997). Recent studies show that this subfamily, which consists of more
than 1,500 species in 75 genera (Nauheimer et al., 2012), is supported by both
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molecular data and morphological characters (except for the particular case of
Calla), characterized by the loss of the perigone, presence of laticifers, and loss of
sporopollenin in the ektexine (Cusimano et al., 2011). According to Cusimano et
al. (2011), the Aroideae clade (No. 39) is composed of Clades 32 (Zantedeschia
clade) and 38 (Philonotion clade) together with the genera Callopsis, Montrichardia,
and Anubias. Tribe Callopsideae (sensu Mayo et al., 1997) with the single genus
Callopsis with one species is native to tropical West Africa (Benin) occurring in the
understory of lowland evergreen forest at elevations up to 800 m (Bogner, 1969).
The tribe Anubiadeae with a single genus Anubias is an aquatic group in tropical
West Africa. In turn, the Neotropical tribe Montrichardieae has only one genus,
Montrichardia, with two wide-ranging species, one in Central America and northern
South America, the other in the Amazon basin (Croat et al., 2005). Anubias and
Montrichardia both share an inferred ancestral haploid chromosome number of n
= 12 and the only feature shared is a helophytic habit (Henriquez et al., 2014). These
are large rooted freshwater aquatics that inhabit the banks of watercourses and have
water dispersed berries (Lins, 1994).
Recently, Henriquez et al. (2014) demonstrated that Anubias and Montrichardia
(excluding Calla) form a clade that is sister to the Zantedeschia clade, and
in addition, the South African genus Zantedeschia is sister to the Old World
Anchomanes clade, which comprises the tribes Nephthytideae and Aglaonemateae.
The monotypic African tribe Zantedeschieae inhabits Southern Africa (Letty, 1973;
Sing, 1996) but at least one species, Zantedeschia aethiopica, has escaped from
cultivation and inhabits cold wet highland regions of both Central and South
America. The tribe Nephthytideae are almost exclusively African but with one
species of Nephthytis from central Borneo in Sarawak. Anchomanes have thick
rhizomes and occur in seasonally dry areas in forest understory across Central
Africa (Tchiakpè, 1979). They are often leafless during the dry period. The very rare
Pseudohydrosme with a tuberous stem occurs in seasonally dry forests in Gabon in
tropical West Africa (Bogner, 1981). In turn, the tribe Aglaonemateae, traditionally
with two Asian genera, is divided in habitat with Aglaodorum occurring exclusively
as rhizomatous herbs in tidal swamps and Aglaonema occurring in the understory
of mostly moist forests (Nicolson, 1969). Recently, Boyce and Croat (2011) have
mentioned that Aglaodorum will be merged into Aglaonema.
The Neotropical tribe Spathicarpeae includes the genera Dieffenbachia, Bognera,
Mangonia, Taccarum, Asterostigma, Gorgonidium, Synandrospadix, Gearum (Bogner
& Gonçalves, 1999), Spathantheum, Spathicarpa, Croatiella, Incarum, and Lorenzia
(Gonçalves, 2012; Gonçalves et al., 2007). Dieffenbachia and Bognera (formerly
included in a separate tribe, Dieffenbachieae) are essentially understory herbs, but
Dieffenbachia is often capable of surviving for long periods of time under water in
várzea (annually flooded) forest along the rivers of the upper Amazon where the
river banks remain under water for months at a time. The remaining genera of the
tribe are all endemic to South America. They mostly occur in open habitats or as
understory herbs (Gonçalves, 2002).
According to Mayo et al. (1997), the Philodendreae tribe, certainly the largest of
all tribes in subfamily Aroideae, is diverse in its growth habits but most species are
hemiepiphytic and occur in seasonally moist to very wet forest, as you would expect
from species which have to survive without a lot of its root system affixed to the soil.
Tribe Homalomenaeae (with amendments by Wong et al., 2013, 2016) has three
genera, Furtadoa, Homalomena, and Adelonema, but Furtadoa is polyphyletic and
is nested within Homalomena (Wong et al., 2016). The two former genera are Asian,
terrestrial, and largely occur in the forest understory and as riparian herbs along
streams. Homalomena has evolved extensively in Borneo with many species adapted
to different edaphic conditions (Boyce & Wong, 2019). Adelonema, in the neotropics
consists of understory herbs largely in moist to wet forest (Wong et al., 2013). It
should be noted that Cusimano et al. (2011) resolved Philodendron, Homalomena,
and Furtadoa in a specific clade, the Philodendron clade, equivalent to the combined
tribes Homalomeneae and Philodendreae sensu Mayo et al. (1997), and sister
to African tribe Culcasieae (for more information of the Philodendron clade, see
Wong et al., 2016). Tribe Culcasieae has two African genera, Cercestis and Culcasia
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(Hepper, 1967), both of which are primarily hemiepiphytic climbers [Culcasia may
have purely terrestrial species like C. mannii (Hook. f.) Engl.] occurring in the
understory of seasonally wet primary forest or sometimes in secondary forest.
The rheophytes clade (sensu Cusimano et al., 2011), which includes a high
representation of rheophytes (Boyce & Wong, 2019) and aquatics, comprises
two main subclades: Cryptocoryneae and Schismatoglottideae. The Asian tribe
Schismatoglottideae has a growth habit similar to Homalomena with many species
evolving in edaphically unique habitats, mostly aquatic or riparian habitats, but
also as understory herbs that are not directly associated with streams. Wong
et al. (2010), proposed that the Neotropical Schismatoglottis is sister to the
Paleotropical Schismatoglottideae + Cryptocoryneae, therefore, they resurrected
the genus Philonotion for the Neotropical species (these inhabiting open swampy
areas) and include them in a new tribe, Philonotieae S. Y. Wong & P. C. Boyce.
Combined molecular and morphological analyses in Schismatoglottideae
concluded that this tribe comprises 29 genera: Apoballis, Aridarum, Bakoa,
Bakoaella, Bidayuha, Bucephalandra, Burttianthus, Colobogynium, Fenestratarum,
Galantharum, Gamogyne, Gosong, Hera, Heteroaridarum, Hottarum, Kiewia, Nabalu,
Naiadia, Ooia, Phymatarum, Pichinia, Piptospatha, Pursegloveia, Rhynchopyle,
Schismatoglottis, Schottariella, Schottarum, Tawaia, and Toga (Boyce & Wong, 2018;
Low et al., 2018). The tribe Cryptocoryneae has two Asian genera, Lagenandra
(Wit, 1978) and Cryptocoryne, both of which are obligate aquatic groups (Graf &
Arends, 1986; Hay, 1986; Jacobsen, 1979; Rataj, 1975).
The molecular work of Cuasimano et al. (2011) placed two subgroups, the tribes
Thompsonieae and Caladieae, in the Amorphophallus clade. The mostly American
tribe Caladieae is very diverse in habit, ranging from Jasarum, a rooted but
totally submerged aquatic plant (Bogner, 1977), to Scaphispatha, which occurs
in dry open grassy areas or in temporary wet spots in Bolivia or southern Brazil
(Gonçalves, 2013; Madison, 1981). Caladium and Xanthosoma share similar habits,
usually in seasonally wet forests. The former is nearly always seasonally dormant as
are those Xanthosoma with underground tubers. Xanthosoma frequently has erect
stems, and these species occur in wet forest habitats. Chlorospatha occurs principally
in areas of moist or wet forest but those occurring in seasonally dry habitats in the
Amazon basin have short rhizomatous stems that can lose their leaves and remain
dormant in the dry season. Syngonium is a hemiephytic climber and inhabits moist
to wet forest, never really going dormant (Croat, 1981). Molecular and anatomic
evidence (Cuasimano et al., 2011; Keating, 2004) indicates that the members of
South American tribe Zomicarpeae (sensu Mayo et al., 1997) are part of Caladieae.
The genera Zomicarpa, Zomicarpella, Ulearum, and Filarum are mostly from
western Amazonia (Nicolson, 1966) and consist of species with rhizomatous tubers
occurring in seasonally wet forest on “tierra firme” (forest not seasonally flooded
and subject to low periods of inundation) (Bogner, 2007). Recently, Gonçalves
(2018) described an additional monotypic genus Idimanthus Gonçalves, which
is represented by the species, I. amorphophalloides, from northern Rio de Janeiro
State. With these additions, Caladieae now comprises 12 genera. Hapaline is the
only Asian representative of the tribe. Hapaline is a tuberous understory herb
from Southeastern Asia, which grows among deposits of humus in rocky moist
seasonally wet habitats (Madison, 1981). Its geophytic life form and typically large
tuberous stems (Boyce, 1996) characterize tribe Thompsonieae with the single genus,
Amorphophallus. It occurs in seasonally dry areas across sub-Saharan tropical and
subtropical Africa east to tropical and subtropical Asia to as far east as New Guinea
and eastern Australia. Most species grow in secondary forests (Grob et al., 2002;
Ham et al., 1998; Hetterscheid & Ittenbach, 1996).
The Colletogyne clade (sensu Cusimano et al., 2011) includes tribe Arisareae and the
Typhonodorum clade (Peltandra, Typhonodorum, and the tribe Arophyteae). Tribe
Arisareae with the genus Arisarum is a Mediterranean group consisting of three
species (Boyce, 1990), all tuberous or rhizomatous species inhabiting seasonally
dry, more or less open habitats. The tribe is very similar to the tribe Ambrosineae,
a monospecific group with tuberous stems from the Mediterranean region. The
endemic Madagascan tribe Arophyteae (Bogner, 1972, 1975) with three small
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genera, Arophyton, Carlephyton, and Collectogyne, is represented by plants with
tuberous stems and inhabit seasonally dry understory forest mostly in the more
mesic portions of the Island of Madagascar (Bogner & Nusbaumer, 2012). Tribe
Peltandreae (sensu Mayo et al., 1997) with a strange disjunct distribution has two
aquatic genera. Typhonodorum with a single species is a massive thick-stemmed
aquatic native to Madagascar and South Africa, whereas Peltandra is a much smaller
aquatic plant with two species occurring in the Southern United States.
The Pistia clade has two main subgroups: the Colocasia clade and the Alocasia
clade. The most distinctive subgroup of the Alocasia clade is the Areae (Cusimano et
al., 2011). The tribe Areae, while heavily centered in the Mediterranean region and
the Near East, is one of the most widespread of all groups in the Aroideae with some
genera from India, East Asia, and Australia. The group has largely tuberous stems
and occurs in seasonally dry habitats. Some species of Arum occur in Northern
European woodlands, while others are better suited to the hot dry summer and cold
wet winters of the Mediterranean region. The genera Dracunculus and Helicodiceros
(Boyce, 1994) as well as Biarum occur in the latter life zone (Talvera, 1976).
Eminium, heavily concentrated in the Near East and ranging east to Tajikistan relies
on a Mediterranean climate (Boyce, 1989, 1993; Riedl, 1979) or regions of monsoon
forests with decided dry periods (Riedl, 1969). Theriophonum, with six species,
is largely endemic to the Indian subcontinent (Nicholson & Sivadasan, 1982).
It is a group with tuberous stems inhabiting seasonally wet forests. The genus
Sauromatum, the only member of tribe Areae to occur in Africa other than Arum,
occurs in Central Africa, the Arabian Peninsula, and in tropical and subtropical
Southern Asia. They are tuberous and seasonally dormant. The genus Typhonium, an
Asian genus with tuberous stems (Sriboonma et al., 1994), occurs in a wide range of
habitats from seasonal to evergreen forests over a wide range of elevations. Lazarum,
formerly a part of Typhonium (Cusimano et al., 2010), is an Australian genus of
18 species occurring in seasonally dry habitats (Hay, 1993). Tribe Arisamateae
with Pinella and Arisaema (with 125 and eight species, respectively) is the most
widespread group in subfamily Aroideae with species ranging from Eastern North
America and Mexico to Eastern Africa, southern Arabian Peninsula to most
of southern continental Asia, Japan, the Malayan Archipelago and Philippines,
occurring mostly in the understory of upland tropical forests and in temperate areas
(Gusman & Gusman, 2006; Murata, 1984).
Finally, the tribe Colocasieae with four genera (Ly et al., 2017): Ariopsis with two
species occurs in South West India and the Himalayas and grows as geophytes in
evergreen forest; Remusatia, centered principally in the Himalaya/Indochina/South
China, like the rest of tribe Colocasieae is more widespread owing to the common R.
vivipara. It has four species occurring across Central Africa, the southern Arabian
Peninsula, Southern Asia, and northern Australia and have tuberous stems and
special epizoochorous vegetative propagules (Li, 1992); Steudnera, another genus
with tuberous stems, occurs in Southeastern Asia in South China and Indochina
(Krause, 1920); Colocasia, now with 14 accepted species which are terrestrial or
epilythic herbs mostly in Southeastern Asia. Published studies (Ly et al., 2017) have
shown that the rank Colocasieae must be redefined since it constitutes a polyphyletic
assemblage with Leucocasia and Alocasia. Thus, the authors suggest that it be
referred to as the Alocasia-Colocasia clade. The formal tribe Alocasieae now also
contains four genera: Engleranum, newly described (Nauheimer & Boyce, 2013),
Vietnamocasia, another new species from Vietnam (Ly et al., 2017) along with the
resurrected genus Leucocasia (Ly et al., 2017) and the widespread genus Alocasia,
which ranges from India to Southeastern Asia, Japan, Melanesia, New Guinea,
and eastern Australia (Hay & Wise, 1991). Colocasia, a much smaller genus than
Alocasia (eight species vs. 78) but occupies much of the same range albeit ranging
further to the west on the Indian subcontinent and only as far east as Java and Lesser
Sunda in Indonesia. Most of the members of the Alocasia-Colocasia clade occur
in ever-wet to seasonal forest mostly as understory herbs or as weedy plants in
open areas. Colocasia and Alocasia, which have tuberous or rhizomatous stems, are
both moderately species-rich and widespread in Southeastern Asia. After a serious
rearrangement of tribes Colocasieae and Alocasieae (Ly et al., 2017), the genus
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Protarum is left alone in its own tribe (presumably tribe Protareae) with a single
species with a tuberous stem from the Seychelles Island in the Indian Ocean where
it occurs in seasonally wet forest (Bogner, 1973). Protarum is sister to everything
else in the Alocasia-Colocasia clade and should therefore be maintained as a tribe
with the remainder of the former Alocasioideae and Colocasoideae constituting
another tribe and probably three subtribes (Peter Boyce, personal communication,
2020). A review of the above listed tribes of Araceae in subfamily Aroideae shows
five tribes (Anubiadeae, Cryptocoryneae, Montrichardieae, Peltandreae, and
Pistieae) have species, which consistently occur in wet habitats. Four additional
tribes (Homalomenaeae, Schismatoglottideae, Caladieae, and Aglaonemateae) have
significant percentages of their species occurring in dry habitats but also in wet
habitats. The remaining 14 tribes have species that are predominantly occurring in
seasonal forests and rely on mostly tuberous or well-protected rhizomatous stems to
withstand periods of drought and a generally leafless condition.

3. Modifications in Life Form

What is it that has enabled the Araceae to inhabit such a wide spectrum of
habitats? Obviously, morphological changes have evolved in every part of the plant
throughout the family to accomplish the changes needed to allow aroids to adapt to
so many different habits throughout the world.

3.1. Roots

Tremendous variations have taken place in root systems along with corollary
changes in the stem. Plants developed different types of roots, some for clasping
to hold the climbing stem to the tree, others for descending to the ground (feeder
roots). To accommodate an epiphytic life form so important in the Neotropical
aroids, stems have undergone many changes. Since epiphytes often get only
moments of time to capture water during brief rains, roots have developed root hairs
that are more compact or developed many more roots per node, e.g., Anthurium
sect. Pachyneurium (Croat, 1991). In special cases where water and nutrients are
particularly rare some aroids such as Anthurium gracile (Rudge) Schott in sect.
Leptanthurium developed roots with velamen capable of extracting water directly
from the air. In most cases epiphytes have developed thicker leaves to prevent
the loss of water, more compacted root systems for capturing more water, and
have evolved an active geniculum and thickened sheathed portion at the base of
the petioles to better orient the leaf blades to get more or less light to better suit
demands for survival.
For trap forming epiphytes such as Anthurium sect. Pachyneurium and sect.
Porphyrochitonium, the roots at the upper internodes are usually narrowly tapered
and held stiffly erect, forming an ideal debris-collecting basket which creates
a good environment for trapping water and nutrients (Dressler, 1985; Zona &
Christenhusz, 2015).
Many tuberous aroids have small propagules on the upper surface that can be
loosened by peccaries and rodents such as agoutis (Altrichter et al., 2000). These
will produce new plants vegetatively, but their growth is very close to the surface of
the soil and must in due course be further buried. Older and larger tubers must be
more deeply buried. Some species of Dracontium and Amorphophallus have evolved
contractile roots which cause the tubers to be pulled deeper into the ground with
each successive growing season when the tuber shrinks as the new leaf is produced,
leaving a temporary void in the ground. Contractile roots pull the tuber into a void.

3.2. Stems

Climbing stems of hemiepiphytic plants have developed differential growth, long
and slender internodes for early stages of climbing, thick short internodes for slow
climbing once a plant has reached its optimal height in the trees. Despite that,
variations in length and diameter of the article (nodes structure) ended up with
the same volume (Ray, 1986) but without this modification in relative length versus
width a plant would quickly go from an ideal spot in the canopy to one perilous for
its existence, too sunny and exposed.
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The secondary hemiepiphytic life form can provide the ability to mobilize
in response to favorable growth conditions, such as higher luminosity and
availability of host trees, allowing individuals to move and find suitable sites with
adequate conditions for their development (Croat, 1997; Lee & Richards, 1991;
Madison, 1977b). Once a plant reaches its most favorable position, it may produce
slender flagellate growth (e.g., Philodendron linnaei Kunth) with long internodes
to spread quickly to other parts of the same tree or even different trees to take
advantage of a new site. Aroids are very adept at repositioning themselves in relation
to their environment and repeatedly returning to the ground, seeking another source
of support and climbing, all the while changing their stems, petioles and leaves to
adapt to their constantly changing needs (Ray, 1981, 1987a, 1989). In the case of
juvenile plants of hemiepiphytic climbing genera, the skototropic growth probably
evolved to enable find proper sources of host plant (or rocks) upon which to climb
(Strong & Ray, 1975). Under these circumstances, the juvenile plants grow toward
the darkest area on the horizon until they come in contact with a tree, a large stone,
or a cliff and the growing stem tip is forced to turns upward. At that point, auxin
control causes growth to shift to phototropic growth and the stem elongates upward
toward light.
Most hemiepiphytic species are considered secondary hemiepiphytes, starting their
life as a terrestrial plant, finding a tree, then climbing it, and later sometimes losing
connection with ground. Zotz (2020) prefers to call these secondary hemiepiphytes
nomadic vines and has found that most such plants still have feeder roots extending
to the ground. Nevertheless, aroids differ from ordinary vines in that the stem often
retains a certain fixed length. As it climbs and elongates at the apex it also rots off on
the trailing end. Regular vines on the other hand do not have adventitious roots and
usually do not survive after being severed above the soil line. Primary hemiepiphytes
(Zotz, 2013, 2016) on the other hand start their life from seeds deposited high in
the canopy and grow there for years until they are strong enough to produce long
pendent roots that grow to the ground to enable the plant to gain easier access to
water and nutrients.
Vegetative growth of stems of Araceae is usually extremely well developed so that
even without reproduction plants may form large stands in the understory even
before breeding populations are established. In the case of introduced or escaped
species, e.g., Colocasia esculenta, Epipremnum aureum, Rhaphophora aurea, or
Alocasia macorrhizos, flowering is rare even when the species is widespread and
common. Even native species fully capable of flowering and fruiting sometimes
appear to rely extensively on vegetative reproduction. Syngonium erythrophyllum
on Barro Colorado Island (Croat, 1978) produces thousands of juvenile plants
in many parts of the island but adult flowering plants are rare. In Philodendron,
it has been documented that some species are abundant in the lowland forests of
central Panama, but with irregular distribution throughout the forest (Croat, 1978;
Royo & Carson, 2005). The vegetative reproduction in Philodendron probably
allows a rapid colonization, which leads to the formation of large conglomerate
colonies throughout the tree hosts, and the displacement of other hemiepiphytic and
epiphytic species. In a study conducted in Panama by Ortiz et al. (2019), the authors
reported that members of Philodendron subgenus Pteromischum (P. alliodorum, P.
inaequilaterum, P. ichthyoderma, and P. opacum) are the more abundant aroid taxa
in a seasonal lowland tropical forest (758 individuals in 3,200 m2). They argue that
the ability to reproduce vegetatively through flagelliform shoots, which are common
structures in Pteromischum (Grayum, 1996), could drive high colonization and
dominance throughout the forest.
Dieffenbachia and Xanthosoma may produce vast stands of plants all looking alike
and probably all genetically identical, yet in other parts of the forest yet another
form can be found in large stands. These different large populations often represent
the same species, but each stand is in itself unique in all looking the same. This is
no doubt the result of vegetative growth. Animals, especially peccaries, often root
around such populations, no doubt breaking up the stems. This can result in the
production of new branches.
Aroids are almost unique in having a caudex instead of a regular stem like most
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dicotyledonous plants. The caudex differs in that it has the regular stem growth
interspersed with roots. Each node of the stem is capable of producing a leaf (and
perhaps an inflorescence). The presence of roots at all the nodes makes an epiphytic
habit possible since the stem continues its growth up the side of a tree and always
has its roots present, even when the older portion of the stem dies. It also allows for
easy separation of the stem with each portion continuing to grow since each node
also has that ability to produce new branches. It is the nature of this special caudex
that explains the overwhelming popularity of Araceae as ornamental plants because
even small pieces of the stem can potentially produce new growth. This is true not
only for Monstera and other climbers but also for traditionally terrestrial species
with erect stems like Dieffenbachia or creeping stems like Spathiphyllum. Most
aroid stems can be cut into pieces repeatedly to create new plants. This makes them
popular and easy to share with others, a feature many plant families do not have. It is
perhaps for this reason that aroids are among the most popular of all ornamental
plants. Few plant families can be so easily reproduced and few can so easily be
brought into cultivation from cuttings as the aroid family. Studies show that year
after year aroids make up to half or more of the top dozen ornamental plants sold
each year in North America (United States Department Agriculture, 2001).
Stems and leaves have made many corollary changes owing to their epiphytic
lifestyle. Young plants near the ground get little light so their leaves are usually
velvety, allowing for more light penetration. Later the opposite is true. So smooth
and glossy leaves allow better water shedding and light reflection to prevent being
sunburned. Heteroblastic leaf development is more common in Araceae than any
other family (Ray, 1987a, 1987b), and these changes in leaf morphology have much
to do with the differences in the requirements of juvenile and preadult plants and
those of the adult plants.
The number of stem modifications is enormous and could be the subject of an entire
book. Suffice it to say here that these modifications have enabled Araceae to fill so
many niches worldwide and are responsible for much of their success at adapting to
new and different habitats.
The relative positioning of leaves on a stem can make a big difference in the
survival of a plant. Some species, those with short internodes, often have leaf blades
supported by short petioles and arranged in a tight rosette. This enables the leaves to
form a basket that directs water and nutrients into the center and base of the basket
where the roots can absorb them (Zona & Christenhusz, 2015). Even the disposition
of the primary lateral veins and the sulcate petioles act to direct even small amounts
of accumulated water directly to the roots. This is especially important in areas of
low rainfall but where afternoon cloud forests with saturated air cause precipitation
in the form of dew that accumulates on leaves. The afternoon cloud forests along
the Pacific Coast in Ecuador for example are rich in epiphytes despite low annual
rainfall.
Whether the vast changes in leaf morphology is dictated by the growth of the plant,
there is little doubt that no other family has such a wide spectrum of leaf shape,
blade size, blade texture, and blade coloration.

4. Systems of Pollination

The manner in which plants are pollinated has a strong influence on speciation,
therefore, much of existing floral evolution must be driven by pollinators mediated
natural selection (Fenster et al., 2004; van der Niet & Johnson, 2012). There are
many factors that can directly influence the sexual reproduction processes of
angiosperms. Among the most relevant are the flowering time, flower morphology,
color, and floral scent (Kudo, 2006). But it is not only enough to know the
factors involved, it is also important to determine the connection between the
macroevolutionary patterns of this floral diversity and the microevolutionary
processes of the populations (Harder & Johnson, 2009).
Since aroid species, at least in some groups (Anthurium and Philodendron for
example) have evolved into many species, it is important to ask how the systems
of pollination with Araceae might have affected the number of species. Although
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much has been published about pollination biology of aroids, especially regarding
its ability for thermogenesis (self-production of heat in the inflorescence which in
turn volatilize floral scent for attracting pollinators) in some genera (Seymour &
Gibernau, 2008, Seymour et al., 2009), little is still known overall about pollination
of aroids. The subject of thermogenesis in temperate plants and observations
of pollination on temperate aroids such as Arum is so extensive that it will be
ignored here but the situation with tropical aroids is quite different. Currently this
is changing and many new researchers are actively engaged in creating a better
understanding of the systems of pollination (Gibernau, 2016), especially with
Amorphophallus (Kite & Hetterscheid, 2017), Anthurium (Bleiweiss, Sornoza-
Molina, et al., 2019; Bleiweiss, Trujillo, et al., 2019; Díaz-Jiménez, Hentrich, Aguilar-
Rodríguez, et al., 2019; Etl et al., 2017; Franz, 2007; Gómez-Murillo & Cuartas-
Hernández, 2016; Hartley & Gibernau, 2018; Hartley et al., 2017; Hentrich et
al., 2010; Schwerdtfeger et al., 2002), Dieffenbachia (Beath, 1999; Etl et al., 2016;
Gibernau, 2015a, 2015b; Gibernau et al., 2001; Young, 1986, 1988a, 1988b, 1990),
Monstera (Cedeño, 2019; Chouteau et al., 2007; Díaz-Jiménez et al., 2020; Díaz-
Jiménez, Hentrich, Aguilar-Rodríguez, et al., 2019; Prieto & Cascante-Marín, 2017;
Vilela & Prieto, 2018), Montrichardia (Gibernau, 2003; Gibernau & Barabé, 2003;
Gibernau et al., 2003), Spathiphyllum (Díaz-Jiménez, Hentrich, Ruiz-Idarraga, et
al., 2019; Hentrich et al., 2010; Montalvo & Ackerman, 1986), Taccarum (Maia,
Gibernau, et al., 2012; Maia et al., 2013), Caladium (Maia, Dötterl, et al., 2012),
Xanthosoma (García-Robledo et al., 2004, 2005; Gómez-Murillo & Cuartas-
Hernández, 2016; Milet-Pinheiro et al., 2017), and Philodendron sensu lato
including Thaumatophyllum (Barbosa et al., 2019; Dötterl et al., 2012; Gibernau
& Barabé, 2000a, 2000b, 2002; Gibernau et al., 1999; Gonçalves-Souza et al., 2018;
Gottsberger & Amaral, 1984; Gottsberger et al., 2013; Maia et al., 2010; Pereira et
al., 2014; Young, 1987).
In many angiosperm groups, flower morphology may be crucial for pollination
effectiveness, due to the fit between the body of the pollinators and the floral organs
(Nilsson, 1988), but in the case of Araceae, the inflorescence morphology and
floral scents seem to also represent very determining factors in the transfer of
pollen. A lot of this research is much advanced owing to the now readily available
means of capturing scents produced by the plant during anthesis in situ without
damaging the sampled plant and the easy manner of identifying behaviorally the
active compound with gas chromatography as well as by electroantennographic
screening experiments and computerized databases of scents. Small syringes
coated with adsorbent polymers (SPME fibers) can be exposed to the floral scent
to collect the volatile compounds. Also, small portable battery powered devices
can suck the floral scent produced by the inflorescences through tiny charcoal
cylinders which trap the volatile compounds. These, in turn, can be sent off for
analysis by gas chromatography coupled to mass spectrometry (GC-MS). This has
been a major pursuit of some researchers, particularly Artur Maia at the Federal
University of Paraiba in Brazil, who has used this technique on a variety of different
plants, including palms, water lilies and aroids (Maia & Schlindwein, 2006; Maia
et al., 2010, 2013). Florian Etl at the University of Vienna in Austria has shown for
example that not only is there a difference in the scent produced, but has shown
that bees can be induced to visit inflorescences only at specific times, so that it is a
combination of the scent produced and the exact timing of that scent production
that enable species to be in flower at seemingly the same time without being cross-
pollinated. Furthermore, Pedro Díaz-Jiménez from Mexico and Heiko Hentrich
from Germany have found that in addition to the aroma, the type of habitat, the
way the plants grow (grouped or scattered), and the type of flowering (synchronous
or asynchronous) are important factors to determine the group of attracted
pollinators. Insect pollination systems are not only separated temporally but also
altitudinally (Gómez-Murillo & Cuartas-Hernández, 2016). In the forest, some
beetles are visiting species near the ground, especially Dieffenbachia, Caladium,
and Xanthosoma, for example, with other beetles visiting species higher in the trees
pollinating high-climbing plants like Philodendron. Since aroids, unlike orchids,
have rather open pollination systems with their flowers easily capable of being
pollinated by any nearby insects, aroids have evolved elaborate methods of timing
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and especially the production of scents. These different scents have coevolved with
their pollinators (mostly beetles for species with unisexual flowers and mostly bees
for genera like Anthurium with bisexual flower).
Euglossine bees have coevolved with Anthurium for example with many bee
species visiting only specific Anthurium species and at specific times of the day
(Díaz-Jiménez, Hentrich, Aguilar-Rodríguez, et al., 2019). This is also true
of beetle-pollinated plants like Dieffenbachia, Monstera, Philodendron, and
Xanthosoma. Increasingly, we are finding strange scents for which no known
pollination syndrome is known, particularly in the megagenus Anthurium, where
an undescribed species from Ecuador (Morona-Santiago near El Pangui) in sect.
Belolonchium has an inflorescence that smells like burning steel when in flower
(Simon Wellinga, personal communication, 2020). Another species, Anthurium
clidemiodes Standl., has been shown by Jay Vannini (personal communication, 2020)
to produce a foul scent quite unlike one you would expect to be bee pollinated.
The same is true of A. decipiens A. Hay and M. Cedeño (sect. Belolonchium) that
has a foul-smell, which attracts Sarcophaga flies (these are usually associated with
dung or carrion) (Hay & Cedeño-Fonseca, 2019). Some species like a Jamaican
endemic species (yet unnamed) seem to produce no scent at all, day or night.
Others, like Anthurium fragrantissimum Croat (sect. Porphyrochitonium), have
highly predictable times of flowering (in this case from 11:30 a.m. to 1:00 p.m.)
(Thomas B. Croat, personal observation, 2020). The montane endemic species from
Panama, Anthurium sapense Croat (sect. Calomystrium), have a strong chewing gum
scent in the afternoon (4:00 to 5:00 p.m.) (Orlando O. Ortiz, personal observation,
2014). Danny Beath (personal communication, 1999) found that some euglossine
pollinated plants produced scent for only short periods of time in the early morning
hours (perhaps when bees consumed less energy than hotter times of the day).
However, floral scents in Anthurium might be as variable as the high diversity
of visiting insects (Hartley & Gibernau, 2018). For example, species visited by
Cecidomyiidae midges are scentless to the human nose, while those visited by
Drosophilidae emit alcoholic or rotten fruit smells, but most studied species emitted
strong, agreeable perfumes in the morning hours in accordance with euglossine bee
syndrome (Schwerdtfeger et al., 2002).
Despite these observations, it can be reported that we have investigated only a
few (less than 300 species) of the thousands of aroid species (Gibernau, 2016) and
many species of aroids, especially species of Anthurium do not seem to have scents
that are associated with the presently known systems of pollination. Although
Drosophilidae flies have been observed in inflorescences in several Anthurium
species, particularly in those with fermented fruit aroma, so far there is no detailed
study confirming these insects as their main pollinators (Schwerdtfeger et al., 2002).
Chemistry of floral scents, in the particular case of Anthurium, could be of great
importance to clarify its infrageneric classification. The problem is that many
diagnostic morphological characters used in the sectional classification are highly
homoplasious within Anthurium, hindering a morphological interpretation of the
lineages identified in the recent constructed phylogenies (Carlsen & Croat, 2019).
In this case, perhaps studies on the chemical composition of floral scent volatile
emissions could yield relevant information that could be used to support Anthurium
clades by means of a chemophenetic characterization. Certainly, pollination systems
have evolved which reflect the differences in habitat. In cloud forests, for example
where Anthurium sect. Belolonchium are prominent, the spathes are typically
designed to form a roof over the typically long and pendent spadix, no doubt to
prevent the pollen from being washed away by the constantly dripping conditions
found there. In addition, bees flying around in the rain find the dry spadix more
inviting and probably spend more time visiting the flowers during rain. Anthurium
gualeanum Engl., also occurring in high cloud forest where temperatures are often
quite low, produces a shape that essentially completely encloses the spadix with only
a small entry window at anthesis. Thus, it not only provides shelter from the rain but
the wind and cold as well.
In the same manner, Stenospermation, also occurring in cloud forests, is designed to
turn its entire inflorescence upside down because otherwise the spathe would form
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a perfect funnel and fill with water, which would destroy the pollen and drown the
visiting beetles. Anthurium sect. Calomystrium, while usually not occurring so high
and flowering under better climatic conditions, also often have the spathe cucullate
at the apex to provide a roof to protect the usually suberect spadix.
While by no means a tropical plant, the temperate aroid Symplocarpus foetidus (L.)
Salisb. ex W. Barton when flowering in the early spring in North America may
emerge from the snow. Here, thermogenesis (the rapid oxidation of stored starch
triggered by acetocylic acid) creates a warm and welcoming pollination area for its
foul-scented stone fly-pollinated flowers (Thorington, 2000).
Philodendron species are known to be pollinated by large Dynastine scarab beetles
(Moore & Jameson, 2013), especially species of Cyclocephala and Erioscelis, which
visit the flowers to find mating sites at dusk following scents being wafted out of
the inflorescences owing to thermogenic activity. Beetles fly in zigzag patterns
following scents until near the inflorescence where the usually paler interior spathe
surface provides a landing target. Beetles aggregate, sometimes in large numbers
where they breed, eat the sterile male flower, and affect pollination of then receptive
protogynous female flowers (Gottsberger & Amaral, 1984; Gottsberger et al., 2013;
Maia et al., 2010). They spend the night and all of the following day in the spathe
tube (no doubt to avoid being eaten by ever-vigilant birds). Near or at dusk of the
following day when thermogenic heat causes the male flowers to burst their pollen
deposits and cause oozing fibers of pollen to emerge, the beetles are forced to leave
the inflorescence by the now closing spathe, forcing them to climb the spadix and
be covered with pollen. Almost invariably, the spathe also provides a resinous
substance produced on the spathe or spadix to cover much of the otherwise shiny
slick carapace of the beetle with stickiness to hold the adhering dry pollen (Gibernau
et al., 1999; Maia et al., 2010).
It is not the purpose here to review all the possibilities in the field of pollination
of aroids (see reviews by Gibernau, 2003, 2011, 2016) but only to point out that
pollination is clearly driving speciation, in association with comparable speciation in
the associated insect groups, notably Euglossine bees in Anthurium and Dynastine
scarab beetle in genera with unisexual flowers. These complex systems already
studied show great potential for many more insect pollination systems to be
discovered.

5. Endemism

Aroids are well known for their high rates of endemism
(Croat, 1983, 1986, 1991, 1992, 1997, 2004; Croat & Delannay, 2017a, 2017b;
Croat, Delannay, & Hannon, 2017; Croat, Delannay, & Ortiz, 2017; Croat &
Hannon, 2015; Croat & Lambert, 1987; Zhu & Croat, 2004), and this endemism is
particularly evident in the Andes of South America. Aroid species in the Amazon
basin are very often wide-ranging; some extending from the Guianas to the Beni
River basin in Bolivia, but aroids growing in the Andes are much more likely to be
endemic. This is probably owing to the difference in topography. While elevational
change and even life zone ecology (Holdridge, 1967) are more uniform in the
Amazon basin, much of which consists of tropical moist forest (Holdridge, 1967).
The Andes Mountains provide a veritable kaleidoscope of colors when viewing
a Holdridge life zone map of Colombia, Ecuador, or Peru (where maps exist).
Bolivia, where maps do not exist, has even more life zones (48) based on Holdridge
publication of the life zone of that country (Tosi et al., 1975). The life zone may
change repeatedly as one ascends or descends the slopes of the Andes, going from
one river system to another. All the while, a careful observer will notice that the
species visible along the road are constantly changing. Many species do not leave the
river system in which they evolve.
Why is it that so many aroids remain endemic in such areas? I contend that much
of this endemism is owing to a lack of fruit dispersal. Most aroids, and certainly
Anthurium, are largely bird dispersed. They grow primarily in the understory of
forests where birds tend to be secluded and territorial. Purportedly such birds
are even reluctant to cross broad rivers. Under such circumstances, it is not
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surprising that many species, which arise through mutations or hybridization, tend
to remain localized. Aroid species are also severely restricted within sometimes
narrow elevational ranges (Ortiz et al., 2019). At the La Planada Reserve in Nariño
Department of Colombia, where the senior author studied Araceae (Croat et
al., 2009, 2010), the species were found to be severely restricted. The Río Imbi, well
within view of the La Planada field station but lying at 1,100 m, shares not a single
species with the higher site. Even more surprising was that a trip to the Río Ñambí
located only 37 km away at the same elevation and same life zone (Premontane
wet forest) showed few species in common with the Río Imbi. To show that even
adjacent river valleys can have their own unique flora, the senior author can cite
studies in the Lita-San Lorenzo region in the valley of the Río Mira where few
species are found in common with the Valley of the Río San Juan not very far to the
north (Croat et al., 2018, 2019).

5.1. Species Diversity

Knowledge of the Araceae has undergone unprecedented growth in just the past
40 years. This growth is expected to continue. For example, the Araceae of the
flora of Panama (Standley, 1944) comprised 82 names but the present number of
species of Araceae known in Panama is 610 species (Ortiz et al., 2018). Similar
increases would be found in all tropical American floristic studies. In just the past
40 years, the increase in the size of Neotropical genera (i.e., species known per
genus) ranged from 13% to 78% with the average more than 50% for all genera
(Croat, 2019). During this same period, nearly 1,000 Araceae species were published
as new. Moreover, this appears to be an unceasing situation with more species
being discovered even in well-known areas of Central America. Xanthosoma, once
considered by the senior author to be the most poorly know genus, yielded over 100
new species on a recently completed revision of most of its natural range (Croat
& Delannay, 2017a, 2017b; Croat, Delannay, & Hannon, 2017; Croat, Delannay,
& Ortiz, 2017). The genus Anthurium in Central America last revised in the mid-
1980s (Croat, 1983, 1986) went from 121 species to 222 species with many sterile
specimens seemingly distinct but remaining uncounted. Moreover, studies have
shown that species diversity increases dramatically with increases in rainfall.
In Central America, the large but moderately dry Mexican component, while
moderately rich in endemics (65% of the total flora) contributes proportionally
about the same number of species per unit area (one species per 14,089 km2) in
Mexico as the more mesic areas in Middle America (here defined as constituting
Belize, Guatemala, El Salvador, Honduras, Nicaragua, and Costa Rica), which has
an average of one species per 1,569 km2. Middle America, in contrast to Mexico,
has low rates of endemism and, excepting Costa Rica, has rates that range from zero
in El Salvador to 18% in Guatemala with Honduras and Nicaragua having 6% and
4% endemism, respectively. Therefore, both areas share roughly equivalent levels of
species diversity despite radical differences in the rate of endemism.
What changes radically to the east of the San Juan depression (valley of Río San
Juan on border of Costa Rica) is rainfall and with it a dramatic increase in both
the number of species and the rates of endemism. Costa Rica shows a dramatic
increase in the number of species (329 versus 108 in adjacent Nicaragua; most
of these found near the border of Costa Rica) and vast increase in the number of
endemic species (46% versus 2% for Nicaragua). Still richer by far is Panama with
615 species and a rate of endemism of 90%. In the following segment of this paper,
we will demonstrate that we have by no means come to the end of discovery and are
probably woefully underestimating the number of tropical species.

5.2. High Capacity to Increase

Many parts of the tropics have barely been explored and are expected to be the most
species-rich with very high percentages of their flora largely unknown. This includes
the wettest parts of the Neotropical biome, including parts of Darién Province of
Panama, the Colombian departments of Chocó, Valle del Cauca, Cauca, and Nariño
as well as the Ecuadorian provinces of Carchi and Esmeraldas. This region is the
overall wettest in the world on average and easily constitutes the richest biome in
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the world (Croat, 2019). Very little of its overall surface has been explored and a
thorough study of the region could potentially produce numbers of species that
would dwarf existing number of known species. Similar studies in some parts of
Asia may be equally rewarding, particularly in Southeastern Asia, in Borneo, where
evolution has taken a path dictated by edaphic differences in soil type among a
largely riparian group of Aroids, mainly in Homalomeneae and Colocasoideae and
possibly also in Schismatoglottideae (Boyce & Wong, 2019). The high potential for
novel species is reflected in a list published online (Boyce & Croat, 2011) which
attempts to reflect the present status of all aroid genera in the world, listing the
number of published species and the number of anticipated unpublished species.
The list shows that some genera such as Alocasia, Anthurium, Buchephalandra,
Chlorospatha, Cryptocoryne, Dieffenbachia, Homalomena, Monstera, Philodendron,
Pothos, Rhaphidophora, Rhodospatha, Schismatoglottis, Scindapsus, Spathiphyllum,
Stenospermation, and Typhonium (genera from both the neotropics and the
paleotropics) show considerable potential for increase. That the projected increase
for the single Neotropical genus Anthurium exceeds the potential growth for all
other genera is particularly noteworthy. Nearly 2,000 species have already been
confirmed as not having been described, and another 1,000 specimens, partly
specimens on loan to MO, have failed to key out to any known species but have
not yet been further processed. Moreover, on an OPUS-funded herbarium study
of 51 herbaria with Neotropical specimens, a total of 8,000 photographs were taken
of specimens that could not be determined, i.e., likely to represent undescribed
specimens. Therefore, the world’s herbaria collectively still hold many specimens
not yet determined, which are likely to represent unpublished species.

6. Conclusions

This paper has shown that the Araceae is a family with a broad array of ecological
aptitude, widely ranging and highly adaptive to a wide array of ecological niches
but one that is still poorly known taxonomically with a great potential for growth
in numbers of species. With molecular studies, we are establishing the broader
relationships and the ages of major groups, coming to understand the distribution
patterns of major groups (Canal et al., 2019) and producing good revisions of the
smaller genera. Pollination biology of aroids, while still in its infancy, is beginning to
show great promise to help elucidate differences between species. Much remains to
be known about the infrageneric status of the larger genera, particularly Anthurium
and Philodendron, and more refined molecular and genetic techniques are needed
to resolve internal disputes in the taxonomy. Above all, more fieldwork is needed
in the vast expanses of unexplored areas of Central and South America as well as
many parts of Southeastern Asia where species diversity is highest. Certainly for
some genera, notably Anthurium, Philodendron, and Stenospermation, probably not
even half of the potential species have been discovered. At the same time, fewer
resources and trained personnel are available to do this work while legal matters,
conservation laws, permission procedures, political difficulties, and simple lack of
interest will insure that many of these unknown species will go extinct before they
are discovered, collected, and studied.
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